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ABSTRACT
- This work is concerned with the application of signal ®
analysis techniques and computer methods to the study of
o) human vestibular and opntokinetic nvystagmus. It is comprised :

of e§sentiallv two parts.

In the first part the rhythmic nature of the occurrcnce

i~

of*the saccadic components during nystagmus is analvzed in terms

of the intervals betveen saccades. The techninu< of point process

<

analysis is used. Tt is found that there is a striking =similarity
between the interval statistics of the two tvpes of nvstagmnus,

and-there is'.q, characteristic change in the rhvthm of nystagmnus
- “ :

#* with intensitv. . . ,

The second part is concerned with the studv of the
.
mechanism of optokinetic nystapmus with emphasis on, (1) the
retinal contribution, (2) the effects of volition and (3) sore

§
considerations on the validirv of classifving ovtokinetic
nys aqmgeiinto several distinct entities as proposed in the
literature. A najor finding is that an area on the ceniral
portion of the retina subtendins avproximatelv 20 derrees of
.
the visual field is normallv responsive to onptokinetic stinulus.

Stimuli nutside this arca produce no ontokinetic nystagmus

unless thev are facilitated v attention.
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“THTRODUCTION ,

Types of nvstaymus considered in this thesis are
- "‘l .‘ . - ~ -
involuntary eve movamanta resultidg from stimulaticn of eithaer

the vestibular or the visual systen. These eve movanents are

a

produced vy phvsiolosical reflewxes vhich serve the functinn of

-

3tabilising the visual im2re on the retina. when the head s

rotatel relative to tne envairon—mient, the mot on senscrs within

+he vestibular ovgan are stimmlated, wileh “n’ turn ciuses

vestibilar avetitmus. “hen the visail 2nvironnant 13 movead

relative to «n chserver, the moving image or  the retina nrgiuses

Ar optokilnetic stimulation, wiich in turn evelkes ONtoxinetic

~

nystarmus. In sotn cases, the oves nmove involuntarilvy relative
to tne srull 3¢ taat the visiar imace remains relatively fixed
on the ratinda, *his mnvermant 15 calle? the counensatorv eye
ovement. The compansatory eva ﬂovéﬁent e 1n*terrun:z} Hy ancother

involuntary flick (or s4accade) In the opposite direction to

-
L

oy

)

fixate on a new image. esc cc rirsaterveiand saccadic movem:ints

» PR S ] Al

i

Fie

ccour repetitively resulting in ocilargnystagsmus.

¥
The record of eve movements during vastibular cr
optokinztic ntvstarmus show tunical tracinges of <av-tocth like

ften referrel to as

Q

waveshzpes, [he cornenszatory eve mavenandt 135

tho cizw component or slow phase of nystarmus whire the suzzadia

NPRR

component in the -~oposit. airaction is calleld -2 aulck couponent
.

-
’ hd Al
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: ' {or nhuase) or tne fast comnonent {(or phase).

Earlyv interest in nyatagnaus was mainlv aroused by

'_l
ot
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0
]
3
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S
3
)
<
'—*
rJ
9]

significance. For eramnle, ansence of -

»
nvstarmus under «le71ate stimulation or the presence of spon-
i L]

tancous nystagwis Jithout stimulation are of-oen sirns of pathological

<
r~ has been a sirong desire to
levelop the potrentials of these diagnostic Tozsls., The study on

- M 0

[y}

conditions. .fore recently, tn
v tassius has 2iso acen accelerated by man's ventire into the
amniiural enviesnnents of tae cutar coace an’ the dowp sea, and
hy +the advent o sophlsticited machinerv and =i1» specd vehicles

ntevral

(=N

wnlgn often Zictate the consiteration of man s an

the 3vstem Jdesign., All thnese conditions require the

o
3
(&)
o]
o B}
.

’ Vlotailed understanding of man's sensory reflexns, Thus the vaat-

itular anda the visual svstairs f1ave been subjectea te incensiv.

19
<

“ A\
stultices bv workers from dif ferent -disciplines. s
Houever, fron published work on vestibular and ovto-
o .
linctic nvstagrmic, itv 1s anparent that the mechanism of the slow
coaronent 1s considerably bYetter understood than that of the
siccadic compenert. In particular, the occurrance of the saccadic

- b

v, “ .
comronents 19 kueown to be scmsVhat random, but the ratuvre of which

1 13 no* been studied ‘r depth. P23t work further indicates that

¢ grcat deal more is known ahout the pathways of the vestibular

| v

b e 1

nystacmus ccmsared with these of the optokinetic nvstaemus, «nd
Y R ,

that there e.int several unresclved controversies concerning the

.

mecnanism of cutokinetic nystagmus. The study of the cccurrence -

‘ »f tne sarcadic zomponents during avstagmus, and the enguiry into

(&4




a

some aspecdts of the mechanism of optokinetic 'nystagmus constitute
two principal themes of this thesis.

o

It is useful to considgr briefly the factor§ which appear
to have contributed to a better understanéing éf the vestibular
system compared with the visual-oculomotor system. In the past 15'
years, special attention has been placed on the vestibular
system study mainly because of the space exﬁloration programs.
Vestibular nystagmus has been widely.used‘as an objective measure
of vestibular response resulting in its iﬁcreased understanding.
Furthermore, the basic vestibulo-ocular reflex, involves a
compar;tively simple pafhway which ist&hylogenetically very ol1d
and does not have great variation in different species. Thus,

more Airect inference to man can be made from animal experimeﬁts.
-4

At present, the mechanism of the saccadic component in vestibular

nystagmus is still not well understood, but considerable knowledge

has been gained on the slow component.

In the visual-oculomotor system, the evolutionary process
of increasing ence;halisation among higher animals seems to have
resulted in different v1sua1 oculomotor pathways in different
animals. This makes it dlfflcult to make dlrect inferences to

man from animal experimental results. Oculomotor system research

is further complicated by voluntary and 1nvoluntary eye movements.,

e maaeewu >

MOst of the ‘Basic research so far has emphasised voluntary move-
ments, both saccades and smooth pursuits. Although the physical
characteristics of these eye movemehts and the overall operating

characteristic of the voluntary visual tracking system are now




v

<quite well urnderstoeood, their noural pathirays raxg4ain Lo be.

i

extlcred., Optokinetic nvstaspmus research hdas b larsoly confined

to the clinical environment, and an«dart fronm ‘the uncertaintv cof

.

oo

ts neural pathwav, it is comnlicated Bv wvolition and the Jdifferent
Y . -

1

of the retina which can 2e optokincticallv stimulated.

o]

art

n

@

& Several divferent tvpes o

rt,

optokinetic nvstacsmus have been pro-

-

rosed in the li*erature.

~

- Tn this thesis the technique of point process analysis W

.

- . . (‘
15 appiled to analwvze the occurrence of the saccadic comggnents

in terms nf the trinme intervals Dbe'tueen successive siccadic com-
ponents (the inter-c3ccarlic Intervale). Vestidbular anl ontokinetic

-

nvstasrmus recordins were convertéd into point processes,

’J-

n

which eacn point co-re~nonds to the position in time 4t which‘the

saccadic component occurs. A characteristic patrterd of variation
. - "‘\-\ -
in tne ctatistics c¢f inter-saccadic intervdls is denonstrated

whlch mav open an avenue for future s*udies on nvstaznus. Multi-

modal interval distribution cccurs -under “centain conditions and
[+

tnis reveals a significant felature of the nvstagmus. rhythm

— P .

generating mechanisn. “\

N The second theme or *this thesis is the stuadv of sdme .
n

a Q . -,
aspvects of the optokinetic nystaymus mechanlsm, In pargicular

the effect of volition, '‘and contribution to optokinetic nystagmus

from different parts @ tne retina. The experimo>ntal resulcs L
- e
disagree with the findings of several authors ani this lrads to the

~

s - - . . . 4 . -
sugegestion tnat the different classifications of optokinetic

Y

nystaT™us croposed in thé literature should nerhaps be reconsideraed,

. i

o



The thesis is organised into four miin parts. Th=2

techniique of point process analvsis is deseribed in “aptar 2

with emphasis on presenting the basic concepts and in deuvaloping

[

terminologsv’, statistical measures and oprocedures which are later

/

used in the thesis. !
Chapter 3 concerns vestibular nvstagmus. Introductory

. © . - 3 3 . .
raterials and critical reviewsysare described in Section 3.1.

i

Section 3.2 analvses the inter-siccidic interval characteristics
) ‘ ) . & .
of vestibular nystasmus. Section 3.3 describes A stechastidé model

¢

n

e
(€8]

which simulates tne generation of saccadlc cormponents and coripares

the results with the clinical and exo2rimental results. Althouch
the results simulated were haczed or thnce of vestibalar nvstagras,
' N~

it became clear later that the ~odel could he readilv applied

v

0

also to optokinetic nystacmus.

Chanp*tar 4 goncerns optoklnetic nvstarmus. The first
N B >

.

two setvinng are oryanised in a manner narallel to these in
chapter 2. However, Tection 4.3 is levoted to tiie study of
retinal contriz.zi~n 1o o~~*tokinctic nystacmus,

\.

“hzoter 5 reca~Ztilazes, discusses and correlates the

Tain exnvurimentil results of tne thesis. Some speculations and
, ~
reconmendacions for further investigations are alsn given.
The major contribuations of this thesis are presented in

Iy . ’
e n v
the Summary . ¢
¥ 1, a useful contribution to instrumentation

3

In Appen

,
b pae

a

°

cribed. The nystasmus waveform is

[N

5 dn

%]

in nystagmus recording

icdealised and Aatheﬂaticallv.fornulated. A method is introduced

.
v




@,

.

to estimate the nercentase harmcnic rower transmitted for a

»

given bandwidth of reccrdin-. THe thzoretical prediction was

confirmed bv a digital jomnuter spectral analysis of a clinical

9

record.ﬁ\ . -

Finally, Appendices 2,3 and 4 describe background

materials for the thesis.

[ >

>
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FCILL £2CCE55 ATALAST, I :IOICTICAL 2R52M3CH Y

A point vrocess 1s 2 sequence of events occurringzg
in time or sprce. The events ere as umed to be indistlntulshabie
except for their time cr space of occurrence. -rom a statistical
roint of wview, *the only proint proceszes of interest are those
which exnibit et least core desree of randomnrness in their
cccurrence, and these are called stochastic voint processes,
'yuical exa~ples are the enission of particles fror a radioactive
sourcz, the passing of vehicles at a point on the road, the
seriec of failures of a computer, the arrival of patlients at
ar emercency datartment, or tve occurrence of Impulses in
so~me nerve {ihers. A point process may also be derived from a
continucus wavetcrm, such as tne cccurrence of waveform maxima,
or the axis or threshold crossings of a signai. Phewoccurrence
of éaccadic conporents in a nystagmnus reccording is another
example which will be analysed in this thesis.

"he analysi€ of point processes cay enter different .
levels dependinz upron the purpose of the inkestimator. One

investizator niecht be interested in obtaining some cghvenlent

statistical narameters as a reans of data reduction to descrite,

compare, or classily the processes. Another might want to study

the nature of the process censrating the sequercé., That 1is,



8

to find out whetger the process 1s truly- random with: successive
events independently geﬁerated, and if so by what probability
laz’these events are likely to be éoverned, and 1fbnot, then
what are the correlations among'the events. Examples of these
uses in general are given by Cox and lewis (1966). Many

~

blological applications can beqround in Moore et al (1965).

" ‘

2,2 BASIC CONCEPTS AND TERMINOLOGY

R e

-~

In general, two types of statistics are availlable to

desﬁribe a point process (Cox and Lewia, 1966 Siyers’197b).

The studies of the times between events leads to interval k4

statistics, and the study of the occurgg?ce of events as a -

function of time (times to events) leads to event statistiocs

They are equivalent only in their complete descriptions of the

.. point process, and if a statistical analysis 1is based only on

first and second order properties, the two sets of statlsticstc~$’
provide different information about the process, Tﬁe following
description wil{ﬁse based on interval s;gﬁ;ﬁt;cs, and the

useful event statistical meaéure, name y the expeotation @

density will be calculated -from interval data.
The intervals between events of a stochastic point

process are regarde& as being drawn, not neéessarily independently

from a population which obeys some probability distribution
>4

~

such as a Poisson, Gaussian, or Gamma distribution. If thaﬁ,
J

J

/

L



distribution, together\with all its parameters such as mean,
variance and all higher moments do ngt vary with time of
observation, the stochastic point proceéb is stationary. If the
distribution itself, or any of 1ts\parameters varjes with time,

then the process 1s non-stationary. For example, in neural spike

processes, non-stationarity could result from a change in
firing rate caused by stimulation or any other disturbances.

A non-stationary process 1s often - ess with a trend.
&hé“dnvestigatlon'of stationarity 15 usu%lly the first step of
analysis because the majority of statistical methods are basged
on the assumptlon of stationarity;)Confuslng conclusions may
result if the effectsof non-stationarity are not taken into

account,

Order-dependence between successive intervals is a

very important consideration in point ﬁrocess analysis. The
question often asked i1s: Has each interval been 1ndependentiy;drawn,
in a statistical sense, from the probability distribution of ‘
the procgss, or have the p;eéeeding intervals. affected the

»

lengths of the folldwing intervals ? If the latter is the case,

i
the point process sequence is sald to be order-dependent or

serially correlated or non-recurrent, Otherwise, 1t is said to

-

be order-independent, (serially uncorrelated; recurrent).

If the process 1is found to be statlonary and also

order-independent, it 18 called a renewal process. This term

originated during the early development of point process analysis

for the study of component replacement in industrial plants
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N

‘ (Cox, 1962). ™he cttractive featur: of a rerew2l nrocess is that
the interval distribution completely characterlizes the process.
The order dependence between the inter-saccadic intervals of

a sportaneous nystagnmus recording willl be examined xgisome
) /

v detail ir this thesis. N

i “lhen successive intervals are not independent, then ruen

[y

more complicated descriptions are needed. lhe elaborate statistical

measures which are reguired ro% a reasonably complete descripticn

-

Tay themrselves be too corplicated to aralyse or compute, and

their rractical ufillity btecomes gquestionadle. Thus, in practlse,

anaivsis 1ls often linmited to & few low order statistics.

2.3. SO0™ = STALISIICAL MEAUJRES

et each event of a point process be rerresented
by en 1—pulce occurcing at a rosition in tine corresponding

i

Yo Ty A< shown in ~1g.2.1.




1

where 6 (t) is defined as: 6§(t) =1 for t =03 §(t) =0
for t f 0. N is the total number of events in\a record. Some

useful statistical measures of the process will be described ~x

below.

The Intervall Histogram of the intervals between

sucdegsive events ocan be written as

N
1) = Zé(tk-t

L

where T i8 the interval duration and I(T) serves as a finite
sample estimator of the probability density function of the
intervals between successlve events. I(T) is of paramount
importance in characterizing the point process:

In practice, T is assigned discrete time dunation Tb = b4

where b=1, 2, 3....., and A = Tps+y - Tp determines the ;esolutlon
of the interval histogram. Tb 18 often referred to as the bin b .
All interval measured between Tb+1 and Tb 18 counted 1n blh b.
The total number of counts in bin b .are added together to

give the height of the bth bar in a histogram. It sh@nld be
noticed that the time ordering of the intervals 1s necessarily
lost in an interval histograﬁ;‘lntgrval histograms 6f higher

orders may also be constructed. This will be discussed later

with the expectation density.
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“he_Zcatter Jla-ram 1s a two-dimensional plot of
the three-dimensional joint interval histozram., [ha joint

interval histozrar between two successive time intervals

can be written as

where I([l;,l2) serves as a finite sample estimator of the

-~

rrobability density Tunction whizh describes the rrobability
of findin~ an interval T: followed by an interval Tp. The

- &

definition of a [1,i2 palr between ad Jagent intervals is

illustyated in “1g.2.2

I l

T2

Fig. 2.2
In practice, the joint interval histogranm is often called
a scatter diagram. [he abscissa represents the duration of

§ .
T:, while the ordinate rerresents Tp. Thus each point on the

diagran represents a pair of adjacent intervals. In an

oscilloscope display, the point is produced by intensifying

the corresyonding eocrdinate position.
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l
cre Teatter diacram can be uc~d o exanide certain
k.
types of recurring time ratterns in trnz interval sequence,
or example, 1f there is a tendency for short intervals to
be followed by 1long intervals, the disvlay will show.a cluster
in the upper left region, If the ‘tendency is for lonzg intervals
. Y !
to be followed by short ones, the display will show a cluster
in the lower riznt region. An overall upward- trend of h5°
1inlicates positive correlation between successive intervals;
8 %
get isj*ﬁ%@rt*lntervals tend to be followed by short ones,
(SRS

and long ones by lonc ones., If successive intenrvals are

t

1ndependen%, the Jjoint interwral nistocran will be symmetric
abcut a§u5° 1line tnrough thne origin. Thiiisymmctry test 1is
a néC@ssary but not sufficlent condition for statistical

indevendence of sudceesslve intervals,

It must be noved that; as in the ordinary interval

‘histozran, time infermaition s lost in such a plct unless the

order 1In whicn > joint interval nistogram 1is £11led is observed.
. , ]

“lo% of Row and Tolwmm ‘eans of the scatter dlagram

provides ancther rethod o t<sting independence of successive
intervals. Each column or row of the scatter diagram represents

a conditional interval histcszram. The statistical independence

‘oﬁhsuccessive—jﬂtervals rééuires that the probability density .

of all the 1qter€ais precesded or succeeded by an interval of

a particular duration oe independent of the duration of that

o

interval, Thus, the tes% of independence 1is reduced to the

“

a
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"

problem of comparing the céndltional interval histosram represented
by the rows and columns of the scatter dizrram. It 1s known

that two probabi]ity densities are the sare If they have the

séme mean,variance, and all hi& morents. In the case here, the

column and row means represent tne means of the corresvonding

conditional interval histosrams, and for these histocrams to

nemalniidentical, it is essential that thelr means must be the
samé. Thus, fomw statistical independence, the row and column
means should fall on two straight lines parallel to the coordinate

axes. Amain, this 1s a necessary but not & sufficient condition. .

The Serial Correlocsran is a plot of the serial correlation

coefficients as.a function of order or lag.The serial correlation

coefficien*: 1is defined.gs

W7V,

e -
] §? )‘ ‘ -

' (N=j) 2 (T. -T)(T. .-T

¥ §J|= rﬂ
I 2

(N-I)E(Ti -T) o .
I=
v \ A

where ¢. 15 the serial correlation coefficlient of order J

S -1,0,1,........1s the crder or lag
T 15 the estimated nen interval
T. is the 1 th in*ervial

The values of the serial correlation coefficlenis range

betveen ~: and 1, and provide guantitatlive measures
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of the correlation between intervals., If 21l the intervals were
indeyrendent, then the coefficients ol 211 orders would be zero.
4 constant v2lue of the coefficients usually indicates a long
t¥rn trend in the interval data,

The serial ~correlogram may also show characteristic

patterns which could irdicate the nature of departure from

‘independence amnng the intervals. This has been denonstrated

y Perxel et al (1947) using data from cornuter simulated
) [

neuronal spike tralns with “nown characteristics. They found

o i

that cyclic variations in firing rate produced a danmped oscillation

in tne serial correlogram. Alternation between lonz and sher:
intervals resuited in persistent alternation in sisn of the
coefficient, Irrezular barsts of swnl%es are characterized

by nesative serial correlation coefficients for low order,

followed by slightly positive and tnen zero corrslatlion ceeff-

bl

icients,

The Fypectation Density E([l) specifiec the probhability

of encountering any event as a function of time arter a given
event, Since any <vent encountersed must be either the first,
second, third event after the event at time zero, the expectation

density 1s actually the swn of the interval histocrams of all

orders. Thus s
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whereluT) 1s tire interval historrawn of ¥ th nrden- the first
order interval 1s the time elavsed from an 2vant to the next
following event; 'the second order interval 1s the tire elapsed
between an event and the second fellowing event., An w th order
interval 1s the sum of n consecutive first order intervals
and 1s spanned by (n+l)} consecutive events

Siven a seguence of Interval data, a cormputer
corstructlion of the exuectation density is donk by fornlag
211 vossible hirher order intervals = Ti+lp T2+T3......,
'Fl*f‘?_*‘?} , ’F2+'.‘3+£q......., [‘1*'[‘2“‘:‘34'?“, Tg*Tj*Tu*’['s........
up teo 1 s2lected uprer crder. Thece intervals are then
collectéd Into ti-=e oins of incremental width to corplle the
histozrams of 4iffzrent orders which are added together ’
to forz ths expectation density. Instead of combining then to
produce the expectation density, some authors use the hjgher
orde> interval histograms directly for anzlysis (2odiec’s et al
1962, sayers 1970),

A useful role of the expee%ation density 1s to resolve
an event Eequence irntc one or morerseparate reriodic or qua%i-

periodic components which might be present. Ir neural gpike

train analysis} a plot of the spike interval histogram reveéaling

Polsson-11ke d.stributlon nay lead one to falsely conelude

that the process is that of Polsson and is thergfore conpletely

N

s

randomn; however, an examination of the expectation density of the ~

sequence may reveal periocdic components, suggesting that the

sequence may be the pooled result of several spike trains

-
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.\? including sore with jeriodic firine (ten loon-r J‘ﬁde neuver, 1966), .
The pericd of occurrence =iy not show up in the interval
histogsra=m at all due to the'splitting of intervals' as a
result of the pgoling process. “or exazbple, 1n_§qe§?l
- electrccardlorran recordings, the fortal 3 pealk, Eesides -

beins buried more or less in muscle 'nolse!' activities, is
also obscured bv thne raternal ¢S5 complex. The expectatlien
density fuanctlion has b?en used to resolve the sevirate components
(ten -ooben, 1967).

It snould bhe pointed out that the expectation density
is actunlly an aaito~-correluation of *he event sequence, It is
soretizes called the autocerrelation (yazsiwvara, '954) ;hereas

1t gheculd be precisely called the event autRdorrclation

(Sayers. 1970). There 1is =—ich confusion betiyzen this and the

serisl correlosran., 'he event autocorrelatio a function of

time, wnile the serial correlosram 1s 1 function of W/ne segiience
nu-ber, wnich is an integer, of the intervals. The tw .

S

functions need not corresrond at all. ror exarmple, a pAace
mater cell that (ires at nearly uniforn intervals will have
” a stronzly occillating autocorrelation, whereszs the serial

corr=logram mhv be . pasitive, negative, oscillatory or zero

dependinz or. the order-dependence of the process.

v

Y 2
b3
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2.4 DISCUS IO .
r°‘ .

Irn usinz rToint vrocess analysis, tne investinator

. - ]
is often faced with two basic gquestions, narely, what p2ttern

of variation should one é?ggct to se2e from tne different .

«

statistical measures, and what variaticns in tr-e exverimental

6]

results are si~nifican*, Several rrasti:zl aprproizches to these
o

-

b |
rrocle~s are discussed below.

I1f certain ch§racterisrics are suavzpf&o to 2e contalned

o

within exveri~ental data, then il 1s often reoszible to

Similate £y ace ‘characteristics as a ~odel ¢~ r~er ey and

PRSI
"

anaivse tne rolel veculbts for salior~' Teaturec wunich can hbe used
'!H N

as reierences In anrlvsing the exreri-evtali-date, %%gs techniloue |
s

has been used by Periel et al (1CGF7), a4 ten ‘ooven and

Zevrer (1566),

b In assessint —ne2 sizgnificance of variatlions in the
exyeri—ental resvlis, 17 the sa-ple dintributio;\kf the
PR

A -

3teristics is “nown, then standard statistical metheds of
ter-itnr sienificance can ve used.,Cn the other hand, the
ca~rle distribtutions are often not %nokn, and otper more ,
) .
1121 me2thods have to te used. Here azaln computer ﬂ%del
/ -
1ys may be useful; with the use of non-parametric statistlcs

2xperimental results can be tested against the model: -

results.,

~

In testinx the sigrnificance of the .order-depewdence

ameng data, one useful arproach would.be to subject the

\ L
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L.
s

oricinal data sequence to rardom shulfline, which de<troys

)
,any order-cegendence amons the sa~prles ard then converts the

¢
satvle to cre Trom

n
recomruted ctatistlical —easures provide the ¢ontrol cases In

the corresvondinsg renewal trocess. The

.

5

~

©

which any rr.sidnal devendence a-on= data are in fact due to
statistical flucflation; a conveniént visual corparison can then

be mnade with results fron the correspondins unsnuffled data,

"e use of this techninue will be 1vplied in - section 3.3.

it 1s noted thet there 1s a lack of

“inally,

[}

measures. or exawmple, the
J

row and column Tme2ns

mirersal and powerful statistical

results fro~ the scatter diacran, and its-
2

piots eacr. vrovide a necessary but not sufficient test for

erder-devenderce; the serial correlogran ard to sote extent
the expectation density, must be used to suprrlerent tr2 Tindirg.

surtrer, the sensitivity of a statistical measure —=2y bH=
e

dependent. -or exanple ferkel et al (1967) showad that 10

1n the rean interval-in a 'noisy' racenaxer,

variatioa which

arises from a Gaussian prccess with a narrc spread, was

a

reflected qulte clearly in the

serial corrzlo~ran. .ovaver,

‘for the sa~e vercentage mean interval variati-n ir a Eslsson

the

TROCEeSS, serial ccrrelcirram nardly showed

from that of the original process without the

Cr the other hand, the same authors showed that the expectation

density was more sensitive to change in 2 Poisson process than

the serial correlogram. All these point to the fact that

each statistical ressure may contribute a part of the entire

Lad )
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Plcture about the process snd many different ~ecasures must be used

Jto analyse a p}ocess tc obtain a better understandirig.

.
i

~ -
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Vi TTHILAR TYSRAGYES
- n v
3.2 I mererIey .
! 4
3.1\ 1 Zross_ Mratomyv and - rhvsiolozv cof the ‘iestibnlar Cystem

(2ef, 3rodal et al (1842), Cutercrid«e (1969))

3
\

‘he bonvydatyrinth i1s a systew: of cavitiecs and c2nals 1in

the petﬁpus,portlon ol each temporal bone. Tt centains a clear

-

f111id, the verilv-ph. _usmgrred in the verily~ovh is.a ramokupous

laoyvrirth consisting ol three parts, cochlea, vectibula, =nd
e N

icircular canals. All parts of the merbrancus, labvrinth arc

fil1led ri%h erdolynpn and are in comunication with one another.
"he cochler is the sensory cr—2n cof the auiitory system

while the vestibule nnd se~1icircular canrals contain recentors
of thwe vestibular syste~ {:1g. 3.1). The vestibule consists of
.
tne utricle and the saccule. 1 small patch of senscry epithelium
called the ~zcula is found opn the wall of the utricle and =2lso
on tne wall of the saccule. Projectins trom the mocula surface

are o%olithic recertors, which are cilia covered with a i

rystals of calciuw carbonate

%

(e

Jellylie substa=nce embeddin
(6toconla). the otolithlc receptors respond to cravity and linear
acceleratlion, oein~ especially sensitive to tanggntlal‘ghearing
forces bhecause *trne otoconia are more dense than the surroundinz
éndolywph. In the saceule, the macula is ortented in the

sacittal plarne, ani the cLJiadfré directed laterally. In the utricle

the =—acula liec 1in the horizontal plare with the cilia directed

S

“
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Fig. 3-1 SEMI-DIAGRAMATIC DRAWING OF THE HUMAN VESTIBULAR
APPARATUS (From M. Hardy, Anat. Rec., 59:412, 1934
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urward. In ooth lcecatlons, trne maculse are prolonsed slightly
onto the curved surfnce of their reépective Tcceptacles,
both prolongations being predomninantly directed in the fronial
plane. Tnus, tacular surfaces are provided for each of the

three planes of space.

The three semicircular canals lle in three planes
appfﬁxiwately orthOgon;l to each other, with the lateral-. -
(or horizontal) semicircular canals tllged bac¥wards in
man about Bo“from the classteal anatomical horizontal plane

of the skuli. ~ach canal describes about two-thirds of a

circle ard terminates on an enlargz2d portion of the duct

é&iiedxéhe~gmpp11a. “he ampulla contains two structures,

tre cbnulég;eﬁa its base, the crista. The cupula

~
contain}hg sensery cilia projected from the crista, 1is a
gelatinous structure which acts'as a fluid-tizht elastic
valve acro<s the path of canal endolymph. When the canal
is subjected to ansular acceleration, thne inertial reaction
of the endolymph-moves the cupu]a‘whlch in turn stimulates
the sensory cilia of .the crista. T'he two sets of seml- \
circular canals o?‘each side of the head sense angular
head m—ovement tﬂ/ihe‘three dimensional s;ace.

.he primary ;fferent neurons from the cristae and
maculae combine to form the vestibular portion of the
elghth nerve. They enter the internal auditory meatus
within whicn is located the vestibular ganglion. Axpns
of the ganglion vpass through the internal auditory canal
and reach the upper medulla. Vost of these fibers eﬁd in
four vestlbulgy nuclel which are clustered in the lateral
rart of the floor of the fourth ventricle. Afferents from

| .
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the seénicircular canls terminate in surerior, medial
ard inferior:'estibular nuclel wnile the nacalar afferents
cornect the lateral and inferlor vestibular nuclel. Some
primary afferent flbers are distributed to the vestibula
portion of ;he cerebelluml In addition to tne afferent fibers,
there are also efferent fibers in the vestibular nerve,
Extensive references are cited by Outertridge (1969).

rrom the véstibular nuclei, the lateral vestibulo-
spinal tract ‘escends (uncronssed) from the lateral
vestibular nucleus: phe med ial tract (with both crossed
and uncroséed fibers) descends mainly from the'medlal and
spinal Qesfibular nuclei, The vestibula? nuclel also have
extensive reciprgca@?bbnnectlods with the cerebellum.
The vestibulo-spinal and vestibulo-cerebellar connectlions
are respdnsible for postural coordination. The preclse
nature and terminatior. of ascending fivers fron theo ,
vestibular nuc;ei is not completely Xnown. However, it |is
believed that the majority of ascending f}bers t;avel in
' the medial longitudinal fasciculus (3rodal et al, .962),
Connections to the thalamusv(Carpenter and Strominger, 1965:
Deecke et' al, 1971) and the cortex (Xornhuber and da EOpseca,
1964 ; Schwarz et ai,197l) have been reported. Connectlon;
from vestibular to oculomotor nuclel have been éxtensively
investigated, particularly in connection with hérlzontal
conjugate eye movements. This will be described in the

next section together wilth a consideration of the mechanism’

of nystagmus.

7Ty
('3*,: “a
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3.1.2 The Westibulo-icwlar Reflex Arc

"he simplest form of neural Treflex arc consists
of two neurons, the sensory afferent éld the motor efferent
{Lorente de ‘'io, 1933)._However, in most reflex arcs, the
connect iyn between the afferent and the efferent is relayed
by one o ore irternuncial neurons. In certain reflex
mechanisms, in addition to internuncial chains, there 1s
a special group of connecting neurons bhetween the sensory
termination nucleus and the motor neﬁrons, and the syste
works as a functional unit (Lorente de No, 1933, Szerrfagothai,
1950) .7

The vestibulo-ocular reflex arc comprises at least
two kinds of circuits (Szentagofha1,1950, 1964; Brodal et al,
1962). The elementary three neuron arcs were described by
Szentagothal. The lnternuncial neuron lies in the medial
longitudinal fasciculus, which relays the afferent signals
from the vestibular nuclei to the oculomotor, trochlea, »
and abducens nuclei. Szentazothal inferred ffom experimental
observations that the elementary three neuron arc established
the predominant correlation between a glven crista of the
sepi-circular canals and two of the six extra-ocular muscles
in each eye. The c?ista of the superior semicircular duct
has a predominant ébnnection with thé,ipsllateral superior
rectus and the conﬁraléteral inferior oblique: the crista
of the posterior duct with the ipsilateral superior bblique

and the contralateral inferlor rectus: the crista of the
horizontal duct with the ipsilateral medial rectus and the

contralateral latersl rectus.
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Resides the basic three-neuron arc, Lorente de o

had demonstrated earlier that numerous internuncial
tathways passed throuzh the reticular formation. l'he exact
conniections are not known but they most probably involve

" chalins or even groubs of neurons (Lorente de No, 1933:
Ddersing and Schaefer 1957, 1958: Gernandt, 1964). Lorente
de No proposed that the rhythmic bursts of 1mpuises to the
extra;9cular muscles, which produce the’saccadlc components
durirs nystagnus,originated,from this area. The different
views on Epe anatomlcal crigin of this rhythmic activity
will be gonsidered in the next section.

I'nere are also vestibulo-ocular pathways through the
cerebellum as 1s evident from the fibers branching from the
prirary vestibular nerve to enter the cerebvellum and the
extensive reciprocal connections between the vestibular
nucleil and the cerebellum. Reports on ceiebellar influence
of eye movement have been given by Cohen et al (1965).

~ollewijn (i970) and Kornhuber (1971).

3.1.3 A Survey and Discussion o” the echanism of Vestibular

The mechanism of vestibular nystagmus has been a
subject of extensive study. It 1s now welk established that
the slow compohént-is initiated from the labyrinth while

»

the szccadilc compronent is entirely central. [Ihe elementary
three-neuron arc via the medial lonzitudinal fasciculons
described by Szentagothal forms the basic skeleton pathway
for the slow compénent. In addition, Lorente de No {(1933)
demonstrated that the reticular formatior also contained

pathways medisting the slow coxponent. The origin and
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be
pathwéys of tne saccadic cemnpeornent, on the other hand, 5}2
st11l not well understood, and before considering different
views on tnis subject, the basle mechanism for SVG §low
——

component during horizontal vestibular nystagmus based on
the elementary three-neuron arc will be described.

With reference to Figure 3.2, a clockwise rotation
of the head causes the endolymph of the left lateral
semiclrculér canal to tlow toward tﬁe amﬁulla (ampuilo-petal

flow) and ths endolymph of the right lateral semicircular

canal to flow away.fYom the ampulla (ampullo-fugal flow).

'hese in turn cause thd firing rate of the left vestibular

nerve to increase and thaX 1n the rirht vestibular nerve
toidecrease*(Jones, 32rry and Kowaisky, 166L; Lowenstein,
1666)., rhe chane in firing is relayed to the oculomotor

and abducens nerves causing con jugate compensatory eye
movement in a counter-clockwise direction wnich serves the
function of retinal irage stabilization.- The angular ° \\
velocity‘of this compensatory eye movement is'approxlmatel} A\
pfoportional tno the angular velocity of the head over the \\
frejuency range of head rotation from 0.1 to 5 Her: ,(Jones
and Milsum, f§65: Outerbridge, 1969). This slow component

of eye movenment 1is 1nterfupted by a rapid saccadic component
in the opposite di{gction, and the two components repeat -
themselves, re§u1t1né'1n ocular nystagmus. The views

concerning the seccadic component are considered bélow. -~

. , .
Evidence scems to suggest that the saccadic component

is mediated mainly via a rore comrlicated pathway than the
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Fig. 3.2 Ranic mecharism of
vestibular nystagmus
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elereatarry trree-neuron arc. It was found that czertain

‘ o Jruss intoxicatlion, such as ether (N’cIntyrel 1939) or
barbiturate (‘lathanson and Bergman, 1958: 3legvod, 1962)
converted nystagmué 1n£o tonic deviation of the eyes in
the direction of the slow component during vestibular
stimulatinp. rhe deviation of the eyes would last for a
period of time in which nystagmus would normally occur
if drugs were not glven. The interpretation of this was
that tonic eye deviation was 'nystagmus' wlthout the
saccadic corponents, and since drugs actinz on the nervous
system generally have a relative specificity of areas,

2 that is, affecting some areas oOr neuron systems more
profoundly sian other areas or neuron systemns, the {inding
of selective abolition of the :saccadic compconent by drug

\ suggested a disruptlion of the more complex vestibulo-
ocular pathways vpresumably through the reticular formation.
vore direct evidence was provided by Barany (1907, cited
by Lorente de No), who observed in a patient with a lesion
in the pons close to the abducens nucleus that the saccadic
components in nystagmﬁ; as Qell as voluntary eye movements
were absent. In experimeﬂts Lorente de No (1933 ) induced
extensive lesions in the reticular formation of rabbits, and *
upon vestibular stimulation he found tonlc eye deviation

in the directlon of- the s}ow component for the same duration
»

as the nystagmus produced in normal animals.

-
I'he anatomical location oMginating the ‘meural

¢

‘ siznals for the saccadic compo‘/ nts during nystagmus has been

for a long time a subject of controversy. The old° proposal
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.

( "wrld 102 eithed oy n’ane, 10Ag) nhat thev were

trtrrered By vrovrioceiptlve siemAals from the extra-ocular

s ales durines the rlow comuonent wrien the ey=z turned as
far ac pnssiblé fro~ the ﬂid—posltian was strorgly con-
trsitnted by erﬂrivenfnl'evidence. surinz rystagmus the
cace-31n co~ponent could actualiv ocenr at any position of

the .even even whe- the cnccads would place the eyes further

» '

aws s from ihs reusral ~id-poslition. urther, after cutting

Moty
211 the rerve comnectisx rs .to the extrarocular mMuscles on

ponr eves of cats to eliminate the difterert provrioceptive

s} -~ is, "clintvre ) 82111 trecorded from nerve ends

1

~

y—
O
LD
e

revrand donht that tné anzesd ¢ eonrporents were not trigaered
E§ rropridoceptlve siqnhls lro~ the ex¥tra-ocular rmuscles.
(Hner areas eli"ijated as essentlial sites oririnatine the
secexdic comporents Included levels abové the oculomotor
*auclel and below the vestibvlar nuclei (Lorente de o, 1933),
the ce%ebelLu* (“rodal et al, 10AZ), tne labyrinth (Splegel,
1925, cilted by splerel and Frice, 1937: DJohlman, 1938), and
Fhe ocnlomotor nuclel (<plegel, 12929, cited by Spiegel and
*rice, 1939). The remainirt unresolved areas are the vestibular
nuclel and the reticular formation.

The inavility ofL;pe reraining mechanism to produce

saccndle corponents in nystaenus after lesions in the retilcular

formation led Lorente de "o (1933, p. 285: 1938, p. 236) to

conclude that tne i=pulse activity
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cf%1:éé*#n-tne vestibular nuclel was a constant one, and
that the rhythm center must be located in the reticular
formation. Mhe lack of sophistlcéted equipment in those

)
days to perform intracellular experiments must have forced
Lorente de Ko to rely on éross exoperimental observations. .
In proposinz a neyral mechanism in the reficular formatlon

for zenerating the saccadlc components of nystagmus

Lorente de llo (1938) stated awnong Bthe;\things, that:the
1mmilse activity in the vestibular nuclel was a constant
one; the relaxation of tne agonist (the extra-ocular nuscle
vwhich contracts during the sleow nystagmus component) is not

t

attributable to an active inhiblitory process but only to a
la=s’c of excitatory i=pulses (L?rente de No, 1933b): the

turning points in tne antagonist are not synchrogzsed

with those of the agonist (Lorente de Mo, 1935),. The;latter o
was taken to sugsest that in generating the saccadic iméplses

to the antagonist, there was a time delay circuit throush -

the reticular formation. Cn the other hand, Spiezel and PTice(i939)
pcinted out that Lorente de No's expserimental vesults were )
‘obtained during the acute stage after the operation. In
Splegel's-own exreriments, resvlts siwtilar to those obtained

by lLorente de No were obtained soon after lesion was induced

i; the reticular formation, but after a few days, nyétagmus

with saccadic components returned. Spiegel stated that

the saccadic components of nystagmus must be originating

in the vestioular nuglel.

o

(e

- : s
Hore recently, Lachmann and Bergmann (1961) ° }

recorded T vthmic activities in the vestibular nuciet @‘
f



32

«

-~

Uy
syncnronised with nysta-mic eyéﬂﬁbveﬁents. They {elt that

7o

the vestinular nuclel must gnzlﬁést in part, bz respomsible

for the nystarmic rhythr, c¢CZabe (1955), however, found
o \
]
that the leslons induced on different vestibular nuclei
) [V g

reduced the speed of the slow goaponent but did not altep the
sreed of the saccadic, whereas saccadice co%}onentg whiéhh returned
one or two waeeYs afiér extensiye 1?51ons in the °reticular
Tormtion " ere seldom norTal in speed, frequency and a-plitude,"
"sfane suppOrté tre theory that, the csaccadic component must be

~enerated in tne raticular tormation.
: . . o

ve) NJ )P. - .
ihe most recent work with m@fern technig

and extra-cellular recordine was revorted by

ot
7

shiroda (1972}. In additlion to recording rhyt! ctivitles

T

in vestibuvlar nucleus neurons synchronised with rhythmic
ocular motornevrons during nystasgmus, they also found active

P
-

1nh;§}tion from tre vestivbular nucleus neurons to the ocular

e

motorneurons. urther, the inhibition and fa itation of the
raconists and the antazonlsts ocecurred almost simultaneously.

'x“rfﬁkeda et al refuted Lorente de lo's as§umption described
: e
. by

earlier and suppértea the proposal that the nystagmic rhythm

oricinated in the vestibular nuclei. They hypcotheslzed that

mutual inhibitlions of the vestibular nuclei on the tWwo sides
. of the bfa;n. reported bf Iadpl@ﬁqu Erodai (1968) and eérller

/yorkers, mizht lead to the rhyggﬁ ?1oductlonmb$uch 2 mechanish
/Mhad been suzsested to be responsible for rhyggmic“BCtivltles

in many other blolozical systems; an.electronic mcdel simulation .
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bty -ar=os {19ALY, ard rarvon and Tewils (1G66) rnad produced
similer restiits to exvérimental findin~s. lowever, it remains,.
to be investirated if sucn a —~echanism car also sinulate the | >

4

characteristic pattern of variation in the rhytn~m of vestibuylar

7

ard ovtozinecic nvstarTus de~onstrated oy the zrnalysis resulus
of this thesis. "his questicn will be further discussed in
section 5.1,

All'Tnf above experltenéal findinss ard cen“roversial
clairms vay voint to the porsitility thet in reallity a more

th

0]

r possible

(&)

comnlicated mecharism is at wor4, and terhaps
interpretaticn ol the resalts chould be ccnsidered., The presence

S rrnvthiilc activities

tne vestirular rucla2t may rot reacsZarily

(-
3

1mpiv trat th2 vestibular nuclel are the censratinz center.

7t is vossible that the rhythm'is a resuit of modulation

oricinatina elsewnere. [ornhuber and da -onseca (1.9%4) reported

neurons in tne vectibular corte¥ snowing wmodulazior »f discharpe

b "h§'rhythﬂ of vesticular nystagrus. The modulaticn disappeared
- A4 \

whep' £he eyes are closed. Furtneﬁg moduiation of firing rate

tn the efferent fibers r° vestibular nerves before saccadice

4]
F‘U
o
e

eye movenzants wAs revpcrt Dichrans (197z), who found that

°

2rproxtitately 1C7 of the units recorded frow the peripheral
vec<tionlar nerve of relaxed, unaniecsthetized rabbiis and

Toldfisyr displayed a characterictiic modulation of their resting

berinting 10 ;6/100 rilliseccnds before a saccadic

[¢4]

| «
cye moverant or “he {#st/ vphase of nystagrtus.=

-

e

It 1s difficult to accept the view that the vestibular

.
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nuclel alone orl-iw2té the rhythmic 2ctivity and the reticuiar

S

formation serves only as a pathway transmittine the activity to

the oculonotor nuclel (a uossiﬁ}}ity rreposad by Maeda ern al,
1972). Tt is well- vnown that nystagmus is strongly affected ¢
by arousal level of the subject (Collins, 1962: Crampton, 1964),

and it 1s also renerally ¥nown that the reticular formation ‘is

¢
t

closely associated with arousal (Henry 7“ord Hospital Symposium,

1058; Suyton, 104%), [n ccllectinr nystasmus records for. this
\ " e
thesis, 1t was irequently observed that rmental activity of the

subjects clearly alterecd the rhythm of both vestibular and
ophorinetic nystafmus,(see section L4.2.3). 1if the reticular
fcrmtion served .only as a pathway, ‘'t migh. aftect tr= macnicude

(or £ain) of thd simnals being fransmitted. but would oe unlikely

}

to alter the rhythm.

§ It 1c possible that the vestibular wiziei and the retch
u"ar forration are eacn cavrable of reneratine on 1ndeperdent. f77
rhy hm, and when they are eonnected togetner to function as a
unit, their individual rhythm will.be entrained (or s nchronised) -
to a common rhythm. & good example Jor the concept i1s that in
the heart the sinus node and the,étrio-ventrlcular node are
each capable of 1nitiét1nx an independent rnvthm of contraction.

- o

[
viever, the heart as a whole beats at a cormon stable rhythm.

Simulation of their interaction by a system of coupled electronic
r .

relaxation osclllators was carried out by Roberge and Nedeau

(1966, 1667). They found tnat a steady state of synchronised

.
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rnytnT was achieved with a frequency intermediate between
the free-runmine rates of the two oscillators and deternined
by the relative amounts of direct and feedback couplinz.

~

N ,
Several experimental resvlts were explaired in terms of this

model. \
he role of the cerebellum in the saccadic compconent
generation éhould verhaps oe moré closely investigated.
‘rom his experi~e=nts on cerebellectcmised rabbits, Collewi jn
(1970) concluded that the cerebtellum was indispensable for
correct program} ne of thre sacc&dic components 1in optoY“inetic
nystagmus of that animal. It 1s quite probabie that é%e
Thythmic rereration In the reticrvlar formitior 1s not localised
fﬁ’a sT2ll area, btnut distributed over a‘re?ion so that arpusal
and connectlions ‘rom other inpu%s such as cortlcal influences .
and visual-oculomotor pathways may modify the rhythw.“The‘lde;:\
that multiple rhvthmnic aréas are entrained to produce the result-—
ant nystagzmus rhythm is very attraptive then it 1is considered
thét a common central mechanismdﬂay exist to serve hoth
vestibular and optokinetic‘ny;tagnus. It wlll be demonstrated
ﬁn this thesis that there are ;triking Sinilarities 1n'the
inter-saccadic interval statiétics of vestibular and optokxinetic
nystagmus, These Tindinds provide a powerful suvport ¢g§ the
hypothesis of a common generating mechanism.

A characteristic rattern of change in the nystagmic

~hkRythm showm bj this thesis may alsc be used to aid neuro-

physlolozical exparimehts in determining the anatvomical areas

.~
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which aré involved in the rhythnic reneration. Jor example,

in the experiments by aeda et al (1972), it would be informative
to observe the effect on rhythmnic activities recorded from the
vestibular nucl=asi when lesions of ;nrious slze are introduced

into the reticular formatlion. Conversely, the effect may be

-

observed .from the reticular formation when leslilons are introduced

in the vestibular nuclel or the cerepellum. It is inportant

that t»e observation should be made not Jjust onn the vresence

r ahsence of the saccadic comvonents, -but also on the deviation

in the saccadic rhythmt when compared with the normesl ch;racteristlc
rattern of chanre. Any area wnich causes a deviatioﬁ in the - .
-

characteristic chance must be resarded as an integral part of

the rhythm senerating mechanism,

3.1.4 “ethods of Inducins Vestibular MNystazmus S

Vecstibular nystagmus are conmonly induced by rotatory,
caloric and‘%alvanic stimulations. Rotation of the head is the
most natural form of s&lmulation,~sem1c1rcular canals on both
cides of the head are simultaneouély stimulated and the mechanism
of nystagnus ﬁroduction has been déscrlbed in the py?q?eding
sectlon. Galvanic and caloric Stimulations are lesé natural
but have the advantage that semicircular canéléAin each ear

4

can be separately stimulated, Galvanic stimulation is produced

by rassing an electric currernt through the inner ear ,by mneans
: I
of skin electrodes. However, 1ts mechanism 1ls not yet wel
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understood, and some research is concentrated in thls area

(welss and Tole, 19?1; Coates 1971).

Caloric stimulation has been wildely used in the clinlcal
eﬂvironment, where nystacmus recording is referred to as ENG
(glectronystagmography). .lesponses {rom separately stimulated
ears are égmpared to yleld diasnostic informetion. Caloric

stinulation is produced by water or alr irrisation into the

ear canal , rhe temperature change conducted into the semicircular

A
canals cauces convection current flow ol -the endolymrh which

in turn deflects the supula receptors. In a clinical test the

w
v

patient normally lies supine with the head tilted 30 degrees

avove the horizon thus brinesing the plane of the lateral semi-

circular canals’to a vertical posltion., If the middle ear is v

irricrated with cold water, .the cooling will result in a downward
convection‘c?rregt in the endolymph (ampullopetal flow), which
will induce hvétagmus with the slow component in the direction -
cf the angolymph mction, or the séccadic component beating

towvards the unirricgated ear. Ey convention, nystagmus direction

is defined 1n the direction of the saccadic component, Thus,

cold water irrigation to the left ear results in a riéht beating

nystasmus. If hot water 1is used in the sane ear, endolymphatic

wflow and .hence nystagmus direction will be reversed.

Generally, nystagmus in the- horizontal, vertical,

dilaconal or circvlar directlon can be induced, depending on which

semicircular canal or groups of semicircular canals are stimulated.

In this thesis, only the horizontal nystagmus will be considered.

!
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“our types of nystazmus in the hcrizontal position
will be fncluded, namely,\spontaneous, positional, caloric, and )
/

alecohollic nystarmus, Onlv caloric nystarmus as introduced above

1s definite v of vestibular origin; the origins of the other

three types are not sure., Spontaneous and positional nystagmus
)

are usually causad oy patholorical conditions and their inclusion

here under the category of vestibular nystagsrus i1s because the

prtients from whom the records were obtained were suspected of
vestibular lesiors, but the final diagnosis has not been confirmed.

dlcoholic nvstarmus is induced by consumntion of alcohol, and the
site of alcoholiec action in the central nervous system is not
clearly understood, althéugh it has been reported that bilgﬁéral
labyrinthectony resulted in tessation of aleoholic nystagmus

(" oney, Johnson and Corlett, 1965).

*

The advantaze offered by spontaneous,positional and

alcorollic nystagsmus is that relatively Tong recordinzs tang .

.
-~ .

be made which are desirable for statistical analysis.

~
T,
T
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‘has lagged. The occurrence of the saccadic components during

39

3.2 INTER-SACCADIC INTERVAL ANALYSIS OF VESTIBULAR
NYSTAGMUS ‘ ,
3.2.1 Introduction

~

Vestibular hystagmus recording has been widely used

both in the research laboratories and clinical diagnosis. 2
The main parameters of interest were frequency and duration
of nystagmus, and the speed of the slow component. Recently,
emphasis has been placed on the speed of the slow component

because its mechanism is now quite well dnderstoodf(frequehcy
O

and duration are still used by some clinicians when nystagmus

is not recorded but directly observed). In contrast to the slow

component, the study of the saccadic component during nystagmus

nystagmus has been described in the literature as rhythmic

or periodic, and it is generally agreed .that a certain degree
of randomness exists in the time of their occurrence, however
the'random properties have so far not been studied in depth.

’
The study of random occurrence of events require

special techniques. The definite onset of each saccadic’

component makes a nystagmus recording well suited to be converted

into a point process, in which each point corresponds to the

3

position in time at which the saccadic component occurs.

©
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lhe techniagues of point process aralysis a=d -its application
to neuronal research have been reviewed in chapter 2. In the
wor€ to ve descrihed in this chapter, nystazmus vecovrdings
were convérted inco polnt processes and their stochastic
properties were anzlysed with the use of digital computers.
Some prelirinary graphical displays of the gross

characteristics of the inter-saccadic intervals of & spont-

.aneous nystaznus, recors arc presented ia cection 3.2.4, and a

f 4

A

rynothesls that such an interval sequence was generated by
a rol1sson process was tested and the results rejected the
nypothesis,

A technirue usinz dot displays on a compressed: scale
was found to present a sensitive viszual depiction of tne
variations of 1nter-sacca§ic interval pattern and this resulted
in the\finﬁbng of a pheno.aenon of multi-modal interval

f

histograns in rary records. Tne results led to the consideratina
in sz2cticn 3.3 of a pocsiblea explianation of this phenomennn

as resulting frem & simpile iritarastion between the basie
phveiologicn) processes of neural excltation and inhibition.

3.2.2 ethel of Nyscagmus Recording

All nystagmus reccrdings in this thesis were done by
the electro—céulography (Z0G) method (Shackel, 1967).
3itemporally placed Ag-AzCl skin electrodes (B2ckman type 3503)

naving an electrode area of about 8 mm2 each were wnsed for the

recording. Electroae j21ly was applled between the electrode

.

(4%

SN
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and tre skin. The signal from the electrode.atpliified by an
A.C. coupled difrerential amplifier with a three-second time
cnstant, except for experimnents described in section 4.3

! 9 ‘ ’
where a D.C.coupled ampliier was used. The differentlal '

3

c

amhlifier (Purr-3rown, type 3061/25) haring a differential

input imped~nce of about 50 mega-ohms and the high- fr gquency
bindwidth was set at 20 Hz, This bandwidth was found to be
satisfactory Lctn By altheoretlcaljaga dizirtsl cemputer spectra{
anaivsis of nyvastazmus siznals described in Appendix 1. Following
arnli1fivation, sizmals were recorded on an FY tape }ecorder
(Fewlest fackard model 39:173) having a bandwidth of 0 to 6295 Hz.
Couzputer analysis uas later pe=formed on the playback signal

from tre %abe\recorder.

. . N

3.2.3 Comvuter *earure w.~%t of Inter-saccadic Intervals
-

Two Tetfods were used to meaéﬁre the inter-saccadic
intervals of nystazmus records. .In one method the detection
of the onset of a caccadlc component was done by a digital
cermputer wnlle in the other the onse®t of & saccadic component

’

was visualiy deterrined and manually marked before measuremient

by the dizxi*al computer.

£
.

In tre first method, the tape recorded nystagmus
record was differentizted by an analozus differentiator

resulting in a series of sharp pulses corresponding to each

saccadic component (7ig, 3.3} The differerntiatel signal was

fed into an analcgue input channel of the EINC;3 computer,
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which digitized and}diqplayed the signal on the LINCSCOPE.
An ad justable threshold level gias also monitored on the display
(ig. 3.3) and when the differentiated sienal rose abecve the
threshold level, the computer would recagnize the occurrence
of a saccadic convonent.

The computer then measured the consecutlve intervals
T1, Tp, PB... as show?‘}n ?iz. 3.3. The resolutlon of the intervai
measarement was one‘pillisecond. The measured interval sequence
was stored on magnetiQ data tepe, Hefore analysis, the interval
data was plotted out on a CALCOVP digital plotter, with time
scales matched to the originsl nystagmus recording on a strip

chart so that the two couldl be compared tec deteet any errors in

~

the measurement (see Fig. 3.5).

-

In cases of low intensity nystagmu$, the saccadic
Cﬁg/ Y

components after differentiation did not always -rise above the Ui

Y

"noicse level., This would result in error in the computer recog-

nition of the saccadlc components. In spéh cases the nystagmus
recordings ware traced out on %trip charts with expanded tine
scales and Lne corresponding saccadic components marked by
visval inzpection as shown in Fié. 3.4. The marked strip chart
was run tnroughua chart drive on which a photo-electric sensor
was Installed to detect the occurrence -of & mark., Fach detection
of a marlt resulted in a pulse output from the photo-eiectrlc .

sensor which was fed into the LINC~-8 computer to signify the

occurrence of a saccadic component. T'he successive intervals

between pulses were measured in tne sam2 mannar as before,.

Again, the data was checked against the strip chart marking

RS

e
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vefnre aralysic., T'ne intervals were nmeasured between saccadice

comvonents in tne direction onposite to the Slow component,

U3
and occasional saccades in the sare direction as the slow

component were lenored. Hecords analvsed were selected from

recordinss in which saccadic components could be unambiguously

cbserved, i

3.2.4 freliciynary dnalivsis ard Testins of the Poisson

svrothesis

In anzlrsing the polnt process for thg>first time,
sraphical neth?ds are convinient for finding qul&@ly the
zross features of tdhe data and also in sux~estinz more formal
methods of analysis later. four srarhical displavs were used
in the preli~irary exariralion cf tre inter-saccadic intervals

L2
Jhead e IV

es of these graphical

-

. ‘ )
derived from nystasmus recorningss,
displays of 1intervals obtained fro= spontaneons nystagmrus

records are shown in risgures 3.5 through 3.7.(This patient

vas cusvected to have a labyrinthine lesion).

1. 3.5 18 a display of the actual point process

derived from the nystagmus record. It gives an overell view of

}

i

the frequency af the cccurrence of the saccadlic comrponents.,

In F;g. 3.6A the relative interval duration represented
by the vertical length.of the bar was plotted a2zainst the
interval sequence number. This plot aids in the detection of

recularity and trends of the interval. In Fig 3.5 long intervals

-~ 3
-

.
.

<N
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are observed to occur only occasionally, and no sisn¥ficant
trends are evident. -ig j.? 1s 2 plot of the total number of ,
saccades (ordinate) occurring in the time rrom the besinning

of the process (abscissa). At eazh saccade, the plot jumps

one unit upwafds.‘An imrortant rroperty 1s that the slope of g
1ine joinins any two poirts on tne plot gives the averagse number
of events per unit time for that period. The plot in rig. 3.7
shows that the averase nu—ber of events was slizntly higher at,
tre berinning of the record but there seemed to be ro sighificant
chnanse in the rest cf the record.

Fiz. 3.8 (a) shows tne interval historram which

estimates the prrooability of occurrence of a perticulsr interval

duratior betwesn saccades.

w {4’"

The combined overall impressions from these graphliecal
dispilavs was that the saccadic components occurred in a rather .

rardon m2nner. Snort 1ntervals tended to predominate at the
-

be:%&s}p" of the record but no other sigrificant trend could
Y_\), '

be obterved. The interval histosram in Tiz. 3.8 (a) shows a

shary pea¥ near the -noriest intervals, and a rapid, followed
by a more zrastal decrease in longer interval surgesting the
rossibility of &an e¥xronentisl tall,

The next comslideration 1s what stochastic »rocess coula

rossiply eenerate such intervals®” The simplest stochastie

rrocess of all is tne Folsson ‘process (See Apperndix 2). Only

to describe

(S

\

one parameter, the mean rate of occurrence, 1s neede

the process irn matnermatical tepmsi, Vo satisly a .olsson process,

A
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. eazh iaterval nust be indepzrdent, that 1is, there must be
ro correlations or trends in the intervs? sequence, and tne

intervals must be exvonentially distrituted. “rike tralns
&
?

'rom different tyres of neurons have been renorted to

satisfy @ Foisson hypothesi- (Griffith aml v~rr, 2604 Yoore

et al, 1966), ‘rom the inrr2ssiors gatkhered ro- Lhe rroavhical

di‘ splavs of the 1irter saccadic in*ervals, a test of the Foisson

hypothesis for the underlyin~ mchanlisms secred reaczonshle,

J

-~
>

The testing of the Folrfson hypotrecis e carried out

‘ nsins a disical computer wrograw M it TVM preovided by the

.
'

2 Recearch Center, ard the gro-rav, vhich v=qrirad 252 ¥ bytes

of storame, was run on an I3 3£0/75 model 2n.ouier. fhe v

0

procedure and resuits of tne test are sumrarized 1ir. Aroandix 3.

»

The corclusion wasft‘nat_the tolsson hyvothresis was sctr-ngly

3

the

rejected, and a¥ trend in the datn was indicated juzt r-acsin

-l

{ive nercent signii‘ic}mce level, Therefore, dil“orort data
\\ " display methods vusing the [LI.C-R digital com.:Ter -..vr Jevelopad

to examine rore closely‘the pattern of trends ard other
- ‘ \

variastione in i-terval characteristics. This will te Jeseribed

[

i the next section,.

2

3.2.5 Investigation into Multi-modality iy, “nterval..ictorrans

N Bl

Yost of the statistical measurzsc for point process

analysis as cdescribed in section 2.1 are nased on the azsumrtion

~

o - - Sy
. of a statlonary rvrocess. Confuzing conc lusions may arice if they

b




“of an interval by the vertical vosition of a gos »n, the

. 50

<

are used to analvse data wlth»trends rvhose nature is rct "
vndérstocd. “he detection of ‘a weak trend by the stotistical
test in tine precgedtnq sectioﬁ 65118 for a more revealing

\ ;
mnalysis method to eramine the vatterr of trgnd.vThis is
varticularly important in analysing records of posir;o ral
and caloric nystarmmus which are accornpanied by strong trends.

1n this section two additional technloues of analysis wiil ke

o

introduceﬁ; a 'compressecd! display of the intzrval ra.mitudes

p

iés nted by docs on an oscilloscope croto, And the uge of
a dig;;iile Jilter to sméoth the interval historraws wnish were
olot%ed rrom seszmented data from a larger daun ~egquenca, [t will
be cnowm that an interesting phencmenon ¢of =«iiti1-tocaz2l interval
histogramns was detected. Selected records will be us~d to

L1llustrate thls phenomenon in four types of nystazmus.

It was found that by representlng“the relative masritvde

(an oscilloscopre display* on the LI.iC-8 coxpu.er), and by
displayine the sequence of intervals in a cofvresscl space, the
variatlion patterns of the inter-saccadic intépvals were more

clearly shown, This 1si111ustrated in Fig. B.Q(a).whléh wes

'tblotted from data used in the Tour sraphical disvlays in the

preceeding section; here the tendency for shorter 1nterqa1éito

occur more frequently at the beginning of the record is shown

>
§
4

more cléarly. Yurther, the dots have a tendzncy to cluster

v

v

intd twe layers, especially in the left half of the prnoto: \

this resulted in multi-modal interval histograms to be descriped
\ \
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*
o

e

below. It Qhould be noted that the dot display of intervals

1s based on the same principle as the bar display in Fig. 3.6,
but the suﬁstitutlon of the dots for bars and the compressio
of the horizontal scale produce afmuoh more 1nformat%#e dis&lay./

For example, the layering effect 18 not so readily, observable '\\
£

in a bar display. \

o,

Fig. 3.10(a) shows the resuit from another patient

having a positional nystagmus. The positionai nystagmus was
suspected to be due to a previous brain trauma affecting the
vestibular syptem. The trend R this reocord 1is quite pronounced
espeolally at the beginning of the record. It reflects the faot
that the nystagmus was quite rlapid when the head was first
turned to the 30 right position, but graduglly‘settled to a/
lower frequency. The correspon 1ng nystagmus record was /observed
to show a corresponding deollne 1n intensity. '

Because of trends, the 1nterva1 sequence was segment;dJ
into portions within which trends were relatively small. A
The interval histogram of these segmented data were computed
and smoothed by g digital filter function to reduce the effeot
of statistiecal ia;dation heforé}the histogram was plotted.

The smoothing function used was in the form:

by = ibp-1 + 3bp + $bn+1
where b,' 18 the smoothed value of the nth bin
bn 18 the unsmoothed value of the nth bin

(7‘
bp-1 18 the unsmoothed value of (n - 1)th bin




: -

bp+1 1s the unsmooth value of the (ntl)tn bin
"he prn;ertfes of such & function have been describad by
Wilcoeck and {irsner (1969).‘Fhe resulting smocthed interval
histogram of the leﬁt half (256 samples) of “iz. 3.9{(a) is shown
in ?1g. 3.9(b); a distinect tri-rodel histozrzm was revealed.

Fig. 3.10(b) contains the- multi-modal histograrns of

the segmented data froﬁ\%hc positional nystagmus recording.
In all these histosgrams, the location of the hish crde? rodes
on the tire &x.s are approximately 1ntegral\mu1tiples of thre
location of the basic mode. Furthermore, vhen there was a sivons
trond, as in r1g. 3.10 the bhzsic wode of tha historraT iacreased
ard the highar order modes appeared to 1ncrgase provortionately.
The multi-modal phenomena are retflected oy the @rossaiavering
~{fect in the sequential display'of interval duraticnre (¥igs,
3,.9(a) and 3.i0(a)). ¥ig. 3.11 13 arother record {rem a patlent
suspected ofda central lesion in *he vestioniar pathuay. This
pati?nt nadwg 111d spontaneous rystarmus resulting in relatively

large saccadlc intervals.

¥

It 13 clear from thase rvecordas tha*r i +he entire recori

*without segmentation of data were used to ploh the interval

«\%1stoqrams, multi-modality would T2 masked o0y trends.

2

Fig. 3.12 was ootained rom tne reosults of an indudoed

b
alcoholilce gp:lclona] ny<stacrmus, The sunject, who wilzned 150
pounds, was tested, and {ound to b» fgpe from spontanecus,
positional or paze nystagmvs befere the exrariment. ZTix ecunces
of 507 proof_%htsky was arting oy “%e suoject within three minutes.,
o

o
AY - — ?

. B
\ \ 1

T
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He then lay oa a couch and 30 minutes later, heacd-turning to

lJet't and riznht side resulted in 1left and vizght beating nystaswas .

which were recorded and analysed. [.ystagmus was not 30 intense
&s that found in tre above clinical case of spontaneous and
sitional nyscagmus, and perhaps a larser dosage of z2lcohol
would have resulted in more Intense nystagmus. Jio. 3.12 shows
a selected sexmant of the rccordinz where multi-nodality effect
was observed.,
Iﬁ caloric nystagmus, due to 2 rapld chiangse 1n intensicy
the nystagcmus, the nulti-modal nhenomena in interval distrib-

B ?..
ucion conld only be seen at the bagi 1"' and end of the L

]

O

=

nsecilloscorz hotozranh s observed DV he laverine 2ffect o

dots. Fig. 3.13 snows tne results fro- four rovitlne irrisatiors

-

to o ;?tient susrected of a central 1i2sicon. the layering ef fect

ezinning of the {1rst three records can clearly be
OboPT"pQ. ‘"he *top layers are a2t arn”oximatell twice the vortical
aistance of the ottom lare~, Fig. 3.14 shows the ~esults from

J

two cold water )rrizations to a norial subject. The subject was

free from sponian~cus, prositional, or raze nystacrus. Apain,

e
layering effects at the beginning and end of the reccrds are
cbserved.

el e —— — e

3.2.6 Discussions ’

LY
¢

In the preceeding section, eirorts were concentrated
on- 11lvstratinz the cccurrence of walti-medal histesram, and

{ Y b o~
sglected records were used, Therefcerz, statenznts concerning
AY
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the freaquency of odevrrence and variations in the results

.

are vpresented here.:. s

Of five patients examined for spontareous nystagmus,

T 4
all produced rmulti-modal inter-saccadic interval nistosrams m

in all or yarts of the records. "he two cases presented in the |
preceeding section were entire records from two patients.

In ﬁhe other three, multi-mcdality occur.2d only in parts

of'the records, and in the remainder, the interval histogram
o usuz2ally showed 'lone t;11' witnh a wide soread towards the longer
interval, ’ %
One patlent was examined for positional nystagmus. //
The result showm in the preceeding section was the entire record
from one position of the head (30R). In eight otner Ppositions,
multi-modality was occasionally observed from the dot-displays

but the records were not long enoush for meaningful histogram
' Ay,

plOtS . e ““\

Two riormal subjects were used in experiments in alcoh011c
-nystagwus. 'ystazmus intensity was low and frequently interrupted
bv random eyec movemnents. llulti-modality was. observed in short
segm?nts; about one-tenth of the long experimental recoyds.
Other places rrcduced long tailed 1nterva14pistogrgms.

The phénomena of leyering in the dots at theibegingghg

and sometimes also at the end of caloric records were observed
i J1in results from three patients 2mong ten patients exarnined.,

It will be denmonstrated in the remainier of this thesis

that symmetric wono-modal interval histogram, long-tailed
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irterval histozram and multi-modal interval . histozgranrm eacn
can occur in botn.vestibular and optokinetic nystanmrmus, and.
the rditions under which one interval hilstogram charces into

-another will be examined by a stockastic model in the next

sectiorn ard by the orto%inetic nystacmus experiments in the

-

next chapter. —_—

)
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‘ 3.3 T30, R T LONERVAL ATALYSIO o7 ) ZO TRAYTSC IS 00 RASULYS

IR

FIUTL SPrOCHASTIC TODEL

(s
‘W
Fa

.
Introduction

" This section serves two purnocses. ke ctochastice
rrovertiss of the intsr-saccadic intervalc of so—e of the results
ovtained in the vrevious cection w'll be Iur.re wnnlysed and,

S

at “he same ti—e, the recults fror a roszl sinulatine the

genieration of tne inter-saccadic ir%erval scouercz will be

>

compared. ‘)

\

the wrodel to ke cecnsidered iIn the rollowring will conecern
onlg¢ the inter-saccadic intervel characteristies dvring nystacmus,
The baslec rFecuirement of the model is thar~ 1%t should have the

capahility of nroducing tne muiti-=odal incerval distribution
bs )

of the tyues found in the previous section. ine nizher order
medss chould be at multiple i rer values ol the basic ode.
Such an in*tervsl distriby as te=2n found to exist in many

bioloxcical syctenms, xréin (19%€) found a multi-podal

distrivution of end-plate rotentials in mamwalisn- nuscles,

orcio and Viernstein (1954) found bi-modal interval histograms

e

for spives of spontaneously active le-alscal neurons., #Herz,
~reutzfeldt and fuster (1G64) found bi and tri-modal spike

interval histc-rams from/cells in thz visual system. 3ishop,

o

Levick and Jilitz~s ('G%4) feound for a class of geniculate

. ‘bodyr meurons a splwe Interval historvan waidh showed up to

7  nine pea¥s., 3isnop eT &l Susceshted thabt this rulty peak ,
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phﬁﬁbmenOn was a result of interaction between excitatory and

oAl

inhibitory arferents. They proposed that there was a single

excitatorv afferent fibher formins a synapse with tre zeniculate

neurons, and that there were also one or mwore irhibitory fibers

vresent. "he reniculate neuron was assured to trizeser whenever
X . s

an 1lmpulse arrived along the excitatory fider , provided that it

was not blocved by an 1impulse arrivine “alen< an ‘inhibitory

"fiber, T the i-wpulse arrivalr of the excitatory arferent were

avasi-periodle,- and if inhibitory inpulses arrived in a randon
ranner, tuen the train of output 1impulses from tne senlculate
b
neuron would contain intervals @hlch were the sum of varying
menners of ad jacent intexvals im the excitatory afferent,
resultinT in rulti-modal 1Aterva1 distrivuticns. With zomputer
siTuilaticn, they de~onstrated 'that tnis phenomenon ceccurred,
Subsei'ently, ten Hoopen and leuver (19H5) “ormulared the model
im matheratical terw=s and derived the intervel yrohability
dersity function for the cutput. th concept of this ~model 1is
acdapted here rfor the sacéadic comronent generatton. ﬁ~
1t muét @e emnpnasized that thg‘model used nere is not
meant to represent the actual structure of the regi systewm,
The possible cowpléxity of the nystazmus necharism hag been .
discussed in section 3.1.3, and.the saccadic comrtoncnt whilch
requires 2 much ~o*e conrlex barst of impulses (ReLiuson,
1964) 1is only replacz? by a sinsle i—pulse here. The p%;pose of
22 {f Lthe ovepall Mehavior of the

5}

nystagmic saccades czould be 2upleined in terms of the siwmple
cmi?F®

0]

the model, rowever, ig toe

]
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¥citatory and irhibitory ivroecesses.

P,

. ld
.

In order to compare the nodel and quvriﬁeﬁfal

- w s -
results in a strincent manner, all ékatistical reasuresy deceribed
~ . - ©

in section 2.3 plus the sequzntial displays of the inkterval

duration

I3

<

were used to analyse and corpare the results:; in addition

tne teevniaque of random shafflirg t%e\prirlhal Interval sequence

wis used
nthose of
*—’, ,
" 3.3.2
?io\

ccmoponont
1*wu1 ag

~,
4

[¢4)
3
(o}

inde

v
v

3
(o3

B 4

./' .
“An corrilinsg the serial cbrreldrra—s {for conpzrison with

“r

trie unshurrled data.

stochastic “"odel ’ .

"o

"he ~cidel prrovosed for the mereration of sacecadilc

e S .
d during nystazmus is ghovm in Tis. 3.15. The exciiatgry

are quasi-periodic. ine interyals between pulses are

ent of each other and are distribut%gnaccording to the

ratma dissribution: - ‘ ;

.

where t

3 - - ~ %
<D
£ v r-1 -m(t-t,)
f(t) = n jt t1l¥ e for t>t,
’ (r-1)1 - X
= O " . for t<t)
, ®

7

1s the interval duraflion between 1mplulses

-

is the 'd=zad **me’ of the Ca=ma vrocess or the re“lod
of the exterral c‘loclf sizral (see . section 3. %3)

are ‘varameters oi the di tribution and m/n,~1ves the

mean rate of the impulse arrival. -It it knewn that the
sreater the para™e *ter value T, the more symnetrical

-

/

~
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4
Excitatorv afferent - : S

pulse intervals gamma distributed-

Y e tffcrent .
> WC} >

a1

]
- N

o ¥ :

u o 92
Inhibitorv afferent ' .
o . . . .
pulse 'ntervals exponentially.distriluted
("]:, ~ ' o

F-4
-~ Q‘L ] k "
T Fiz. 3.15 , The stochastic model .
t
: ‘ @
.
s ‘ -

__

-
—

| I P .

,

~— ap .

>

ceede vea o
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.

B

I . ‘ * -

?1gu 3.16 Mode offsynaptic ac*ion, of the proposed model
impulse series a, inhibitéd by imrulse serie
resultifis in impilse series e .
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e
+
9]

is”the distribu*ion a“out its =ran and the smaller is

variance (Keudall and Stuar*, 1367).

o *
The inhivivory impulses are arrivine in a randcm —anner

which constitutes a Folssor vrocess. The intervals between pulses

[

are ind~ependent of each other and are distributed according , T

to the exponential distribution:

~ j

~u(t-t,) ’ :
 f(t) zue for t>t, :

-
P

K\\ ‘ =0 . for,t$t2

I3

1}

>

where t 1s She interval duration between pulses

to is the 'dead ti~e' for the folsson vrocess, or the

-1

» berlod of the erxlernnl cloec™ siznal (see section 3,3.3)
u 1s thgmean rate .ol roisson impulse arrival.

. 'he'synaptic interaction' is such that every excitatory &

inpulse rrovo'es an output 16pqlse, prorided it has not been

’ blocved by arn iasiultory impulse cccurring at some time

-~

since the last excitatory impulse. If there are two (or more) R
inhibitory impulses without an'excitatory impulse, only one
subsequent excltatory impulse 1s inhibited. This action- is

-

11llustrated in *ig, 3.16.

o
¥
o

3.3.3 Corputer zimmlation of the “ade

“K;

L

The model was simulated on a hyorid cowmvuter,

inderendent binory noise. seneratrs (orr-srceva model U0

- -
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were used to simulate the two inputs. The ontpiat of this type of

generator is.alw2ys at one or the other of jts stzble states

(f 5 volts) and ‘the state changes are approri—ately Folsson

t

distributed, The rate of state crhanges can be continuously altered

HV an external clock siennl. The outputs of thnese nolse generators
wére differentiated and conditioned to sive a pulse of 10 milli-
seconds lons, Cne outypuvut was directly used as tha/f;hibitory .
inyut, he mana distribuced excitatory pulses with parameter r

vere obtainaed by counting every rth pulse (see Appeqadix 2) fren

the other nolse renerator hefore an excitatory pulse was emi:ted

to the 'rvnaps«'. [he two Inputs were fed into a LI0-8 dizital
compurer where the synaptie 2ction was prorraT-ed according to

the rTules sprcified 1n'th&gprevious ;ectiow (see ~1z. 3.16).

3
3

The dicital computer served to detect when a legitimate out-
.

put impnulse occurred. The intervals between consecutive output
g -~

impulses were subsequently measured by the comrputer and displayed

on the LI"MN5C0F:

ta

In evquertial order. Thus the temnporal pattern
of the simulated inter-saccadic interval could be observed ‘
on-1line. Any chan-? in input parameters was reflected Immediztely
by the interval display. At any tirTe, the simulstion process
.,

A
could be interrupted to calculate and display tne interval

hiscbcram of the acciimulated interval da2ta from the wedel

ZESAY 4

o

During simulation, the input paraqeters s,Mm, T

were first estirnat¥h, and then refined by trial and error

Aﬂf ad Jjustment to similate the experinental results, (bservations

Py

were based on the sequential disnlay of interve- duration and

vy
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mhe effents of chanses in the yara-velers of the

the interval histosr-am,

: N ol . - {
input precesses on the results >re shown in J17.3.17. c15.3.17(2)

shows the irterval histogram of the ra-ma distribnted excit-

atory input. "he pararmeter T uAas ges at 7 and the mean rate

o «

of wulses was 3 per second. [he mean rate s-of the irhibltory

inrug was set at zerc (1.e. ro inhivbitorv pulses). In rig.

A

2
3.1?(2%. the para-erers of the ezcitatorv I»ypnt were vor charood,

wedle the anpi-itory inrut s wiS <2y oAb 2 rate of 0.9 ver second,

-

Y

-
v 'lons £a11' in the interval historram resuylted, In Wig.

3,17(c), the parermeters of the vyelthiory-inpnt remained un-
N ‘ *

ERN
¥

charTed wnile the mean rate g of irnhibitory irvut was Incroarced
to 1, wer second, Yulti-modality in the ntecval histosram was

% IS
vroduced.,
& ¢
‘1rs.;3.17(d) and (e) show the effeect of narrowing

the spread of. b%e Farm distribution of tre excitatory innut

-

s

pulses, fhevparqweﬁe* T wWas incr,ased to 20 while the mean rate
of *he excttatory rnlscs wiZ “ept approxliretely the same ot

3 ey séeond as 1in 1, 3.17{a) (by increasin~ the rate of the
external clocx s1em1l). “ith no 14H1b1:ory-input, iz, 3.,17(d)
shows the resul=ine interval histosra~ wnich became more

»

symm=2trical with a narrower spread, When the Inhibitory input

w3s set to have a -eaw rate of 0.5 per second, distinct bi-
<«

modal int=2ri2l risto-rant was obtatned (1z.3.17(e)).

=y
.y 4y l
N .
g, £
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m=21 m=60
r=7 r=20
o~
ll hl.n.
(a) Sec ! (d) 1 Cec
, {
\ m=21 m=60
r=7 r=20
’ , u=0.5 ‘ u=0.5
L — i
(b) ! T Te) T .
m= 21 [t :
r=7
uzl

(c)

i

(See text)

. Each histogram has 100 samples

Lffects of changing model input
parmeters bn output pulse interval
histograms.
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LY N
"he results demonstrated that mono-modal, long-~
tatl=d and milti-rodal interval nistorrans can be obtained

dejsndins on the rate o ERE inhibltory input and tre
V.J
spread or variance of the excitatory input. The following

section describes attemvts made Lo simulate some of the

bs -,

clirical results obtained 11 the previous section.

’

3.3.4 Corrarison of “yperi~ental and +odel 32esults
TS 1 LS

The rtodel w2s used to simulate some experimental
results shown in the previous section. These include

spontaneous, alcoholic and caloric nrstazmus., [he experimental

and simularéd svontaneous nystagmus“results were analvzed
end compared for six difgferent statistical measures. The

theory and methods of calculating these statistical measures

€

are described in Section 2.3.
A gt

-
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]

iﬁgr*qnpons_:1§lgi:ﬁ§. “17. 3.12(h) 15 a simulated
rasult of a spcntanenus rystagmus to ne compared witnh the
clinical result shown in ¥iz. 3.iR{a’%. (*1z. 3.18(a) 1is the
same ac:*ig. 3.9 in the previocus section, re-inserted here
for convenlence). Data of ~ig. ?2.173(b) was obtaine? Trom the
model with a mean rate of 3 per second and the parameter
& =-14 for tne excitatory gamma vrecesc. The innihitnry oreocess

hed a mean rate of Q.5 per second. The si~ulatioca was r™n for

-

4 4

five minutes. In tre lart two minutes, tne rmean rate of the

evcitatory inmit %ar zradually decreased from 3 to 2.6 per

.

second., ttcention is drawn to the < ross similarity tetyveen tre
¢

“wo results, esp=aclally the cluster~ir - o7 fect at the left =nd

cf the records 2nd tne effesr of layerir~ in the averaill rve- ord-

fouever, more similarittes betwee~ "he results are Jegnonstrated

in other statistical measures,. ‘ /

“1gs. 3.18(c) and (d) are the interval histcgramns of

the left hand halves of “igs. 3.17 (a) and () res}eqtivclw. ]

L)

2]

Sinilaritie:

o

7 v

are further analyses of the sane full 512 data

4

3]

throush 3.2

samples disvlayed in “ig. 3.18.

“igs. 3.19(a) and (b) are tre scatter diasrams between

-,

! 4 . IS k 4
adjacent 1atervals for tne clinica?! a=nd similated data. Tney
Al o

are very similar and both snow a sy:trmetry avout the 45 degree
; . '

‘

“1ine indicaling reasonable independence between adjacent -

\ A
\\ =13 g Y T LR
intervals. There 1is 2 coacentraticon off points in the lower

v

AY
> left\hand cerner signifying the basic/mode 21 the Interval

i ~
;
J

i

)
!

.
13

Y
8

setweer the two histosrars are guite clear. Pig. 3.19

-
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. s

Fig. 3.18(e) Amplitude distribution of saccadic
components measired from strip chart
records ©f clinical spontaneous

Lo nystasmus,. the inter-saccadic inter-
val characteristictof which is shoun
in Figs. 3.18(a) and (¢). This ficure
will be needed for the discussion in
section 3.3.5.
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(scale contracted)
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hY
histogram. The tendency for the points to cluster paralled to

iy

the two axes, forming the letter 'L', revealz an important
characteristic of the generating mechanism, namely that whenever
long intervals occur, thev tend to be preceeded and succeeded by
short intervals. This 1i1s explaihe- by the fact that inhibition
occurs onlvy occasiénally. ‘

Figs. 3.19(c) and (d) are plots of the row and column
eans corrasponding to Figs. 3.19(a) and (b) respectivelv.

<

The means lie anproximately on t o straipht lines parallel
o
to the coordinate axes, again indicating a reasonable independ-
ence between adjacent‘intervals.
Figs. 3.20(a) and (b) show the expectation density
plots. The aporoximate periodicitv indicates that out of the

¢

random intervals, tharé‘égjgynreferrqd interval of about 0.35°

second which occufs with a higner orobability “ttroushout the
record length., This statistical finding mav seem triviai in
view of the fact that the interval histosrams show peaks at

. . o |
this 1interval duration indicatin, its hirher probability of occur®
rence. l!owever, it is not possible to infer from the interval
histoysram alone that tnis preferred interval occurs consistently
throuqhodt the record lenqgth, because infermation about the
temporal pattern is necessarilvy lost in the interval histo:ram.B

Fip. 3.21(a) shows the serial correlogram of the

clinical data. Tt is seen th-:t the serial correlaticn coefficients
up to an order of 64 fluctuate wWithin 18.15, indicating a

Jow correlation betuveen intervals. Fie.  3.21(b) shows

no significant chance in the result after the same set of f

<1
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‘ )

. oy - )
clinical data was randomly shuffiled (see section-2.4%) before

the serial correlogram was compilec. This serves as 4 control

. -~

case of independent intervals. The correlation c Picilents

that the

>

again fluctuate within the +0.15 limits suggesti

result in Fig. 3.21(a) could well be ascribed to \tatistical

Y

-~
f w
.

fluctuation.

© Fig. 3.22(a) and (b) show thehserial corrglograns for
the s?;ulated data and for the‘corrésnonding ranaomly shuffled

R sequence rgspectivelj. Again theyare s%milar“to the clinical
results%‘ * ’

, Alcoholic lvstarmus. Figs, 3.23(b) and (d) show an

M £

attemnt to explain t?e troughs whic? werc ‘ound in the main

peaks of the 1nterval hloto 'ram of alcoholic nystacmus shown

- 4
* in Fig. ' 3.23(c). The results were simulated by a wider spread
of the, pamma distribution of the excitatorv impulses. In this case
’ ‘ . . 1
the parameter r = 6 dnd the mean rate was 2.5 inpulses per second.

»

or spread 1n the excitatory impulses could give rise

- ’ »

- ‘\ ° » . - .
to troushs within the main modes. The comparatively small number

» - h [T o~
of samples also contibute to this effect.

Thus a wi

—
© ’ d

) Caloric «Jstacmuq Pig. 3.2u(b) is a simulation of the

caloric nystarmus result shoun in Fig. 3.2u(a). The simulation
" e . " . .
‘was achieved ¥y continuoudivy varving the 1nDut/6;ram°te\s. At ¢
° | "

the hepinninc, the mean rate for the rdmua distributed excitatory

’

inpui{ was 1.9% per second and r = 14, . Inhibitory input rate wWas
1 per second. In RDD(OkfFatP]V 29 seconds, the mean rate was
a » \
. O b ' &

increased gradually to 2 per second while the, inhibitory .
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Left side : Sequential displays- . .

Ahsciss+ = sequence number

Ordinate= relative time duration i

Right sid~: Intemnval histograms

77

<

N 1 sec.

(c) Interval histogram

y

b}

f

1l sec.

(d) Interval histogran

2

tXcclssa = interval duration

e

' v

g
iy . : : ™1
Fig. 3.23. Simulaticn of alconolic nystagrius

Ord\nAte= relative Trequencv
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";¢a11 a~Liltude tnzt they were no*t detected while the records

i~ o introluced for the

nnd

inbut was decres:d to zero., o chanse

next 10 seconds. Alter that, for next rapproximtately 35

seconds), v was chari-ed to 7: the mean rate of excitatory

pulses ins decreased gradually to one per second and the mesan

¢ «

rate of inpibditorv irput was iricreased from zero to .7 . per

°

serond. ‘

“ren 1. 3.24(b) the 1a§&ring affect in the dots

at the berinniﬁj of the simulated record 1s demonstrated and

+

«the gross appearance 'of trends 1is simnilar to those in the

v

clinical data. )

2.3.5 corments o

The work in this section has Yemonustrated that multi-

@
modal interval distrivuticn could be explained by a ~olel in

#“hich the sacendic componenﬁs \11¢H rorsally occur in a guaci-

v

periodic morer are cccaslonally N\nhibited. wnnother vossitle
- @

0y

exrlanation is thit fhe inhibition does not actually take place

11

[N

MY
hbut that, Trs{end sone ol tne saccadice cowpgifnts were of guch
4

Ay

0 - ~
~ + — . g

were analysed, hic concept can be checked bw constructlnglbhe

v

l‘

inter-saecadig Interval histogran of which 1s shown 1= . iz, 3.18(e

awplitude histogram for the saccadic co-vonents. =-igz. 3.1%{e)
shows the saceatisNgmilitvde histogram from the record, tre
Y

8
A

& .
22n Liet tre r:iallest saccadic component observed was

o}
ct
[
©
9]

ut twn ~illimeters or the record and the
) o /
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g
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ri
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’

frequency of occurrence at this value is éreatly decreased.
If follows that the chance of missing many small saccades both
by the computer and by visua& analysis 1is very small.

It must b;‘emphas;zed that, in the present model,
although the excitatory input is represented by a quasi-periodic
signal. Thislis not meéng to indicate that there is a free
running stochastic oscillator in the brain. In fact is is more
likely thqt this quasi-periodic signal is.produchgby vestiﬂﬁlar
inputs. Further, éhe parameters of both excitatory and inhibitory
inputs such as means and spreads are controlled by inputs to the
system in a determiﬁistic way. The deterministic element in
the model‘is\méqgfested by trends and is cléarly demonstrated ﬁyfﬁ
the simylation ;{ caloric nystagmus in Fig. 3.24. ‘

Iz

! [

° - q .
3.3.6 Summary of Stochastic Properties of Inter-Saccadic

©

"Intervals ' -,

In a case of spontaneous nystagmus with a weak trend, the
: .

inter-saccadic intervals show insignificant correlation .among

e

each other. 'There is a higper probability ofgoccurrence: of a

basic interval. Long intervals occur intermittently and tend to

be followed immediately by shyrf‘intqrvals. These Jong interval;

have the tenaency td be at mﬁltipie integrdal value of the basic

integval thus creating a ﬁult%-model interval histogram. .
Strong tends exist in positional and caloric '

nystagmus which make it difficult to interpret the stochastic

. . s
R o g 11 s s .- ™ - " T
b i ha w AT e ? T i preT W wroy v""',"r(";ﬂw‘ "‘, '..-I
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properties from the present analysis. However, in view of the '

fact that the gross features of spontaneous, alcoholic and caloric

a

LY

nystaémus have been simulated by the stochastic model the general
stochastic properties of nystagmﬁs may be described by this model
which has been mathematically formulated and analysed by ten

hoopen‘and R%uver (1965). The model consists of an input of
quasi-periodgc excitatory impulses randomly inhibited by a Poisson
process. As éiménstrated by simulation in Sectior 3.3.3, thé; |
int&pa:;ion chn produce output impulses occurring at intervals

having different distributions depending on the parameters of

the input processes. In particular it may produce a mono-moddl and ~-

symmetrical, 2 mono-modal but skewed (long-tailed), or a multi-v
- va

<

modal interval distribution. ) -

The pattern of inter-saccadic intervals and the

hypotheges of the model will be further examined using results

3

from optokinetic fiystagmus in the next chapter. -

J
! ¢
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OPTOKINETIC NYSTAGHUS
4.1 THTRODUCTION . )
4.1.1 Gross Anatomv -and thsiozahv of the Visual Svstem'- .,

which is often r:7arded as an extension of the bra-n.

(Ref. Yarbus (1967), Houég and Pansky (196?),'

1

Walsh and Hovyt (1969))
[}

-~

@

The retina consists of a complicated neural structure
° ¢ e

v

3

The brief

P 24

™
description below is a simplified picture of the real svstgm.

g There ares two types of photo-receptors within the retina, the

are absent from the center region of the retina subtendin

o

' . rod?gand the cones. The rods are the most numerous and are

k - . . . -
estimated to range from N0 to 130 million in each eve. They

a

n

[N

~

distribution of the rods and conres 1in

%

a vagelength of 510 mu. The. |

visual angle of one to two degrees (Oesterberg, 17253 Polvak,
s .
1341 Yarbus, 1367). Th
the retina is given in F1§< 4.1. The rods react to low
EPT nsity illumination znd dre known to subserve twilighrt and
Y- - -~ 5
) night vision. The photosensitive nigments of th2 rais have a
b 7 =Y . , . e
- e maximum spectral sensitivitv at

cone receptors number six to

are

rod

‘.’ ‘ and

most co
5 .

free. 7Yy have

are kxnown to he

seven millicn in ea#h eve, and

entrated or. the center of the retina which is

. - 1 3
2 higher threshold to photc-excitation

responsibie for day liryht clear 'vision and

i~

colour determination. The con2s contain three photosénzitive

-

.

@
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Fig. 4.0 Distributicn of rods and cones in the retina. .Abscissa—the distance (in mm) from
the muddle of the tovea cengralis (tie foveoia) along the homzoatal section of the right eye.
Ordinate—tre number of hundreds of roas and cones per mm The broken line replx’-csents
rods and the solid line cones (Gesterberg, 1935).

(From Yarbus,1967) ‘

Table4-1 Subdniuon of the Retina into Regions (from Polyak, 19+1)

. . Corresponding
} - Appronimate Anguiar
P - - ’ Quter Diameter
Diameter onin External
Retinal Region Retina Ficld
Central area
I. Fotea This corresponds to a pit or depression 1 the retaa-
vitreous surface Gaternal linuting memprane) and w 3
a thinning owara the ceater of Livers 5109, at e i
same time layers 2 and 4 bicome thicker isee b g 28 1,500 j¢ 52 !
The nearly flat central arca o the foveal pit where
‘ . layers S 109 are ammost absenit s calied the forcola.
There are no blood vesseis bere 400 ¢ 14° ‘
la a cengrral sland within the foseoia the cones have
maumum lcng‘xh There are no rods here 50-75 p 017024
Il Paraforea Roughly aregiar beit of wiath about 00« Ia this -
the thichnehal layer 2 has dropped 10 the salue 1t - ‘
' retamns throuf hout the renuander of the reting . 2,500 p 8 6°
UL Periforea : Cueular bt of approuniie widin 1500 1, marked oy N .- ’
the proggessive reduction in tcanes of the ganghon- ‘
cell layer trom about 4 cells to avout T cell thick. 5,500 p 190
Peripheral arca '
IV, Near periphery  Approsimuate width 1900 p ~ 8,500 p ©290°
V. Addle periphery Approsimate wid v 3000 “ 14,500 g 500°
VI Far periphery Appm\m‘..n‘c Wit b oo o ciamporal side) \ 40,000 4t
Approviniate wicth Jo oo e e eal wag) y therwontal)
V11 Ora scrrata Approvimate wiith 2000 0 ctemporal sicd ¢ 400 *
(extreme periphery) Appranimae widin THO M0 Gasal side)t y thorizontal;
(For the speaal cnaradiensass ditingushiay tegons ",
4 ¢ IV o VI see l’l\:).x\ll‘iil,} . .
MiH ?}'I/ow spof - Thuvelow pienan? poa cees dabusdly auiaversirem )
4109 Thuy prme alaton is vory sizat i e toves 4,
o mtense on the slones and marsin ot the tovea, and B
' gragduaily s out pdony  However s viabicn O i 10” j‘
7 soime preparauons neany Gp to the papola (Polyaw, ‘(lmu.\w) |
. 19st) ' 5,000 g 127
e ytiow snot s meore avtended i the horzontal than (total) .
in the vertaai merndian -
IX Rod-free arca . Diamcter 500 600 1.7-207
‘e . ’ (Polyak)
—{Ocsterbergh Jata (1938) Correspond to g smaler 107
value) s (Ou{croc:g)
X Avascular arca ’ ) Dianeing <400 663 ¢ -~ 14-2% .
e e e - - ———
(From Vigszeck: and St1es,1967) ' .
, ! \ N
. . .

. ¢ j -
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P pigments with spectral sensitivity maxima at wavelengths of
H4y0, 540, and 590mu.
, Since the contribution to optokinetic nystagmus from
", ’ .
different parts of the retina is a major topic of this thesis,

\\\‘/z/;dble showing the subdivision of the retina into resions h.sed

on data provided by PRolyak (1941) is included ¥ Table 4.1 for

' later reference . In the following, ﬁ brief description of the

visual pathway with reference to Fig.4.2 will be given. -

Qe

> ‘ N
Ti7ht fallinr on the rois and conesn tri~—-ers =~ procacheris

A reaction which in turn generates nerve imnulsas vhich 'are relave

to the ganglion cells via the bipolar cells; each r-nglion c=ll
q t
miy receive signals fromé§eyeralqrod agq cone regeptors. Axons
- “
of the ganglion cells cenverge towards the oo%ic disc wnere thev
r
perforate the scleral coat to form the optic nerve. The

rt

.
b
ic

O}I

p
: nerve [ibers pass dirvectly to the optic chia%m anterior to ‘the

o, }&fﬁ}tary gland. A partial' decussation takes place in the chiasm
o
Fibers from the nasz? half =sf each retina cross while those from
—— . ¥,

the temporal half of each tetina aoproach the chiasm and leave i
'3

o .
without crossing. Proximal to the chiasm the fibers form. two

-
-

optic tracts. The majority of the cptic tracte fibers go' tc the

lateral geniculate bodies of the thalamus, wvhile some go to the-

v

supericr colliculus, pretecgal area and the reticular fermation.

) o .vcells of the lateral geniculate bodies give rize to new fibers
. ‘which form the optic radiations to the visual cortex in the
N ' n' . /‘//’

11

|
-

3

“~
[N

Ny
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\\".’ Ny ViSUAL FIELD

DEFECTS

A

Reting

Optic Nerve

Optwe Chigsma

Optic Tract

\ 14
Pityitary
Giand

Latero,
Geniculate
Body

Pretecrol
Area

Optic
Radichion

.

Caicariny
Fissure

The visunal pathway  On the nght are maps of the visual ficlds with areas of
blindness darkened to show the giiects ot injuries m various lecations

- ‘.
i

Uig.b4.2 The Visual Pathway
(From J.Gatz, 1966) - “

vy v

Areas of the human cerebral cortex according
t6 Brodmanr (From Ranson and Clark, 1959)

85
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‘ , occipital lobes, and in this region there 2xists a hierarchy Ve
of visual information processing centerc-that serve the function
/ - . r

of visual Perception.

4.1.2 The Visual-osulomotor Pathway

o

In contrast ﬁg&gﬁe visual pathway: th=2 centers and
afferent pathways from the cortex giving rise to oculomotor
functions are rather poorlv understood. In surnarising the
present knowledge, an area map of the human cerebral cortex

according to Brodmann as sé%wn in Fig.4.3 will be referred to.
1

. ' Trom experimental and clinical ev%ﬂeﬂeé/ (Holmes,
1338; fobinson, 1968;\W/alsh and Hoyt, lQB@i’Fuchs, 1271; Hovt
and Daro%f, 1371.), it seems generally accepted that the frontal
eve fields (aréa 8 of Fipg.u4.3) arte associated with voluntary.
saccadic eve movements and the occipital eve fields (area f?,

18 and 19) witthmooth pursuit movements. )
How the occipital eve fie?ds communicate with the

frontal eye"fields is not known. qE the other hand, fibers

’

are known tc deseend via the corticobulbar tract into midbrain
tegmentum (Crosby,Yoss &hd Henderson, 1352) and mesencephalic
reticular formation (Brucher, I366). Fibers from §reas\}8 Qnd 19
|descénd'viq the internal corticotcctal tract into the t%kmentum,\

superior colliculus, mesencephalic and pontine reticular formaticn

~

(Crosby and Henderson, 1948). The exact inteyration of these

-

' descending fibers with the oculomotor, trochlear -and abducens

o,

nuclei are not clearly understood and at present is a toﬁii\of

.
[ D
Al

» * ‘
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intensive study. N
In loser aninals such as fish, there is 1o visual
- ‘ i
{

. . : . v .
cortex and all visual end visual-oculomotor fuhctipns are served
Yo .

by the subcortical ontic tectum. In land animals such as raﬁpirs,

pigeons, cats, ders anl monkevs, obtokinetic nystagmus can b?

elicited even 1in <ecorticated animals (Rademaker and ter Braak

1948). Thus th~ su_cortical pathwavs are kn®wn to serve definite
7

visual-oculomotor functicns. In human, however, the functicnal

. a - S
zixnififcance of subcortical pathways 1s not

3

pe discussed i theywner: necticn in con uncrisn with Jifferent

I

sores5 of optorineric nvotacomis proposed™n th: literdature.

>

y,1.2 A Curvev.and Discussion on the Tynes of 2ntokinertic
<3
ystagcnus ¢ '

Optokinetic nystasmnus, ¢ommonly abbreviated as .GKN, f

1 -

occurs 1 [Or21 parsons When a part or the eritire visual field

»w . - : . %y
ol tnat person 1s moved, or conversely, when a person 1s moved

ho)
Y]
%]
ot
o
A
]
'3
H
O
]
Q
N
[#]

tatiorarv chjects. For example, 3 person’

n
e
+
d
1
3
&)
14
o}
%
~
N

1lway cmach or z bus watcaing thk outside scenery
7o by develops this type of orular nrstarmuz, which was osriginally
hod - -

. . ‘

called train nvstacmas Fyibarany (1197). As the eves fixate and
N ~. ‘ i

track upson ore sceney a pursudt.eve movenant 1s produced which

o N - TN . .. i
is the slow comronnndt ¢f nvseagm.os.-and 1y a "I1milar manner to

vestiLelar nystacmas  this.olcw =ve movement Ls-interrupted by



the saccaMic component in the orposite direction to fixate on
the next scene. These eve moveTent patterns occur repetitively

in a savtooth-like nystazmus wavgforn.
, :

- The phenomenon of optokinetic nvsta~mus was firsg
. . &r 'p“ ' v ) T -
reported bv Purkinje{ 1825) while watching a crowd at a cavylry’

parade. Around the turn of the century, Barany (1307) bhegan to

. . o ’ .
rcalise the 1mportance of this form of nvstarmus and to sStudy \

it in patients. Other nanmes uczed kv earlv workers to refer to the

P

sa» phenomenon were "Optnggor ny s stagmus' (Cords, 1328), 3 ’
"optical turning nvsta 'mus" (Ohm, 1922), "optic nystagmus" '
v -t «

(Jodfe and Fox, 1228; Pademaker and ter Braak, 19u8), optlcif

]
kinetic nystazmas" (Rademaker and ter Braak, 1348) dij

The term ovtov¥inetic nvst:iimus, provnosed by Borri 1926) was

agreed upon at the International Ophthalmclongi®dl Co 9\1

P aan S
;
> . -

Amsterdam - in 1229
. \ , e .
In recent literature , there appear many classiilcat.ons

of ontokinetic nvstagdus. The types described bv different authors

. . , ot -
are first listed and later explained in three grouns. The types :
are: following, stare, and fixated tvpes C(lelson andJStérk, 1962,

Stark, 1971);'lpok, and stare types (Roelofs, 19354; Honrubia,

Downev, Hitcnell and wargf 1953)_ cortical, and subcorgical types

- - .,

RadeTnaker and ter Braak, 19&8 Jé~{1yn, 1948; “Yonnier, 1367);

foveal and retinal tvpes {ter Braak,“l 23531 foveal~and peripheral

Ead », L4
\

X

.

> ; . .
types (ilood, 1967; Dix and Hood, 1971). From the survey, it'1is

& : -

[ . o 4 - 1Y
anpparent that different factors were taken asva basis for class= |
i L A

ification by different authors. The principal factors uhich
~
affect optokinewic nvstacmus and wnich might be useq;jg 3 basis
. < PR -

AN
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: o
for zlassification appear to be the -following: (1) 'fental set

of the subject under test, in particular his voluntarv influence,
(2) cpntribution‘to optokinetic nystasgmus from different par{}’/ﬁ\
of the xretina, and (3) pathwavs end centers for optokinetic
nystagmus in the central nervous system. For convenience, the
findings leading to the different classifications of optokinetic

nystacmus listed above will be explained under these three

headings

" Mental Set of the Subiject. Followinsg, stare, fixated,

and look types are included under this heading. Under experimeptal
or clinical conditions, ontokinetic nystagmus 1s elici}ed by
askins, the subject to view a rotating drum or moving belt which
has on its surface vertical black stripes on a white backiround.,
The subject is instrugtgd either to voluntarily follow the moving
stripes as far as posézble without turning his head (Henrubia et
al, 1968) or to relax his eyes and let involuntary mechanisms
take control. In the\first case, the tracking actions of the eyes
produce ;elativelyolapgé smooth pursuit movements followed by
saccades in the opposite direction to fixate on a new target.
Henrubia et al (1968) callec +his the "look":type optokinetic
nystagmus, and Nelson and Stark (1962) and Stark { 1971) called

it the"following” typé. For convénience, the term "voluntary
following" will be used in this thesis to refer to eve movements

produced under this kind of experimental condition. In the

second case, if the subject rFtains his attention® on the nmoving

-

ﬁ
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s trires but makes no vol\mtary 2{fort to foliow t..sse moverents,
- ! '

reflex action will cau;é his eyas to follow the st

comparatively short distance and t8 make saccz}des i
/

opposite direction/ thus pyodiucing nyst

mus. This is called

the "stare type" both by nrub»ia et and lNelson an- Stark.

They reported tnat the voluntary following tvpe had 1 higher

.0 . . .
average tracking speced for a given speed of the optokinetic ~

{

stimulus (the movin., stripes) and also could track the optokinetic

-
stimulus to a hirher speed than stare tvpe. The "voluntarv

following 'type" «als0 had larger and more uniform amplitude, and
was of lower frequency and more reiular. '

The fixated tvpe was described by ‘lelson and Stark (1962)
and Stark (1971). Thev provided a stationarv pecint target
superimposed on the moving; stripe lb;?.ckr,round and askgd the subject
to fixate on the point., They found nystagmus of a ‘i/riction of a
degree amolitgde and called 1t the fixated tvpe. I!lowever, many - '
other authors (Roelofs, 1954,"Jung and Kornhuher, 1964; Hood,

1967 and others) reported cessation of nvystasmus if a stationary
fixating point was provided in addition to the moving stimuli,
and this 1s aiso my experience. 1In the same report, Nelson and
Stark found that the slow comuonent‘ e%}'/e velocity of the stare
type optokinetic nvstasgmus remaineg lecss than 5 degrees per
second while the stimulus velocity w25 increased from 5 to over
40 degrees per second. This again is contrary to findings of

most other autho@ Thrus Nelson and Stwrk's findings seem to bhe
>

special *to their experimental conditions.

*a

«
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Under the condition of voluntary follouinz of
optokinetic stimulus, it seems probable that the extended
target following movements are resulting from voluntary
suppgession of the saccadic components and ausmentation of the
slow components of the basic reflex. This concept is suggested

by some exberimental results of this thesis and it.will be

further discussed in Thapter 5 when evidences are available for

illustration.

+ The experimental condition which minimised voluntarv
influences on eye movenents produced the so called 'stare type'
optokinetic nystagmus. The majority of experiments described in

this thesis were conducted under this condition. However, the

B

term 'stare' will not be used since it may conrvevy The unintended

impression of inattentive gazey or-on the other shand, of

v

t L .
vOluntary suppression ef reflex movements,

»

.
// - -

Retinal Contributior to optokinetic nystasgmus is the

basis for distinguishing fovgal, retinal and peripheral types.

The retina can be divided functionally into central and peripheral..

portions; central vision has bheen also loosedy referred to as
5 -~

‘x

. . . . v . [V
foveal vision or macular vision. iiowvever, there is no general
agreement on the extent of thes=2 sub41ivisions of the visual

field. Since an-optokinetic stimulus miv be presented so that

the image fal&s on different regicns of the retina, the interest

naturally arises concerning the ocular response to the different

-

stimuli.
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’ < Dodge ahd Fox (1328) studied a matient with central
scotoma, with a loss of central vision about 19 degrees above,
below ;nd to the temperal side, and about 15 degrees to the
nasal side. Optokinetic nystagmus was elici(ga unon rresentaticn
- of an optokinetic stimulus to the peripheral vision. However,
no data wés avallable to be compared with nystagmus from central
vision, )
Ter Braak ( 1335) referred tc cortical nys+tagmus as
"foveal nystagmus', and the subcortical type as 'retinal- nystagmus',
but he did not emphasize these terms in later publicatiogg.
Jdore recent work was done by ilood (}067), and by D;x
- and liood (1971) who reported obtaining quite different kinds of
optokinetic nystagmus from foveal and pepipheral‘vision, and
postulated that these were served by two separate and distinct
mechanisms. In_Hoéd's experiment, the subject sat inside a large .
druns; the interier drum wall was of black material with white
Vertical stripes at 15 degree interva%s_ﬁﬁafzge drum could be
» ~ e
. made to rotate a} any angul%v velocity up to 120 degrees per
¢ second. Two experimental cgﬁditions were described: (1) Provisidn
"~ "was made for gcod illumination.of the interiéor so that the whole
of the visual ¥ields was excited bv the movehenf‘of the drum. )
(2) To exclude macular visicn, he illuminated the interior with
u]f;a—violet'light. Following a prolonged period of dark
adap%afion the intensity of the ultra-violet was increased until
the faintly flucrescent white stripes cculd juét be perceived

. peripherally.
'E Hood renocted that nVSt{%EEE/Qf entirely different

; .
- ® “‘
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¢
>

. character wvas obtained 1in edch case. He stdted: "Whereas in

Zood illuminaticon tne eves deviate in tho direction of the
fast comnonent, in limtngl illumipation they deviate in the .
direction of the slow. Turthermore, in the case ofgood illum-
ination, the change in dﬂirection always begins with a fasé

~d

component, wnile in the case of liminal illumination it bezins

5]

El

Wwith a slow component”.. Hood (1967 discussion) emphasized that
these tuo types of optokinetic nystazmus were not to be identified
with the cortical and subcortical types of ter Braak, and later
Dix and Hood (1971) suggested that the two tvpes were mediated

by quite different cortical mechanisms.

Retinil contribution to optokinetic nvstagmus is a

major tonic of study in this thesis; experiments concerning this

’

are described in Section #4.3. The results disagree with the

N - -

findings of Hcod and Dix.
- I

// Yeural Pathwavs 4£}‘Centers for opntokinetic nystagmus
Sare the ﬁegia/fSF“éistinguishing cortical and subcortical types.

) ) Opinions exoressejéflthe literature concerning the
~ A

neural pgthways and centers for optokinetic nystagmus reflex
r3

LY .

‘ are conflicting, especially in the clinical literature. There are
- ~ .
many different schools of thought based on clinical ahd experi-
mental findings and, not infrequently, on unsupported hypothesis..

Nearly all experimental vork was performed on animals, and direct

- . . . 4
inferences were often made as to the situation in man. The ,
i [ ]
. validity of such inferences in the case of optokinetic nystagmus
éi*ﬂ is questionable because of the possible difference in visual-

ocelomotor pa*hways detween different species as a result of
4
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increasing encephalisation among higher imals. Data for
‘human were mostly based on élinical studies, often unsupvcrted
by apprcoriate patﬁological investigation, and thus contrédict:ry
results were often reported.

The proposal that a distincticn can be made betwcen
'cortical' and 'subcortical' optokinetic nvsfagmus seems to have

originated from de Klvyn and Rademaker (1928), ter RBraak (1935),

1

{
and Rademaker and ter Braak (1948). Tha findings of these authors

are summAarised below.

i

It as observed that when a black and whicte striped

0

drum was rotated in the field of vision of a waking 4dcr, nystagmus

did not occur. lHowever, when a revolving platform uith a number

]

of rabbits placed along the border was placed in tne dog’'s field
of vision, nvstagmnus wnuld result in those animals which h»ecame

S . < A .
excited by the rabbits and snapped.at them. Nystagmus did not

;ccur if, instead_of rabb_ts, otner objects were blaéed along

the border of the revolving platform. They concluded that the
production of this nystagmus required 'a very special and
complicated stimulation wnidn excites the instinctive interest,
and thereby it was established that in dogs a.cerebral optic
nystagmus occurs.' When a decorticated animal {as placed inside a
rotating vertical cylinder vith alternating bléck and white

stripes on the inside, nystagmus occurrz2d. F'rom these observations,
it was concluded that in decgs, two forms of ©ptokinetic nystagmus

can be distinguished: (1) cortical optokinetic nystagmus which

occurs when successive moving objects, which arpuse the instinctive
r

.
<

»
?

”,
[
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'interest' traverse the field of vision, (2)subcorti-al

optokinetic nystagmus which occurs when all parts of the

visual environment are moving in the same dinpection. Similar )
| :

. phenomena were observed in rabbits, cats, pideons and monkeys,

N
b

except that in rabbits, attempts to excite the cortical type of
o . ’ l
eptokinetic nystagmus,all failed. ’

<

A question naturally arose whether the two forms of
optokinetic nystargmus descrined above could be distinguished
in human. As described in Section 4.1.2, some fibers from the

\

optic tract enter subcortically into the pretectal area, the

suberior colliculus and the reticular formation. “hether these
subcortical pathwavs would incite optokinetic nystagmus or not
is not known, and thisjs at least in part, might have led\to many.

controversial claims. \

. \
Rademaker and ter Braak (1948) reported that in patients

with extreme idiccy nystagmuws occurred when “they were. e ined
/

whil=2 the whole <visual environment was rotating, but nvstagnus

‘

did not occur in respcnse to the to-and-fro movement of a string
of beads o of a seri2s oY coloured prints at some distance from

. N .- 9 §
the eyes. De Klyn, (1348, cited by Kestenbaum, 1957) reported that
in a five-vear-old chill -;ith both visuéi.pértices presumed
. o \

- 3 . - - - » - Y
blinded by gas 1intoxication, the cortical ortokinetic nystagmus,
elicited by a series of.movins targets against a stationary

background, was ahsent, while the subcortical optokinetic nvstagmus,

-

-

)

elicited by rotating the entire surrounding, was present. Thase

findings led de Xlyn to accept the existence of subcortical

optoxinetic rys+agmus in human.
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On the other hand, Vetzeboer (1252) found in a

3

. . .  on N A e d e ~
sixty-year-old man with sudden bilateral comn?'22l hemisnopsia, min

nvstagmnus was incited by revolving the whole environment.

Later lipht perception returned in the left half of the visual

)

field and a weak nystagmus appeared when the drum was rotated

to the right. Vetzeboer denied the existence of a subcortical

2

optokinetic nvstarmus 1n human. g

*

- Clinical findings concerning this compldicated mechanism,
} —
however, may not be intercreted with certainty. For example, )

optokinetic nystagmus can be inhibited by defocussing (converging
or diverrins) or fixating on statlonary objects. Rademaker and
ter Braak 's findings in patients with extreme iding& and de
Kiyn's ffnding in a five-vear-old child that a series of moving

objects in the virual field did not incite optokinetic nystagmus

N

in these patients might simply be because the patients were not

»

looking at the moving objects, and when all varts of the visual

field were rotated, it eliminated stationary fixation and hernce

) .

nystagmus resulted.
Tr2 only conclusive evidence about the existence of a

subcortical optokiretic pathway in human would_ be fron studies of
LY

a de-cerebrated human, but such a case has not been reported.

Thus the problem remains unresolved. o

3

Attention is now turned to tne actual anatomical

~

locations in the central nervous svstem which are concerned with

optokinetic nystagmus. From clinicopathological correlations,

Kestenbaum {(1348), Smith and Cogan (1360), and Smith (1963)

£
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supported the notion that the cortical centers for opto-

kinetic nystapmus are localised in circumscribed regions of
19

»
a

the parietal lobe. Jung and Kornhuber (1964) susgested that

» '
the centers are 1in the pecistriate cortex. Carmichael, Dix

H
and lallpike (1954) pronosed that the cortical centers are

situated in the angular and subra-margipal sgvri, while the

lower centers are found in the superjg™~olliculi whose 2
Pl e

fupctions during optokinetic nystasmus are, according to

these authors, similar to those of the vestibular nuclei
. ‘
during vestibular nvstagnmus. On the other hard, Krieger

ana Bender {1%57). rasik and Pasik (1964) denied the existence
cf specific centers for induced nvstagmus in the cerebral

cortex and suggested that oculomotor function is widely

€
[

distributed over -the entire ~ortex, and no particular region

is indispensable for the function of another. In addition,

H

Pasix and Pasik (1364) found that two weeks after bilaterak

. et

4 ~
et

destruction of the superior colliculi in honkeﬁé, opto~
kinetic nvstagmus had recovered. They conclqded that thefe .
were no centers for optokinetic-nystagmus in the supefioh
colliculi. More ;ecenfly, Dix and Hood (1971) proposed two
cortical opgokinetic nystagmus centers: the frontal eye fields
governing nystagmus from foveal vision and the occipital .
visual cortex governing’ nvstagmus from peripheral vision.

., However, in manv cases, it 1is not clear what the authors

-

exactly meant by 'centers', in purticular, whether these are

’
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essential pathways Jeading to a more complicated nvstagmus

generating mecnanism or whather these 'centers' actuwally generate

4

impulses which are directlv *ransmitted to the oculomotor nerves

N

&
to cause nystagmus. This problem will be further considered in
¢ «
. .

Chapter- 5 where a common central mechanism for optokinetic and ,
vestibular nystarmus will be discussed. Meanvhile, further .
considerations of pathwavs will be informative.

¢ i o
In considering obptokinetic nystagmus, as in vestibular

~

nvstagmgs, two separate components must he racosnized. Experimental
and.clinical evidence suggest that the two components are

served by two different pathways althoush this does not imply

Ly

that the two components are independent. Holmes (1933) reported

that human with damage to area 8 in the frontal cortex or its -

-

projection fibers were unable to make voluntary saccades..-Mackensen

<

and Schumnacher (1960), and Goto, Tokumasu and Cohen (1968) have

shown that the saccadic components of nystagmus have the same”

™~ L L .
characteristics of voluntary saccades. Haoyt and Daroff (1971)

ey

reported that a pagigpnt with right-side frontal lobe lesion was
I b >

4

unable to make volun*ary saccades to the 1l2ft; alseo, optokinetic

testing with targets turning towards the right side only produced
v

smooth tonic deviation of the eyes to thit side without saccadic

ct

s to'the left. Furths hey reported that in patients

s
(0

b ]

. .

with de@p posterior nemispher ons (invelving the occipital

pe

1

g

rd
o)

e parietal lobes), voluntarv pursuit to the side of lesion

-

and optokinetic nystagmus with slow comporents t3 the side of

lesion were both defective, but were imtact when voluntary

pursuit and optokinutic stimulus direction were reversed.
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4, hd

nt reflex saccadic and pursuait eye

°

These evidences sugges

[ 4

movements may be dependent upon the samé¢ anatomic substratle as

voluntary saccadic and nursuit eye movements whose pathuays were ¥

- © )

introduced, in Section 4.1.2, and that-at least two cortical areas
namely, thi\frontal eve fields and the Qccipito—pariétal areas,

must remain intact to generate a normal obptokinetic nystaémus.
Opinions expressed by Jung and Kornhﬁber (196u4), Robinson (1968),
Fuchs (1371) also indicate that these areas are not nystagmus
cehters but function as essential mediatineg pathways or facilitating
and inhibitory centers and that the nystagnus center és more likely
1o be in the brainstem. This concept will be supported by the
experimental results|5f this thesis in which the interwsaccédic
interval chapacperis¥£cs of optokinetic nvstagmus yill be shown

3 . R
to be very similar to theose from vestibular. nystagmus, and the

|
vestibular nystagmus center, with its possible torplex organisation
\
as described in Section 3.1.3, is known to be located at the

brainstem levell! " AH JVérall discugsion on the optokinetic

nystagmus mechanisms will be presented in Chapter S.

4.1.4 | ,Methods of Inducing Optokinetic lvstagmus and

Outlines of Experiments

} »

In contrast to many methods of inducing vestibular
nystagmus, optokinetic nystagmus is invariavly induced by
J »
moving the image in either a part of or the entire visual field

'of the subject. Clinicaliy, it is common to use a small rotating

tked, as originally devised S,

{ . . v -
drum on which vertical lines are

by Barany (,1921).
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Fer the experiments of this +thesis, in order to have

a great feasibilitv in providin~ differsont i-a~es as optokinetic

'

stimulli, a computer wvas used to generaid Tre mares. Furtherrore,

. / - < - . .
a unique feature of thz2 comnuter methcd that is qifficult to fatcn
- . /
by any cther rathoa is that eve movement sicnals can be feX bazx

into the computepr to control the genera*ion of th2 iware so that
a portion of the. central vision is effectively delieted. This was

used to stuiv the retinal contributionc %o <~tovinetic avstagras.

These methods will he described in more io*ail in th2 correspcading

experimnental se2ctions.

Lxoerinznts will be divided intc two mijo» sections:

Ry

=)

*In Section 4.2, tne inter-saccadic interval charactzristics o

optokineti~ nvstazmus will be anailyzed in the sa & namner as
4
vestinsular nvstagmus. In additicn, the of

. ‘,u, o .
ects of varicus para-

4

fetors of the optoxinetic stimulus and that of wvcluntary follovin

the stimulus will be examined. In Section 4.3, e-.-eriments w
e (@
be descri 1

1

[
-

bed which examinel the retina
nystasmus.
Normal gARjects rere tested in z1l experiments. |
Instricticns were ~iken to minimice vclgntary,inflqen:e on eye
Tovements, excent in one exrceriment of Section 4.2, there the
effe?t nf wvoluntary following of optokinetic stimulus at various
speeds was tested.
in describing the egporimental results, it should be
pointed out tb&t in some cases an immediate interpretation of
-
the ré%ylt was not pessible bhecause ©f interaction from other

N -

- ¢ , -

o
a4
<>

contringticon o opiokinetic
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factors which could only. be understood after later experiments.

Therefore, #n places where immedidate explanation cin nect be ¥iven,
Al

-only brief comments will be made. An overall discussionsof the

[

results is given in Chapter 5 .where cross references to-all

-

experimental results will he freely made.

- -~ ) -

. The results seem to suprest that the,different pro-

[

posed twvpes of optokinetic nvstagmus described in the

o

preceeding

sections are actually variants of a basic type generated by a

°

mechanism in common with that of vestibular nvstagsmus.’

3
@

s . -
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L.2 I 0 ~SACCADTIC T.0847AL ACALYSTS O OPTCHINITIC

L.2,1 Introduction

-

In the preceding chapter, evidence of multi-modality

in the interZsaccadic interval histosram was shown to occur

in Srontaneous, vositional, caloric and alcohollc nystagmus,.
Y o
Cptotinetic nystasmus has the sa-e caw-tooth like wavefdrm

-

as these vestibular tyves of nystarmus and its inter-saccadic
: \
interval characteristics will ™= considered“{n this chapter.

aturally, one malin interest will be to see if. multi-—odality in

interval histozrans 6% fhe_type found in vestibular nystazmus

can also.occur in optoZinetic nystax-us. Zecause optokirecic

nystarmus can be 7zore easily induced and maintained at an

approxinately constant level of responce, the inter-saccadic

interval characteristics can be investirated in a relatively
atel Pads .

<

more contr@lled =manner. A comparison of thes results with those

obtair®ed from vestibular nystasmus may also serve to check on

tyres of nystasus. et LT - o LS

the propnosal cf a common neural-tiechanism renerating t two

--

. L L )
Computer reneration of ovtokinztic stimulus also makes’
it possible to readily chanre tne stimulus parameters. The
effectsof charces in irare speed, pattern, density and brishtness

og the optoxiretic stitulus on the inter-saccadic interval

-

characteristlics will be examilned. . .
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!
It should pe pointed out that althouch optdgrinctic
IS P

rystarzmus gar be indrced at a ;iveq sreed [for a rathyr long

reriod of time, arou<al and mentaliactivipy, whicn arg\Xnown

to stfgnmly a{fect the vestibular nysta-mus, also affect opto-
%inetic nystasmus, It will be demnonstrated that —mencal artthretice
chanres tne 1nt?£-saccaq1c interval characteristics of ontokinetic
nvetarmus sirnificantly. Ynerefore, to avold a si:nificant

chanre in =ental state o? tne subjent caused by fatirue, the
exierimental verlods were xept short. Also, ir analysine the

recults, onlr o loe ctardccs were considered, and surtle chanres

?
!
were not pursueft >
7

—— - ——— -
" &
Compnter ‘ereration of Cptognebtlc Shimull
- A
“he comnputer uged toigenerate the optotinetic stinuli
1 N . ~ -
. /
w25 the Diriltal Zguivment Corporation LIIC-%. This copputer. hes
an oscillcscope (LINCSCOPr) carable of displavine a matrix
of 5.2 x 512 points. In the exyreriments of this section, 512
roints were prorrammed to form three basic patterns as shown
y: b ) .
in “ir. 4.4, Phese patterrs were (1) non-repeatins random S

)‘Hots, (2) dots erranztd in a checler-board pattern, and (3) dots

arranced to form eirht vertical stripes. A pattern wes projected
/
- 38 o
onto a screen ?3‘1nches'in front of the seated subject by

L.
¢

an oscilloscope (lelitronix type 5653 with F31 phoespher) fitted

with a caters lens J(NWI7cg-3 1:1.4, £=5.9 c¢cm) and located sabove
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the subject'c head (1., b.5)., he Tull §i2 toint dicplay formed

a rectanular i~2-e subtendins 20 derreec horizortally and
1 3

A0 de~reeg vertically 2t the subliect's eyes., hen vrojzcted
»w
on the screen, each dot of the display was apvroxi-ately 0.6

derree in diameter.

‘he random pattern was obtained by Takinm the vertical

hei ~ht of sugecessive dots a randomn rumher,” 'he random numbers
B R -

were avproxinatelr urirormly distributed An the ranrce of 0 to

517 and were ¢enerated by a censruential wethod descri?ﬁ% by

fommellvy (1970). 512 such random nu~bers were stored as am\
. .

wesad

reservolir in the core re~ory ard they &d&e rardomly shufflad

alter eacn one of them had been used. _~he method provided

B

fagt co"puter accesslbility to a ron-reneating seguence of

'

random numhers within the duration of the experiment. .

o]

'ne horizontal spacinz bDetween dots of the checker-

-

board vattern was ahtout «.% icrrees and that between the verifchl

*ripes was about 12 deirees, ) =7

ke

O]

Zach freme of 522 points took about 15 milliseconds
)
to display. The unttern wWas prosram~ed to move in one Or the

other horizontel directicns by either a left or a right shift

N - D

of the dz*a in thc pattern memory between each 'framef! of
displav, anrd the time tarern'for a shrifting operation was

about 6 milliseconds. :he shii{ tine of ons data location _ e

cdrresronded to 2bout 0.:5 degres increment in the projécted'}

Due to thie relatively sm311 increment compared with csthe

dot size and *the sypeed of the computer display, the ‘incrnenerjal
L

-
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move~ent effect cf the projected imare was not perceptible
up to 50 derrees per second. A\lso the movement of the image

could be reversed in about 6 nillise@ﬁpgs.'

Exue*ime%&al Setup and Irogedure ,

The essential setup for the aexperiment is shown

in ;ir. U4.5, Ché'sutject sat on .2 confortable chair whichw

could be adjusted to suit individual »hysiques. A ccmfertable

head rest was vrovided and a dental hite was used tc prevent

s
head —ovements. 1he eyes of the subject were 38 inches from” the

imare screen whose center was coincident with the posttion of

.t
T

central gaze, .
)

- Zye ~ovements were recorded by sk1§ clectrodes‘
acc6£d1nc to methods described in section 2.1; the eye movementw\
sirmal was traced by a nolygraph (5eckmén type 3 1II) and

) pgcor&%d by an =V tape rgcotde; (Hewlett Packard 39173) for

}ater analysis.
W]

3ecause of the linmited intensity of the projecting

Moy

BSci}loscope, the experiments were conducted 1n'a cowpletély
dar¥k room to increase the contrast of fhe optokinet%g stimzlus;
‘this also serves to execlude the/subject's possible vision

of the stationary surroundinés during theSexperiment. The

sub ject was dark adavted for at least .ten minutes before each

experlment and at that time, 2 clear vision of the green

£y

coloured movinz stimulus wes always reported by,tqé?subject.
,

Only normnal sutjects ware tested, both male and |
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ferale with a~e ranrinz from 17 te H40. che subjects were asked
to Tocas thelr vision foriard on th2 sereen while allouing

reflex dction to %ale complete control of any eye

movernents., "o instructions were given to control mental activities.

UUnder these experimental conditions, a preliminary test
. ~ s

“showed that nystarms always resulted, and tre response could

not be suppressed excent by defocussine the vision on the screen

-

or by fixatine on a stationary tarset provided. The response
at a* given speed of stimulus in each direction also showed

sym~etry in both the appearance of the nystagmus tracines and in

i

the inter-caccadic interval histograms,

rethods of Data 4Analysis -

I'ne emphasis on.data analysis in this section will .

again be the inter-caccadic 1n}§rvals. The nethods of interval

L3

measurement were described in section 2.2.3. Results were

mainly examires Dy the interval histogram. shapes aided by

6~

observdtions of the correﬁpohdlng sequential displays of’
interval magnitude; the interval histograms nge smopthed by

the function described in section 3.2.5.

i

In comparing different sets of resulis, the V%olmorarcti-
Smirnov two-talled test (Seigel, 1956) was used to aid deciding

whether the two given samples were dravn from the sane population,

'- w

and in this test, no smoothing wds applied to the Jeta. The test

concerns the agreerent between the two cuwulative distributions

and 1s very sensitive to any rind of difTerence in the distribution

.
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2 - Nﬂ U’ -
such as location, disperdgion, and stevmess (Lelgel, 19565

“endall and Scuagi; 19€67). “he nsl1 nypothesis will be that

the two samples under test were.lromn thé save'yopu;ation.

The probability of making an error resultine f;om re jectina the
nuli hypothesis wiil be indicated by the parameter rz08B, .
and a five percent sirnificance level will be $et so that !
if F?OB\1; less than 0.05 , the null hypothesis that the two
samples are from the same population will be re jected. PrOB
will be quoted with.the results wherever it 1is desirghlé.

It should be tpointed out that this test wag'used only as an aid

aﬁd not as a deciding ficure. Tndividual variation in séccadlc

]

prattern sometimes could be considerable even under identical

G

experimental condltions: experience showed that this was caused
mainly by attention levels, mental activity and some uninteﬁtlon&l

voluntary tracking or random eye movemnents which hffppened more

-

reédily at lower stimulus speeds. A difference in results was

recognized only when a consistent difference was obtained in at
\

least three different subjects.

r'he actual experimental data cdllected'was gquite

v

voluminous, but only representative results will be inciuded

in this thesis _ A

L.,2.3 Experimental Results

' \

a. Effect of Yertal Arithmetic

Arousal and mental activity in general were observed
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t~ aftect vestidbular and optoxinetic nystacrius. The purpoesz of

-

>

<als exneriment was to glve a sgpecific dertonstration of
the ef<ect of mental arithretic on the rhythm of optorinetic

nystagmus.

The experiTtew~ was conducted with the random pattern
first at the speed of >0 decrees per second and later at ¢
5 degrees ver cecond. 'our sunjects were tested. For a given
snaed the randem pattern wé? rresented for 60 seconds without
rental arithretic, then for the next €0 seconds, the sutject
was asked to verform rental arithmetic of a simple type.

Typlcal results in Fig. 4.6 clearly show that mental
arithretic has the effect of rando=ising the 1nter-saccaélc
1nter§a1 duratiocn. The low F303 values from the Kolmosarov-
Smirnov ({-3) tez2t indicate & strong rejgction of the hypothesis
that interval churacteristics durinz-mental arithmetic are the
sam= 2s those without mental arithmetic. o

. These results denonsirate that mental activity has
considerable 1nfluen;; on the inter-saccadic interval cbarécter-
istics, and cew ~e expected to lead to non-stationariiy. For
this reason caution.. 1s reguired in the interpretation of

experiments investigating the effects of other factors on6

the interval statistiecs.
b. Effect of Changins Cpto“inetic Stimulus rarameters
. :

Imare Speedi. The experinmeant was conducted o~ seven

“ e

subjects using the ranfom »atiern., An exceptlon was the

&
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K-S Test

e
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1,2
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0.60

)

No I

ment.arith. Mental arithmetic

Subject SR, results 3,47 s

Image speed = 30°/secy
K-S Test
Compare PROB
3,4 0.00
8
l:4
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Interval histograms
AbscIssa = interval duraticn
HOrdinate= relative frequency

(b)Rislt side: Seauential disnlav of

interval duration
AVSC1SsSa = sequence number
Ordinate= interval duration

Fiz. 4.6 Effect of mental arithmetic
on inter-saccadic intervals
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Al

-

cal¥le of G.L., *1r. 4.8, 1» which a2 strlve vattern was used,

(W)

reads ranred from 2.5 desrees ver second to 5§ rreaes hDer sece
3
A ziven constant-speed stimulns was oresented to the subject for

] -

afperiod of about 90 seconds during which the nystagmnic response
was recorded. The sublect then closed nis eyes to rest ftor at
least 30 seconds before the nex® stimulug at a different speed.

Fig., 4.7 shows a typical set of results froma this

experiment. At high speed the inter-saccadic interval is rather

narrowly and symretrically distributed signifyine a fairly
regular nystasgtus beat which can 21so be observed from the
corresponding nystazmus record in #ig. 4.7(b). As the stimulus
speed decreases, thé spread of the interval historram increasesz
2nd the distribution of intervals becomes sitewed towards longer
d?rations. With e further decrease in speed, nmuiti-modal
nistosrams apnear. The,ccrrespond}ng nystagqus tracings 1in

T1g. 4,7(b) at lower ;peéAS are nore irresular. “is. 4.8 shows
results {rom three other subjects. Tt 1s seewn that’ in many
Jf“the multi-modal histograms, the second mcde oceurs at approx-

1maté1y twice the bhasic mode duration. Therefore, multi-modal

histoegrans of the type‘ﬁound in ve"*ibuf;r nystagmus alsc

A
S

occur in optoxinetic nylragﬂus at lo«er stirulus speed.
— / -3
Fig, 4.9 snows some sequential dispvlavs of interval

Auratiorn and their correspondins scatter disazrams and an
- [\3
example of an expectaticn density display of data from the
set of results shown in ¥1g. 4.7. These are for the convenience

-

of comparison with the results of vestibular nystagnus.

'’
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Fig.u4.8 Effect of
changiny optokinetic
stimulus speed
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. o - .
Y ey sy i TR 4 ena 7
T. 13 cz2en thé}%&he ceatter diagra > and re avpectatlion densitt,

[ .

~

]
N

aimilar to those

[ SR Y
‘s

1
ctlics

at 4 desrees veriSecond pave cn3retreovic

; resultinr Srem s1ronnancous nystagers ~nd from the

ctozhestic

model sirulation, poa*n of whielr are chogtr In “1r.3.1952nd Fig.,
v <
3.20. -
T+ ig clenr that the variatlorns in inter-sgccadlic .Intervel

- LS
starietice of .ovtorinetie nvsracmus obtained so far can all be

rend3 ¥ si-vlated by the stoerastic model deschibed in Sectidn

° b
3.3, as i-, 3.17 in tnat section®demonstrates. It will.be shown
N ’u

*hat no ot.a=r pattern ef variation 1g obtalined: thus the model

~

can be applied to optoliinetic nyvstazmous as well as to v

iyl
2]

ticular

. > }

nystagmis,

Tmare Tattern., Tne experinent was conducted on six
/ ]
suhjg%tr. fre random, checker-board and stripe 'patbverns, eacn

s} ‘formed hy Si?‘dots as shown ir.“ig. 4.4 211 were moving at

N

£ decrees [2r ce2ond. Zach pattern was displaved for a duration

of abo* one_nmiamte so that the dura:tionsr of the experiment was

1] . . . 0
three —imtes. ‘he ovder of presenting the pattern was randomly

chosen. The resulte {ro~ one .gubjeet are shown in rig. 4.10.

¥, v
In this sublect, tre interval nistoerran gesultlng from stimulation

with the stripe pattern sppesars to have a narrower spread and -
a smaller mean value, nowever, Tesults from the other five

subjects did not yield a consistent finding, as detonstrated _

4 )

by the results of twc otrer sublects in Figs. %.11(a) =nd fb)l

. : It was concluded trdit no major chanse in inter-

v
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Subject CC
- Results 1,2,3
Tmage speed = 25°%/sec

K-S Test
Compare PROB

1,2 0.02
1,3 0.33
2,3 0.57

i)

Subject HK °
Results 4,5,6
Image speed = 25°/sec-

K-S Test

Compare PROB

4,5 0.00
4,6 0.21
5,6 0.02

Fig.4.11 Effect of changing
optokinetic stimulus

patte?n

>
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saccadle Ilnterval characteris*ics resuvlted by changing the

rattern of stimrlus under the present condition of a relatively
LN

brief experiment. However, it is conceivable that if each

rattern were priesepted over a longer period, tne oculomotor

system might bec adapted to the regular patterns and then N

produce more regular inter-saccadic intervals. In other words,

rredictive abllifies of, the humen oculomotor system {(reviewed //\l

s

N \ x
by Roblinson, 1958) may ﬂﬂay & role here. It may also be conceivatile

that Ehe spacingfof the stripe patteérn could affect the inter-
Saccadjc 1nterva1-regg1ar1ty, especially when the stripe
sfpcings are at the mean value of the saccadic amplitudes of
the nystasmus at the ziven stimulus speed. Thﬁs, if these

subtle dif ferences in results were guestioned, further

exfln&ﬁghtation would te required., . .

s i i \ u
/ |
Image Density. The checker-board pattern in these

£

gxperiments was used because 1t was the most suitable »nattern
A

for chanzsinz the 1irnage density 2venly. Three densitles of the

checker-bocard were used (Fig. 4.12), with horizonial cpracing

o A
\between dots of 4.3, 9, and 19 degre®s, Kach pattern was

l

presented to the subject for 50 seconds, followed by a 30

second rest before the next experimenz. The order of presentation

~

Y
of the patterns was randomly® chosen, and in each cese the vattern
wes moving at 25 degree® per second. Nine subjects were tested.
Under these experinental conditions, no consistent

difference in the results was ohserved, The results from t®o .
v

subjects which are stown in i<, 4.13 and rfig. 4.14, Subsequent

/

&
¥

+
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Fig. u4.14 Effect of changing ontokinetic stimulus density
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ed in éection 4.3, surzested that the

a

work, to te descri

character cof ontc'tinetic nvstas-ns shonld change if the VY

hnrizontal spacing between successive points in *the displey
were greater than egbout 20 degrees. A brief study was *thnerefore

made, on two'sahieczts, using a sizilar sequqnce of three checker-

board patterns, but with horizental dot spacings of 6, 12.5 and <,
. ) s )
25 degrees., - ,

In hotn sub:ests there was a «erryed difference in the

interval alstocram resulting from stimulation with the least N
derse rattern (25 de.rees svacing). Fhis is 1llustrated 1in
?ie, 4.15; the corresvending nvstagzmus tracivg for the least

dense p2ttern shows irregzular beats and intermittent nystagrtus,

Thef expla loa for this, accordine to the finding of this

thesi35<1s that the brorizontal spacing of the cptokinetie
stimalus in the least dense pattern in this case had exceeded » 1
the normally sensitive rersion for optofinetib nystagmus on the

retina. This effect will te apvreciated after results of

section 4.3 are 1ntérpreted. rurther discussion on this will oe

found in section 5.3.5.

Image 3rizhtiess. The purpose of this experiment was

to investigate the effect of changing the image brightness;

no dark adaptation perind was used. The experiment was performed
in 90 seconds. Three subjects were tested with the random

pattern at 25 degrees per second. The imase orightness was

varied by changing the aperture setting of the rrojecting lens

L}

ffom 1.4 to 4, which corresponded to 2n eightfold reduction

N
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&
in image intensity. The aperture setting at Y4 was used for u5
seconds and thenbit was changed to 1.4 for the‘remaining 45 seconds.

o No consistent change in the results was observed in the

three subjects. The results of one subject are show} in Fig. 4.16.

‘ c. Effect of Voluntary Following of the Optokinetic

Stimulus

i -

This experiment was conducted on seven subjects. The
horizontal travel range of'the stripe pattern was reduced to 40
degrees instead of 80; the subjects were asked té follow the strip;s
voluntarily until they di;appeared. They usually made the
saccadic refixations to approximately the straight forwapd gaze
position. Thus, the entire range of the following movement was
about 20 degrees. Different speeds of the stripes were used as
indicated in the results. Results from three subjects are shown in

Figs. ' 4.17, 4,18, and 4.,19. In each case the interval histograms

contain at least two modes at all speeds. The lower mode occurs at

.about 0.3 seconds, approximately the same value as the basic mode

of previous experiments under involuntary nystagmus condition.

This lower mode remajins about the same location for all stimulus

s?eeds while the higher modelshifts towards the lower mode as

stimulus speed in increased until it is at éppboximately twice

the duration of the lower mode. Thereafter, further increasé in
b

stimulus speed does not alter the locations of the two modes.

This is a very interesting phenomenon. The higher
mode is apparently caused by the voluntary following which

o
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Subject JP
Image speed = 25°/sec 4
KS-Test
Compare PROB
1,2 0.35 )
A ]
a LI .\ ‘:
“.“ u';.:n \.,'X
: f;{'-' ":}:‘_.’{3}4' N
sec,

(1) Low image brightness
Lense aperture = 4

dMl” HRMmu“ ﬁ%;\si;fA
1

sec.

(2) High image brightness

] Lense aperture = 1.4
» /"
(a) Interval histcgrans (b) Sequential display
Fach has 134 sanples "of interval duration

#

ig.4.16 Effect of changing optokinetic stimulus brightness
&
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., h,2.8 St oery o7 Tesulys )

ental aritnm2tic has a randomisin- erfect on the

-
- L]

incer-cancalinc irtarvales durlng nystacmus,

Muiti-moda? arterval distribution with the higher
order modes locateld o+ approximitely nmultiple intesral values
of the baslec -rZ2, az found in vestitular nystzemus, also
occur in opro' ivietiz avstagrus of low intensity.

° . put

LQ&r 1s 7 characte?istic chance in the inter-saccadic

- interval distribution as a result of chanzinz the speed of

optovinetic nysta®mis. This finding ls uszful in further

studlies on ﬁystagﬂus which wi1ll be discussed in section 5.1. ,

° - ’

T // .
Imare density troduced no major veriation in irter-

Y -

saccadlc iIntervals wh~n the bhorizontal spacineg between the

3
moving dots was chanced within 19 decrees. Yhen this spacingz
was changed to 25 d=zrees, a drastic variation occurred;

nystamms vecoe s-nittent.

in
<\
e pacterw and image brightness produced no consistent
* s !

~ogzinle £xyplanations for the results of charging
i1-arz densi~y, vaTterr and brishtness nust be posiponed to

O
ehayter 5 wvner results from eXyeriments on the retiral contrib-

olicwinz o0 the optokinetic stimulus has
' t2er. shovm to o2 aoc~mmenied in places by smell saccades
/ .
seevrriae 2t antariale simllar to those produced in optcokinetlie

voretnaonus under he imvoluntary condition. Cver a wide range
@

2
A
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of higher stimulus speed adistinct bl-modal inter-saccadic
interval distribtution with the second mode located at approx-
\?mgtel' twlce the Firgt)mode walue was found. This led to the
iprgposal that voluntayy following response is aerived from the
basic reflex response. ‘ . ) -
The stochastic model in sectinn 3.3 can be apbliled

to optokinetic nystagmugiras well as vestibular nystagmus.

AL




133

;u.? PTUTT AL ZC CIRIRGITCN M0 OFICNI RIS LYSTASTLS
. "\Q )
b.3.0 ¢ Irzroeduction X C
S
-
'h~» problem of retiral contributicn to optokinetic

k)
nystazmis hiz teen introduced in section 4.1.3., In this

sectlon, twou tasic questiqps 111 »e considered: (1) ecan
central visico pﬂgduce optoki@etic nyztasaus in the absence
of rerivneral vision and vice-versa? (2) are there different
types of apteotiaetle nystaprius resulting from stimulatiﬁg
dirfercrt parte< of the retina” ‘ ’

The 1i1a%ins of the vreceeding section that}irage pattern,
image brirhtness and imaege dersity variation witrnin a considersble
ranre did not significantly a2ffect the inter~sacéadic interval

characteristics also leads diréctly to the question of retinal

contribution, Some sugrestlons to explain these firdinzs will

be ~iven in section 5.3,

Irterezt irn the literature concerning the subject

3

vas foumd since 3arany's day. A few exarvles are 2arfiny (1921),

Codze ard Tox (1283, ter ‘Sraak (1935), Rallemaker and ter Sraak

A} s

G5L), Hood (1927), Dix and Hood (1971) ard

~~
=)
D
=
<
po—
-
[
\D
'_l
0
]
v
—
s

Youny (1477). However, it seems that only ZScced performed direct

‘

expveriments “o investirate 'the oproblem.

i

P
1

“ocd used two conditions of illuminating tre interior

-

of 2 rotating striped drum in whicn the experimental subject
. . C

sat: (I ) gond 1llurnination for foveal vision., {2} ulsra-violet
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tllumination foer per ipheral vigiona Hood reporégd that nystagmus
of entirely{diff;régt characters, ,as descri éﬁ 1$ sectipgn H.1.3
were found ﬁnder these two conditions. The §§§1§‘of Hood's

method appears to be the foliowlng. The centfal part of the retina
contains only cone photorecetvtors, and Since cone recgptors

have a high threshold of excitation, and are noct recerptive to

ultra-violet illumination, that part of the vision was excludgd.

However, this central area containing only cones was defined

by geveral authors to subtend & visual angle only of ! to 2 degrees
(Oe::g;;g?é, 1935; Polyak, 1941; Yarbas, 1967), and 1t is
questionable whether this has 1nclﬁded the foveal vicion as

there is no general agreement on area definitions of the®

‘. retina, in tnis section two methods which do not depend on the

precise zrea definition of the retina but directly stimulate
different varts of the rétina will be described.

IE the first method, different sizes of central vision
of the subjects were effectively Beleted by EOS signal
feedback to the Eomputer generating the optokinetic stimulus,
This provided a powerful method in' studyving the contribution
of the reripneral retlna}rto optokinetic nystagmus.

fhe second method involved only one moving dot
imase which provided an optokinetic stimulus to the central

vizion without stimulating the peripheral retina.

Experiments were performed witn D.C. EGG recording

and due to the inherent drift of this method, duration of
! é

/ -
the exreriments had to be greaily reduced because ekxrperimental

»




135

R R Y RN T Y RN

sescrsansarsans 000000000 S0QRINRISIESIOSTY

¢

sssseevaseasestprne
’

B

o.wronﬂ‘olﬁ.-.otvsoitba.nmur--o,‘.:.. [ -

T T I A A R T I Y R A A L T Y L R Y TR

ine

20 Computer generated éptok

L,

Fig.

tip stimuli with deleted

esponding to 30 degrees central vision.

The

area co

0G

-
|3
¥

.

nosition ©

f the deéleted area was controlled by

d concentric with

er remalne

eedback so that its cent

£
i

‘sion.

5

v

the center of

-



S

performance depended critically on the accurecy of the Z0C ¢«
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slignal feedggck. With short record length, it may not be

meaningful to perform statistical analysis of intér-saccadic

intervals, On the other hand, useful information .can be derived
by examiningthe general appearance such as the presence or
4absence of nystagmus, slopes of the slow conponents, deviations
of the eyes, regularity of nystagmus beaté: these will be the
method s adopted‘in the entire section 4.3, \

\

vision alone can generate optoXilnetic nystagmus, and that

. < s
* The results show that central 7lsion or perlpheral

hystagmus from different parts of the retina are basically
of the\samg type except that nystagmus fron fhe peripheral
retina are wealker 15 intensity, although' they can be facilifyated
by attention.

. ek,

h.3.2 Experiments on Peripheral Vislon '
-

rhe$ess§ntlal equipment for these experiments‘was
the same as that shown in Fig. 4.5 of seétion h,2,2, The central
vision of the subject was effectively déleted by not geerating
the optokinetic stimulus 1meges around the central vislén area {(see
rig, 4.20). The position of the deleted area wns ~ade to shif+ (with

a lag pf about 30 milliseconds) with novewments of the eye by
the TOG signal feedback to an analogue input channel of the
6omputer,“§o that the center‘of tﬁe deleted area remained .

coﬁcgﬁtric*ﬁith the center of vislon. A square deleted area

-

-

‘y
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!,

| was used whose dimensions could be varied in C.3 degree

steps in both horizontal and vertical directlions.

The eye movement signal was measured by skgn
electrodes (2eckman type 3503) and amplified by a D.C. amplifler
(3eckman type 48iB) which had a frequency bandwidth of 1 KHz.
Low pass filtering (time constant 10 milliseconds) was applied
before the Z05 signal was fed into the computér. The lou,p.ss
filter was the main circuit conponent causing a lag of the
generated deleted area after a mgyEment of the eyes and chree

times the time constant = 30 milllsecords was taken as a

>

rouzgh estimate of the lag. -

"he accuracy with which the center of the deleted area
could be lept coincident witg'%he center of vision during eye
movements deprended on gain calibrations and linearity of the ﬁ
220G sisgnal and on the drift of the D.C. anplifier. The gain

callbration procedure will be described later. Tre linearity

of the 301‘signa1 was about five pzrcent within 27 degrees
of eye movements in elther horizontal direction. Drift of the

o

D.C. axplifier wac raduced by careful vreparation of the electrodes

and by zllowins at least half an hour for the électrodes to
"settle" before zn experime;t. Iﬁ was fcund that within the a
reriod of 90 seconds for most experiments, tbe drift effect )
was insignificant. In any case, calibration before and after
each experiment enabled celection of reliable results.

Callbration was car;ied out by adjustment of-égg;

potentiometers, two of which controlled the horizontal and

]
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Avertlcal shifts of tne deleted area; the other two controlled the

gains of the horizontal and vertical Z05 feedback signal, while
the fifth potentiometer varied the size of the deleted area,
Calibration in the horizontal direction was dcne in the follgﬁ?hg
manner, Three stationary letters ‘o', each the slize of about

twdfgegreesvof the visual anzle of the subject, were shown

"he ¢

tozether with the optokinetic stimulus pattern.,
'o' was in the stréiqht forward gaze position of the subject:
and the other two were at 27 degrees on each horizontal side,

"he subject was asked to fook at the center 'o' and the position
and size of the deleted area were adjusted so that the deleted
area enclosed the letter 'o' concentrically. Then the subject

was asized to 100k to the letters '0' on each side in turn, and
the gain of the ZC3 feedback signal was adjusted to bring the
deleted ar~a tc enclose the letter 'o' The procedure was repeated
until eéc?ﬁletter ‘o' was covéred concentrically whenever the
subject was asted to loo~ at the letter. Afte; a successful
initial callbration, later corrective adjustment during the
experlrzent oy required shiftinaz to co~pensate for ampllfier‘
drifts. Callbrations in the vertical direction were done in a
Sizilar manner. Fowever, vertical EC3 was often lnterru;ted\w/
by ey; blinkirg, and since nystagmus was only in the horizontal
direction, it was later found that by keeping the deleted area

at eye level of the subject and by asking the subject not

to loolit up or down during the experiment, the results did not

differ fron those with both horizontal and,vertical controls.

" | '



. 3ubsequently, experiments were carried out witn only the
horizontal ®0G signal~feedback which were puch mora convenlent
to ad justs,

Efter the calibratioﬁ, the sgétionary»letters were
eliminated and the moving stimulus was adjusted at the desired
speed. The subjects Qere asked to follow the sawme instructions
as those in section 4.2, that 1s, to raze with attention forward
on the screen and to let reflex actlions take control of eye

movements .

4,3.3 2esults -rom Iyperirmerts on ferigheral Vision
{

©izes of 0, 5, 10, 20 and 30 degrees of central vision -+ ,

'
| SN

vere deleted in random order, each lasting about 15 seconds. Thus
an exveriment lasted about 80 =seconds. “ine normal subjects were
tested. A typlical response is shown in Fig. 4.21. Mystagmus

with full vision of the optokinetic stimulus and that with

9

-~

5 degrees of central visifn deletion show essentialiy no differénce.(//
as judged by slopes of thé slow component, frequency of nystagmus
and déVlation of the eyes. However, with a further increase
o in deleted size of the central yisilon, nystagmus decreaged in
slow component sveed and 1n”fréquency which also became more
o

irregular, eye deviation decreaﬁqd but still remained in the

4grec§ion of the saccadic somnponent. lystagmus 1ﬁtensity for

.2 glven size of deletex central vision varied between different
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subjects, and in the sare subject betwecn different tests,

attention difference, to be described later, seemed to be the

*
maln cause of the varlation, T'he declire in nystagmus intensity

g

with inereasinsg central vision deletion from 5 degrees onwvards
’ &

was always observed, and when around 20 degrees of central
visiorn was deleted, in six out of nine subjects, nystagmus

completely disappeared. R

-
In another experiment, the subjects were first shown

the opto'tinetic stimulus with full vision for 20 seconds.
"hen a 25 dezree central vision deletlon was suddenly applied.

As a typical result in Fig. 4.22 shows, nystagmus disappeared
b

almost inmmediately.
The effrate-0f reversal in image direction on eye

deéviation and initial phase of nystagmus with and with?ut‘
central vision deletion are illtstrated in iz, 4.23, It is
seen that' in the fuil vis;pn case, the eyes deviated Lo the
directior of the saccadic component almost immediately after
reversal of the image direction, while slow or saccadic

L]

comporents cach could occur as, inltial phase o¥ the reversed

nystarmus. The same phenomena were observed wheg a 10 degree central

™

vision wns deleted; the only difference is thatiin the latter
case, nystazms intensity becomes weaker and more irregular

ar.d the deviation in the diresction of the saccadic component ,

il

1s smaller,
'he above Tindings disagree with reports from Hood

|
{1962), and Dix and Hood {1971) described in section 4.,1.3.
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The “cle o ftrention. Under normzal forward attention,

nyétatmas ceased in most subjects when moretﬁﬁaﬁ 2¢ degrees of ‘
central vision was deleted. However, under this condition, if
the subject wag asked to make a special effort to see the images
in thg'pe;§§heral field, nystagmnus avpeared as 1llustrated in
“ig, b.ZM:‘and the sutject reported seqingathe‘indlvldual
moving dots whereas without the srvecial attention, the images
were all fused.

Some subjects found it difficult to follow the
1n§zruction of payirz attention to the peripheral visuai ﬁi71dd
fhe& wers then asked to track the movins images 1F theilr

reripheral vislon, [o do this the subject must necessarily

direct his attention to the peripheral visual fileld. Fig. 4.25

shows that the trackinz act was a&ﬁbmp&nled by abundant nystag~us,

Thegse results clearly demonstrate phat attention has
a facilitatinz effect on optokinetic nystagmus. It also explains
the fact that in patients wilth central scotoma who had a }oss
of central vision to various degrees, oﬁboklnetlc nystagmus

could be readily elicited (Dodge and Fox, 1928; Hood, 1967).

In such patients, ncormal attention nust naturally be shifted

tggkhe peripheral field.
&

L.3.4 Fxreritents on Central Vision

All experiments described in section 4.2 actually '
involved zentral vision since in. these the ortokinetic stimuli

were presented in full view to the subjects. However, this did

.~

“
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not tell us abent the nvstagmus response fron stimulacion

of the central vision alone since all peripheral optokinetic
stimuli were alsq present. In section L.3.2 1t w;; f&und that
ceontribution to optokinetic nystagmus from the peripheral
retin&‘became progressively weak;r as the area of centrel
vision deletion was increased more than 5 dezrees, and agaln
this did not tell us whether céntral vision alone, without

the contribution from the perivheral stimull, could produce

a nystazmnus response. Therefore in this sec??bn, experiments
will be described in which only one steadily moving dot, of
size aboul 0.5 degrees in diameter, was used as the optokinetic
stimulus. Thus all peripheral retinal stimulations were \ -
excluded when %he moving dot was in the central visual;field F
¢f the subjectﬂ The error signa1°between the moving target

and the fofﬁard gaze position of the eyes was mezsured to
enable an estimnation of thekrclati;e position and vglocity of
the eves j.uring the response. It will be shown that nystagmus
can be produced by central vision alone and some interesting

.characteristics were revealed to support the findings of

o

section 4.3.2, - -
The experimental set<up was essentially the same as
that shown in Fig. b.5 of section 4.2.3. In addition, two
extremely faint red lights weré placed 40 degrees sbove and
LO degrees below the point of forward gaze of the subject.
The subjects were asked to maintain their gaze on the center

of the screen with the aid of the faint red lights rlaced
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¢

symmetrlﬁally in the peripheral visual field. The qoving dot
stimilus traversed thrcugh Qhe ceater‘of the screen with a
range from 35 degrees left to 35 degrees right of the center

of the sc}een. tya movement response was recorded as described
in section 4.3.2. The experiment was cqpducted . without
the faint red lights as reference and 1t was found that the
nystagmic eye response did not differ though the subjgcts fé&nq
1t mere difficult to maintain the eyes in the center position.

¢
_In,order to interpret the results, the meaning eof

/ 1
the error signal 13 explailned first with reference to “Wig. 4.27.
The E0% end the moving dot signals were subtracted on-line to .
yield the error signal. During the calibration procedure, the

gains of the ECG and the moving dot signals were adjusted

so that when the eyes were tracking the dot the error signa%., .-
- A ]

o

was zero. Thus, in Fig.\?.Z?(a), the eyes were fixatiﬁg on 2
stationary point in the forward gaze position, and hence'the
‘error sigmai reflects the dot movement. In Fig. 4.27(b), the
eves were tracking the moving dot, and hence the error signal
remains. for the most part near zero except when the target
jumpe& back to its starting position while the eyes were moment-
arily iaggins behind. The zero error position will be useful
}ater in intervreting the results since Quring th}s tiie,‘the

center of vision stayed locked on the moving dot.

L.3.5 Results frcem Exveriments on Central Vision

3

"he results will ©be explained with reference to a

-"‘ - .

i

“
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typical response shown in Fig. 4.28., The entire range (70 degrees)

of the moving dot stimulus was within the visual field of the

subject, however, a burst of nystagmus only occurred when the

moving dot was within a certain range of eentral vision,

During the burst of nystagmus, up to five beats were cbserved.

The slow compoﬁent veloclty)was highest in the middle and

lower at the beginning and at the end of the'burét. Further,

this restonse could'not be voluntarily suppressed provided

attention remsined on the screen. To examine the response in

more detail, the error signal 1s re-drawn in a sonewhat

exagggrated manner in Fig. 4.29 for the purpose of explanation,
lystazmus beat (a) occurred when the moving dot was

around 10 degrees on the left side of the center of the rettina;

the slope of the error signal indicates that the eyes were trackirg

the dot target but with a siower speed. During nystagmus beats

Yb) and (c), the zero slopes in°the error signals lnﬁicate thet

the eyes were tracking at the same speed as the moving target.

The dot target was estimated to be vefy close to the center of

the retina during beat (b), and within 3 degrees on the right

of the center during beat (c¢). Beat (d) again tracked the

target wlth a slower veloclty and the target was around 10

degrees on tne right side of the center of the retina. These

results seer to be in good azreenent Qith r*esults from peripheral .

vision studiles in secﬁion L.,3.2, where it was found that )

nystagmys was esseatially tre same when up to 5 degrees-bf

central vision vas cdeleted; w~hen a larger area was deleted,



=

i

i
'
i
—— P S
|

Subject VC

us 'speed
25°/sec

~

«Q

>timu

NS

.

1 cm/sec

Chart speed

-TARGET

~e

151

RESPONSE
~ o

CALIBRATION

ingle moving dot stimulus

duced by a s

in

Fig.4.28 Optokinetic nystagmus




‘e

] ~ .

Zero error position
center of retinac

locks-in with target. -
¥

/

Calibration Response
error signal error signal

) K

[N}

-

Fig.4.29 Explanation of results in Fig.u4.28

5° central vision

20° central vision

center of retina

144!



+
V4
L
(9%

¢

- ‘ s
sGe w3 ororagTes cesced
$

nyitac~us slow somponent cpsed decressea L

»

central viston was deleted,

when mere than 20 d2grces of

4,30 shows more resalts from the same experlnent.

.

»

It is seen {nat as the speel of the moving dot was lacrz2ased,

e

nystazmus annlitad=23 also ingkeased. This 1s also & re=ner3l

-

findinngf ~ztion 4.2,
>\\
i, 4,31 shows trat o coqttqucus optokinetic

- .

-~

rnvstezaus was induced by a siﬁé{é movin; dot stiaulvus. The
movinz dot was prosgra~med to traverse the ‘center of tn? screen
in a A dearee ran ze in every second: ‘the resuliting ysiagnus
rregvency averagzed at 2 ocats per secord vith armplitude ol about
P degrees. .

/
These results de-onstrate that central vision alore

~ . .
e nay2tle o7 rroduclinz optexinetic nystagiras., No stirnalus
1 2 > ol '

]
In the perivheral visual fileld s .ecesszry to aid the production -
-t 3
o » ¢ . & .

of tne slavw COBpQGé]t ard nn SJcceegin; tarset !s necegsary Lo

- 4
case A gascadie compenernt. Urder‘normal foruard attention,

>

L.3.6 tscussin I
:] 9 -
. The resuits fron the two dif ferent optokinetic

1v, ctinalue vitn images deleted i the cerncral

visusl fileld and theesinzgle woving dot stiznulus, azree with

each otrdy, They seewm tc sugrest two siznificant areas of

)



Subject VC
timulus range 70 degrees )
Chart speed 1 cm/sec.

S

Backman:

lus

imu

WWHAr A 1-r,wr}|i-,
g

1c nystagmus induaced by a single moving dot st

—_— - R i

: . |
: o I S - —
. ' !
+ ' !
— RS SO S S,
! ! * L 1
+ . 1

-
. . .

- Yo

| | [
’ " .
! 1 LN

{

i

e
o
SO y

[
|
i !
. i

|

1
I R
Becl

Fig. 4.30 More results of bptokinet




b

ey

: ' ! ‘ !

— - —— \\ - M\Ii\i KH..I'
\.\. | \

- \.\. o i
) i

- - L - S S
fe _ |

— p RS S
7 '

R
: :
b ~
T
: .
e - e Im!.o
\ + b
, . i i
- —

] ' '
¢ ' ]

«
£ |

P I T O

. A i . !

. .
[EPWRIE SRS

.. i »
s . '
[
[ 1t
M o
— e e
-~ 4 1
[ L
P . v\\\u |u<ﬂlnu [N
S t
—_— o S
~, ¢
s
PO, .«x.mh\ e
.\\\A N +
-— - <, - - e
i
S AN . :
, A T
. P s B
74 I :
. < SV SN Y
- by
<7 !
. - \.my O S,

e e SN S
- +
¥ Pl i
. o
[T <At S S,
-~
l\ —— ——— - e
Vs ;
e - T e e -

e ,\14!? —_—
Do 1
| L\
R P

|
SRR 5 SN N U W
ke

le

3

sing

oM \a

£
L

lting

~
esuy

r

mus r

(e g
-

inetic nysta

4,31 Optok
moving dot stimulus.

Tig.

-,

6 degrees

Range of moving dot

155 .

@

2 beats/sec.

6 degrees/sec.

moving dot =
uency of nystagmus

of

Speed
Freq

‘B




ks -

approximately 5 degrees and 20 degrees on the central portien
cf the retina. With normal.forward attention, the sensitive
area-én the retina for optoxinotic nystagmﬁs appesrs Lo ve
around 20 de.rees, and Wit iin 5 degrees of central vision
thé rvstasmis tracking speed could match that of, tne moving
target. (This presumably has a limit. See section 5.4),

*It would be interesting at thils staze tce compare
these areas witn the subdivisions of the retina in Table 4,1
which 1s based on data obtained.by Polyak (1941)., Polyak
defined the human fovea to be 5.2 degrees,.the yellow spot
to be 17 degrees ;nd the peri-fovea to be 19 degrees. The
latter two appear to be significantly related to the present

~\fﬂffj.nding of the 20 degree area. ‘
Thg significance of the 5 degree area is further R

sugrzested by Wilsgn and loyne (1970), who studlied: the reuronal

projections froff the retina and the visual corctex to the

-

superior ¢o 103125_1d'monkeys (¥acaca mulatta).' They geported
that there wéé a dense projection to the superior“collioulus
from the part of the visual cortex which is devoted to the,
central 5 degrees of the visual field.

It must be emphasized that this functicnal corvrelation
of the reporéed data to my experimental findings was déne during
the thesis writing stage and. no previous consultatlion éo these

repo?ts were nade before or dqring experlments.

/

)
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CHAPTER:5

° DISCUSSIONS AND CONCLUSIONS

5.1 THE PATTERN OF VARIATION IN THE RHYTHM OF VESTIBULAR

AND OPTOKINETIC NY?TAGMUS

e -

AY

Vestibular and optokinetic nystagmus have been described

in the literature as being rhythmic but the nature of rhyvthmicity

A

5 -

was not, clearly understood. In this thesis the rhythm of vestibular
and optokinetic nystammus has been analyzed in terms of the inter-
vals between the saccadic components using point orocess analysis

techniques. As a result a characteristic pattern o variatdon in

.the rhythm with intensity of nystagmus has been established.

The results so far have shown that multi-modal interval
lWistograms occur in both types oI nystagmus. Furthermore, in the

case of optokinetic nystagaus, multi-modality occurred at lower ™.
A s

intensity levels. This result is consistenéhwitn observations

made in the vestibular nystagmus sec*ion where multi-nicnhality wag

found more often ip spontaneous, positional, alcoholic, and the
beginnine porticn’ of caloric nystagmus; all these types of

nystagmus had comparatively low intensities. Thus, it can be

concluded that multi-modality ih inter-saccadic interval hist-
) ¢ . . . . ) . .

cgrams occuri in low intensity vestibular and optokinetic

s

nystagmus. It remains to be demonstrated that as the intensity of

1

vestibular nystagmus 1is increased the interval histograms change
. ¢

shape tc mono-modal gnes 1in a manner similar to those
- N o
s

.

[
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in optokinetic nystagmus.

v
. In vestibular nvstagmus, it is not possible to induce
o ’ [/
discrete levels of intensity.similar to those in“the optokingtic §

nystagmus experiments. This is because of the elastic return of

the cupular receptor after a deflection. On the other haqg,
caloric nystarmus increases its intensity gradually to a\peak

and then decline; slowlv as illustrateqd by the comore;sed slow’
corponent speed disﬁlav in Fig.5.1 (s;; Aprendix 4 for descript- |

J

ior on this sliow component speed measuring circuit). The results
! —

frow caleric nystagnus can thus be segmented into sections of (
- . L _
approx:~mately constant intensity, and the corresponding interval. ‘\;/

1
histograns plotted for each data segment. This is illus<trated *

3

in Fig. 5.2 where the change in interval histogram shapes with

>
aQ

intensity 1s tc be compared with those in cptokinetic nystagmus
in Figs.4%.7 and 4.8 (page 113 ). The similaritv in the shape change

“is quite clear. The change in the rhvthm for both types of

s

nystagmus can therefore be described as follows.

. .
Genersllv, as the intensity of nystagmus (or speed of

the siow corporent) is decreased, the occurrence of the saccadic~
0 . .
conponents becomes more irregular. Ln terms of inter-saccadic

interval distributions, the distribution changes from being

u

monomodal and symmetrically distributed with a rarrow spread to
Y . )

one with a wider spread. With more reduction in intensity, the

spread of +he distribution further intreases and becomes skewed

towards the longer duration. With further reduction in nystagmus

intensity, multi-modal distributions appear.

- ~
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The finding of this characteristic change in pattern
could be applied to further works on nystagmus. Clinically, it
would be uséful to invéstigate if there are patients with a
certain pétﬁologv in the vestibular or visual-oculomotor path-

J - .

waéé who do not follow the above pattern change. If definite
deviation could be confirmed to exist, the method would become
useful diagnostic tool. Anatoﬁicallg/P%he pattern changa could
be used as an aid in determining“which areas are involved in
the generation o?’the nystagmus rhythm. In animal experinments,
lesions could be induced into different suspected areas to see
if fhey alter-the normal characteristic pattern. Any area which
causes a change should be regard;d as an integral part of the
nystagmus rhythm’ mechanism. The characteristic pattern could

2 -
also be used to aid physiological investigations. Maeda et al

(1972) has proposed the possibility of mutual inhibitions of the

bilateral vestibular nuclei as a mechanism generating the

P

nystagmus rhythm. It would be interesting to see if their »roposed

model could simulate the above pattern change. In a model, the

saccadic components can be replaced by a single pulse in much

the same manner as the method used in this thesis.

-y
A

i ) <
®

N
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5.2 A POSSIELE ROLE CF INHIBITION IN THE RHYTHM

OF NYSTAGMUS

\ o
The occurrence of the multi-modal inter-saccadic

interval distributions in nystagmus reveals a significant aspect ¢
%,

of the nystagmus raythm, which may require‘a special mechanism
for its production. A verv simple yet physiolegically plausible
mechanism to produce oecasional impulse intqfvals at multiole
integral values of aﬁbasic interval duration would be for an
impulse, or a.group of impulses, to occur periodically at a
basic interval. This occurrence would then be occasiocnally
inﬁibifed, thus producing intervals which double or triple
the duration of the basic interval. This mechanism has been

:

found to describe svnaptic hehavior in some single neuron

recordings. The same ccrcept has been used in a model in Section

! . . . N .
3.} to simulate the produsction of nystagmus rhythm, and it was

-

rdémonstrated that all observed general characteristics of the

nystagmus rhythm could be szimulated by the model.
If such a simple concept were the actual overall working

principle cf the nystagmus mechanism, then it would be useful i,

to investigate where and how this inhibition takes place.

[

i
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5.3 cISZAST 1N ON THE OPTOKINETIC NYSTAGMUS

é1~E(§H/ﬁ1 SM ' ) '

3
/Mh'\ Al

5.3.1 Introduction

I+ appears that since de Xlyn and Rademaker (1928),
ter Braak (1333), Rademaker and ter Braak (1348) reported

n of a cortical and a subcortical dptokinetic

(D)

the distincoti
nystagmus in animals such as dogs and monkevs, various proposals
have been made about different types of optokinetic nystagmus

in human. The.diff:rent tvpes of optokinetic nystagmus proposed

"

T

were described in Section #.1.3. In this section, based on the

experimertal results of this thesis and on‘other direct and

indirzct evidences, it is sucgested that the different types of
ptokinetic nystagmus describad in the literature should "be

o _ s . .
thoﬁéht of not as separate entities but as variants of one basie

»

identity. The variations are due to greater or lesser voluntary

influence, or to stimulation of different parts of the retina

~

producing a stronger or weaker nystagmus. The discussion will
q{
- .
now e reviewed with respect .,to the three main factors, described

in the literature survey 1in Section 4.1.3, which might have been

[

used ac the basis for the nystagmus <lassifications.

K

5.3.2 Mental Set of the Subject

o

It is doubtful that the response resulting from voluntary

following cf the optokinetic stimulus (following, look types)

\

*y
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should be regarded'as a distinct entity of nystagmus as

proposéd Ey Honru?}a,ét al (1968). Jué;ing from the experimental (
results described in Section 4.2.3 under this tondition, it is
conceivable that fhe response from voluntarv following of the
optokinetic stimulus isiproduced by suppression of the saeccadic
cemponents and augmeﬁ%ation of the slow comoonent.t%he suppression

of the saccqdic components is suggested by the fact that during

the voluntarv following phase, involuntary nystagmus with intervals

L™ N

similar to those of nystagmus produced under-~-the involuntarv,
condition occurred frequently, and this may be interp®eted as

the occasional inabilitv to suppress "the basic reflex nystagmus
/

sttt

rhvthm. Furthermore, bi-modal inter-saccadic interval histograms,

3

witﬁ the sgcond mode located at approximatelv‘twice the duration

" of the basic mode, éccupred over a wide range of higher stimu}u§
speeds. This mav indicate that suppression must befgbhievéd by
deleting at least one basic reflex saccade, resulting.in a double-
lengtﬁ interval.gTﬁé fact that the second mode is very distinct
lends further suppdrt fq\thig cogcept. This has been discussed

in Section 4.2.3 witﬁ‘reference to the experimental resultg

from high spged stimuli under the involuntarv instruction and

withoereference to the stochastic model. ‘

Some subjects could voluntarily follow the low speed .

stimuli w}thout making many sﬁali saccadés‘as shown in the reéilts
in Fig.4.13, (page 129). However, at high speeds, where intensities
of nystagmus produced by the reflex mechanism would normally be )

3

high, small saccades inherentlv set in. This effect is "also

L :
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. 3 observed in the results of Honrubia et al (1968). This brings

.

*out an analogv of a voluntary change in the respiration Pate.l

~ 7 At rest, a person will unconsciously Bre;the at a certain rate,
and this rate ean voluntarily b? altereé by extegdiqg or shortening
the inhalation or exhalation period without much difficulty. .
-However, after a\strenuous physical labour, the basic involuntary"
breathing rate will pre-dominate and this becomes more difficult

to alter voXuntarily.

i ' .
. 5.3.3 Retinal Contribution and the Role of Attention

As a result of iﬁt;psive effort by many investigato;g,“

the end organ mechanism of the vestibular sysﬁ&x, in particular

’

. the semicircular canals and the cupular receptors are now
quite well understood. A reviewt of this knowledge is'given by

OQuterbridge (1969). In contrast} partly due to %he immensely

“

more ccmplex function that the retina has to serve, the retinal

mechanism in relation to optokinetic nystagmus-daks been poorly
N .

understood. It is hoped that the findings discussed below may
incite further investigatiocn. . “,

The résults from the central vision deletion experiments
in Sectisn 4.3 showed that with gpppoximqtelv five degrees of

central vision deletion, the nystagmus intensity as estimated by

slopes of the siow component, eye'deviation,and regularities of

A

thq nystagmus beaté remnained essentiallv unaltered. However,
nystagmus intensitv graduallyv declined as the deleted area was S

irfreased in size from five degrees, and in most. subjects, -

s o A
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)

nystagmus ceased if more than 20 degrees of central vision was

-
- v

deleted. g

-

N

Tﬁere was Ro indie%?ion that a nystagmus of entirely
different'eharactef was generated at any deéree of central
vision deletion. There was always a deviation of .ewe position
in the direction of the saccadic component, but the deviation
decreased with nystagmus intensitv, in particular with the o
frequency of saccgdic compenents. Both fast (saccadic) and slow
itnitial onhases weréaobserved when the direction of entokinette
stimulus was instantly reversed..These findings disgéﬁée with
}those of Hood cdescribed in Section 4.1.3.

The response to .the single dot optokine%ic stimulus
agrees clgsely.wit& results from the central vision deletion

L . . \ .

experinments. THhi¥ was discussed in detail im Section 4.3.5.

-

These results suggest that there is. one nystagmus o

W

"generating mechanism serving the-entire retina. The retinal

»

14

contribytion to optokinetic nvstagmus decreases with increasing

distance from about 2.5 dégreg& from the center of the retina

r

‘towards the temperal or nasal sides. The weaker contribution,

- ) o

however, may be facilitated by attention. Thus it is no surprise

to see that optokingtic nystag%us could rcad?lv be elicited in
patients with central éédtoma (Dodge and Fox, 1928; Hood, 1967).

-

In these patients, normal attention must quite naturallv be chifted

to the peripheral visual fields.
) 3

The results in Section 4.3.5 also show that “a $ingle moving

N
~ Q

dot within the central visual field was capable of eliciting a

¢

contirnuous optokinetic nystagmus. During the courserof aprearance

o
)
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of one single steadilv moving dot, .up to five Aery distinct

beats of nystagmus were elicited. These demonstrate clearly that
no stimélus i@ the peripheral field is necessary to aid the
pro¥luction of the slow component and no succecding targets are
necessary to cause a saccadic component.

Therefore, it is possible that in the case of é large
size optokiqetic stimulus, only a small part of the entire
stimulus is taken for the tracking reflex d that any part of
the optokinetic stimulus may be chosen for tpnacking through
attention facilitation. Thig.may then explain the findings in
Sedtion 4.2.3 that optokinetic stimulus pattern, image brightness,
andggensity variation within a considerable rdnge had little effect
on the inter-saccadic interval distributions.

E

The decline in contribution to optokinetic nystagmus

-~ <

@
from the peripheral retina and the role of attention may alsq be
- ©

used to exp%ain the finding of Radewmaker and ter Braak (1948), who

&)
1%

reported that in decorticated animnals, to initiate optokinetic

nystagmug, it was necessarv that all parts of the visual environ-

ment weré . moving in the same direction. This mav indicate that
. 4

the supcbrtipal pathways dzpend Primarily on the weak contributions
from thL‘peripheral retira, Thus in the absencg of cortical
attention facilitation, more contributions are needed.

It is'interesting to note that the prominent bsychol-
ogist, D. Hebb (1§ug), connected percéption phenomena with the
neurophysiologicalfevidence that a neuron will not normallv

)

-
discharge an impulse unlesg it is excited bv two ~or more nre-

. L -

4
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1

t
svnaptic neurons. Accordingly, a response requires not only

A
excitation from peripheral sensory organ, but also the 'central

reinforcement of a sensory process', which Hebb identified with

attention. ‘ //

‘\x ~ -

. L(» X ]
.3.4 Neural Pathwavs and Centers for Ootokiby&ic Nvstapmus
/ !

“

wn

There were no exceriments in this thesis. involving

surgical operations and neural recording. Therefore, no direct

+

experimental results are available to support this discussion
conc¢erning neural pathways and centers for optokinetic nystagmus.

Hevertheless, it may be useful to consider a few indirect

3

evidences. ! . ,

i '
'

. . . © T .
Regarding the existence of a cortical and a Eubcortical

pathway for optokinetic nystagmus in human, findings such as those

of Hovt and Daroff (1371) that lesions in the frontal eye: fields

and the occipito-parietal areas resulted in an absence of the

.

saccadic component and defective slow component respectively,

w T
' -
o -

suggest that at least two cortical areas are -essential for the
production of a normal optokinetic nystagmus. Walsh and Heyt.
(1969) stated that the p}oduction of optbkinetic nystagmus served
as a proef that the patient was not blind. This, again mav indicate
that a functidning visual cor*tex is éssential for the production

.

of optokinetic nystagmus in human. It is interesting to ponder

~d

on this from an evolutionary pcint of view. e

. .
In fish, the visual and visual-orculomoter functions are

- .
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LI }

~
served bv the subcortical ontic tectum. Through the evolutionary
process of increasing 2ncephalisation among hipher animals, cats,
~
dogs and other land animals develop the visual cortex, and
evidently, visual-oculomotor pathways are partly mediated in the
cortex as observed by a change 1in optckinetic nvstagmus after

?

decortication (Rademaker and ter Braak 1948). .From a functional

*~

point of view, oculomoter reflex without vision seems to serve

i

no survival interest, and in human, a functioning visual aortex
~

seems to be essential for conscious visual perceptions. Therefore,

»

it may be no surprise to find out that the canability of the .
subcortical pathways to elicit optokinetic nystagﬁus has been
eliminated. However, as stated in S?ction 4.1.3, ootokinetic
studies in a decortic?ted human has not bean reported and the
problem must remain unresolved.

y Concerning the actual centers generating nystagmus,
it is clear from the works of Lorente de No (1833, 1938),,

Ro&?nson (1964, 1965), Fuchs and -Luschei(1676), Fuchs (i??l),

Maeda et al (1972) and many others, that a speéiai neural

mechanism is needed to gendrate nystagmus, so that during each

slow compoggnt,)a steadily increasing iméulse train and dpring~/
each saccadic component, a massive burst of impulses in ? 'pulse-
step! pattern can seny to the extra-ocular muscles. Further-
more, a continual alrernation of these phases is needed to zreate
the nystagmic eye movements. It ié likelv that this rélatively
¢omplicated mechanism can be called into action by command

impulses, with their appropriate modulating signals, arriving
f

- %
‘;8\__.__

‘A
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from Jdifferent vrathways. For example, cortical, subcortical,
central ard peripheral retinal connections mav eventually all
\

directly or indirectlv converge towards this basic mechanism.

”

n fact, evidences %escri ed previously from Barany (1907, cited -

., I

. o N /
by Lorente de No, 1333), Holmes (1938), Goto et al (1968), Hoyt -
and Daroff (1971), and the opinion of Yarbus (1957) all suggest

. J.
that voluntarv saccades and pursui* are also closelv associbted

1 . ’

wit® this we2chanism. Moreover, it ig likely that the same

o

mechanism may also serve vestibular nystagmus; findings of this
thesis prOJiJe.a strong support for this hypothesis.

According to this copcept, the entire'’complex' behaves
as a batic versatile mfchanisnm serviné a hierarchy of commands,
wiaers Integration and D;]OPitiGS of control are plapned according

to some criteria which serve the best efficiencv and survival
i © v
interest of the living creature. . , )

Yo

5.3.5 Explanation on More Observed Phenomena ir Jptokinetic

— - -

llystagmus .

Based cn the findings on the rétinal contribution to
ootZkinetic nvstarmus in Section 4.3, this section offers some

optokinetic

W

FJc

é
possible explarations to several observéd phenomena; in
B 't

M v . -

nystagmus. . ' )
’ - A

" In Section 4.2.2, during the image density variation

P

. (l' -
experiments, it was found *hat nc majqQr variation occurred when

> ~ ’ B

the horizontal spacing between the :moving dots was chanred within
s 7 - . . St

o ) ' = o
15" degrees of visual.angle: Howeve¥, vhen this spacing was chahged



L%

to 25 degrees, a drastic variation occurred; nvsgtagmus becams
4” . s
intermittent. In view of the finding that, senerally, opto-
7

v

kingfic nvstagmus stimulus' outside the region around-19 degrees

from the cehter of the retina produced no nystagmus with normal
. - . » .
straightforward attention, the explanation of the finding in

Sécﬁion N.%;Eﬁbecomes relativelv simple. When the eyeéhfell in
between the moving’dots ;fter a sacgdde,uno taregets were
availanle in the 20-decrep.sensitive area to immediatelv sustain
the nystarwus and therefore \nystagmus becamg‘intgrmittengéhv i

o © N

It has qeneﬁallv been reported that the speed of the

H
. . .
¢lor Zerpornents of ontokinetic nvstagmus was not constant, aj]though
A
the stunulus speed remained the same (McLav, Madiyan 2hd Ormerod,
135s3 Juar and Xornhuber, 1964; Komatsuzaki et al, 19€S). Jung
I . . /

and rcrrnhuber stated that thg variation in the velocity for

— ten consecutive slow components may attain 20 perceat in rormal

-

3 - . ¢ - * 3 i
subjects. Again, the findings of Section 4.3, that.nvstagnus

RS

intensitv decreased whern the stimuilus arted further awav™frcm
3 , .

the center of the retina could explain the abtove phenomenon.

- = -

Since the amplitudes of the saccadic compor®nts are nct unifor,

which can be observed from Fig.4%.7(b) , and asitmigg that during

®

the’ tracking phase of nvstagmus, only a small part of the entire
optokinetic stimulus is used, then it is pq}aible that each

saccalic compcrent results’in a position ‘where the target being
L) . o

o -

traczed by the eyes i3 in a different position of the retina.
s . ,; N * ~
Different tracking speeds thus result, AtxentioT, of course, may
/

aiso play a role in this phernomenon. ' d

s
8 v <
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Stark and Nelson (1962), Honrubia et al (31968), Stark
{1370), Morisette, Barber and Dayal (1970) all reported that
their 'look typé optokinetic nystagmus' produced more uniform

slow cdﬁponent speeds then those produced by the 'stare type' and

e
o
N e )
\ TN

for a given -stimulus spee@iabouve 5 degrees per second (Stark

and lelson) or 39 degrées per second (Honrubia ‘et al), the 'look
4 9

tvpe' had an averﬁge slow'comoonent,speed considerably higher
than that of the'ﬂstare tvpe'. Two factcts could have contributed
to this effect: 11) Under the instruction of volqntarv tracking
of\ the optokinetic nystagmus, the subject must necessarily pay

attentign to the target he is tracking. Attentjon—thus facilitates
, 0 . { A . )
the tracxing speed. (2) Since voluntary tracking is done with the

v t . A . -
center qf the rctina (or the foveola), during the tracking phese,
k ’

<

<@

the subject would endeavour to place his foveola on the moving

AN

M .’ - - ’\
targets. This 1s suggested by observing the records of some vofuntary

e <

/

trad&ihg_at slow speed as illustrated in Fig.5.3; small saccades
) R Y

in(iifher directicn otcur often dyring the tracking phase. It is

likély that the majoritv of tnhe small saccadges in the direction

A .

]

4

. . : - Lt . .
of the"tracking movement and some caccades in the opposite dir-
ection may %e ‘the results of efforts to place the foveola on the
) : I . s :
target. In Section 4.3, it has been,shown that tracking .within ’ =
. N * a R
N

gpoproximately five degrees of céftral vision couldﬁfroduce eve

speeds ‘equal to the tabget*speedjkﬁithin a certgin Iimit) even

S - -
under the involuntgyv tracking condition. Thus, it is no{ sur-
prising that the.above~twd?factors combine to give the recponse

— o .
from voluntary foI{EWin; ot optokinetic stimulus the special

" (R S
characteristics-reportec bv @ke said authors-

w <

- 4 . e

. w : s
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_‘ 5.4 THE SUPPORT NF A COMMON CENTRAL MECHANTSM FOR,
' VESTIBULAR AJD OPTOKINLTIC NYSTAGMUS “

o i LT-
., Since the visudl and vestibular svstems are closely
¢

related to each other in orientation, postural and visual

stabilisations, manv proposals have been put forward suggesting
comuon centers in the cenitral nervous system serving the two

&)
. csvstems. The view that vestibular and optokinetic hystagpmus
N |
are served by a common central mechanisn has been stated by <come

%

authors (Hademaker and ter Braak, 1948; "fonnier, 1967; Robinson,l
, o

958 ; and others). LExperimental evidence of summation of slow

ccipenents of wvestibular ana obtokinetic nystagmus was described

. by Pidemakar and'ter Braak (1948). They induced vestibular and
R - . . -, ) ’ ¢ ?
tagmus simultaneously in rabbits, and reasoned that

»
0]
.
~
8]
-
oy
)
‘.I.
(54
9]
o]
1]

if the TWo tyDes of nvstarmus were generated from different

h Y . © . R
certers, itnen when tne two.nystagmus were induced with different

~ .

' ‘intencities,.a cornlicat4d form of superimposed nycstagmus should

result. llowever, this diId not haopen but instead a nyvstagmu$s with™ . -

W . -
intermediate intensitv resulted; the slow component speed was
RN ’ - . 1
approximately the 2igebhraic sum of those from each individual
.. o M
() . . ¥ - -
nvetarmis. Thgvy suptorted the view that vestibular and, subcortical

*

o:toxinetié;n'staznqs werg brpuzht about by the same nystagmus

b center. On tne~d%he hanad\, thev were uncertain about whether the

r
. L .
2 . .
subcortizal and cortical nvsyagmus wers brougnt about by the came
- s o
: or by different nystagmus centers. . e,
. - 2 - \'-:'“-:’:_\
. . The simiiaritv in the inter-saccadic intervall charact-
, i T ceg?
“ . . . ~ " . . . el
eristics ir vestibuiar ani optckinetic nystagmus demonstrated 1in
¢ . .
Y
{ \
~ Fl N
9 A “ ] ‘

v
1y
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" case of optokinetic nvsitagmus, the nature cof the afferant signal . - °
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1

~

this thesis provides a strong.evidence, on the saccadic component .

.

aspect, supporting a common central mechanism generating the

two tvpes of nystagmus. To satisfy this view, a-seemingly

-

contradictory but important result must be further examined.

L

: llood (1967) reported that in normal subjects the

7

maximum slow component speed of optokinetic nystagmus that could
be induced_was. about 50 degrees per second, while in pattents with
central scotoma (loss of central.viéion),wthe makimua»slow
component speea could be induced up to 100 degrees per ﬁgcond.

This I;d Hood,' and Dix and Hood (1971) to propose two different
optokinetic nystagmus mechanisms serving the central and perinheral
vision. However, it may be possible to explain this finding in

terms of the ccmmdn central mechanisn concept supported in this

’ -

L d

thesis.
4 N
It is kngwn that the basic vestibulo-ocular reflex is

capanle of oroviding compensatory eve movements with velccities

up to at leas: 125 degrees per second (Jones ard Milsum, 1965). If
us? ~ / - -

cotexinetic n?stazmus is also produced’by this mechanism, then

‘the atove finding i} patients with scotoma,is 4 logital result.

Hewever, the irnapilitv for normal subjects to »roduce optokinetiec
[

nystagnus beyond ebout 50 degrees per second as. reported by Hood't:;
4 [ [

4 .

teads to the ‘ollow2n. conciderations.
[ <
Ir, v=stibular nvstagmus. it is known that the afferent

or drivins sienals ave deri:}d “rom cunalar deflection. In the .
3 - X

. . ) Y
is nor well understcol. iHbowever, Barldw, Hill and Levick (1964) (
£}

¢
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[ M u‘
have reported retinal ganglipn cells responding selectively to

N

direction and speed of image motion in the rabbit. Ovs and
Bariow (1367), and Oyster :(1968) postulated that these motion
detecting cells could provide the signals écessary to produce
optokinetic nvstagmus. Recent work by Oyster, Takahashi and

Collewiin (1972) has demonstrated a clgse parallel' between the

) "
maximal eye velocities ;gﬁched ih open loop condition and the

-

firing frequency of motion gdetectors for siwilar stimulus vel-

H

ocities. Thils evidence supports motion signals as the afferent

“for optokinetic nystagmus. At present, little seems to be known

about the mechanism of motion detection by the photo receptors

in the retina. llevertheless, some cspeculations will be presented

belcew that the difference in photo receptor densities on different

o

part of the retina, as shown by Fig.4. 3 is the main cause of the
different tracking capability on different parts of the retina.
It is assumed that the simplest arrangement for motion

detection ig obtained bv a summation of pulses from the photo-
_z‘:* L) . ”
receptors oby the ganglion cell as shown in Fig. 5.4 . Suppose

the/ photo-receptors will fire dh;;éver an image moves past and the

,

'y

N 0
T Y

iThe e§k\z;;eivihg the optorkinetic stimulus is immobilised and

-

- . "“) - - -, . -
optokinetl1®¥ nystagnus 1s recordig on, the bdlindfolded eye.

*%4 similar arrangement has been used by Favlidis (1864) with the

addition of unilatggal”inhibitory connections between the photo-

' ﬂ k4 Id * 3
receptors to obtain unidirectional sensitivity. ,

)
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. Th{s hypothesis may also be used t
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summating cell will fire each time it receives an impulse’ fron

'

any receptor cell. Yow if the image has, a velocity of V.units
per second and the photo-recéptors are svaced D units apart, the
firing rate of the summating cell will be V/D pulsés per second.
Thus for a fixed receptor spacing, the firing raté of the’

4 a
summating cell will be proportional to the image veldﬁitv giving

rise to relative motion detection. However, there is an upper
velocity of the image at which the impulses from the receptor /

- 3 ) - - & ° .
will arrive too rapidly for the summating cell to transmit

1

because of the refractorv property of nerve fibers. This upper n

velocity fusion limit is dependent on the receptor spacing; the '
¢ -

closer the spacing. the lower the velocity fusion limiti. From

Fig. 4.1. 1t is shown that gﬁe photo-receptors in thé foveal
/ Y ‘ .
region serving direct vigisn have a much higher densltv than those

o -

in the neripheral regions. It is thus speculatéd tfat motion
detectorz in the foveal region have a lower velocity fusion limit
than these (r the pepipﬁeral refina. Consequently, fovaal viéion
has a lower velocitﬁllinit for oﬁtokinetic nystagmus. In other

; wt J

words, they l.w velocitv limit is due to failure of the afferent

\

signals, ani not due:to the inability of the basig/generating

’

mechanism. / A

explain the observ-

ations +tha* ¥any animals can produce eptokineric nystagmus at much
&

4 . [ .

higher speeds than those produced in hupan. For examcle,Racdemaker

«

‘and ter Braak (1348) reported thatVthe maximum stimulys speed which

could producé/f§stagmus in dogs anc monkeys ancunted to 360 deg(ges

\ .
“
.
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per second. From,Polyak'é data (1941, p. 201), the receptor
density in the foveola (400# in diameter) of the human retina

is es%imated to be approximately 3 times denser than those in the
corresponding area in the monkey (Rhesus Macaun). Again this may

°

be th& cause of a higher speed tracking capability according to
~

" the hvpothesis above. It i3 interesting to note that since visual

acuity is.directly proportional to photo-receptor dengitv and

- o A \

if the hypothes%s that tracking ¢apability decreased with increas-
' ¢ '
ing receptor density were true, then the price for an increase

static visual acuity would be a decrease in visual tracking

capability.

- » - L . .Q .
Further work in this direction is worth pursuing. If

L4

4
£l

the hﬁbgthesis is proved to be true, then it may be possible to
develop methods to utilise peripheral vision in viewing targets .

moving at speeds higher than the trackingrcapability ofjpentral

~

vision. \\\\\\\;\
“\\ 3
14 7 -

\\

’
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(1) Literature pertaining to

L~
crigin of the nystagmus rhythm has

{ ‘lfO

the anatomical site of

been reviewed and it is -

suggested that a4 new approach should be adopted in its future

study. The possibility of multiple

areas capable of generating

rhythmic activities which are entrained to produce a common
f

rhythm has been congidered in view

of the contradictorv exper-

imental results reported in the literature and the complex

-

function thdt this mechanism has to serve. The finding of a

characteristic pattern of variation in the normal rhythm of Q'

nystagmus in this thesis has been suggested to assist further

investigation into the validity of
’ ""’}L

(2) The rhythm of vestibular

a

this concept. <

S .
and optokinetic nystagmus has

been analyzed in terms of the 'inter-saccadic intervals by means

N
!

of the point process analysis technique with the folTo

~—

Trends ex

3

i

(a)

-

st in most ves*tibula® nvstapgmus records to the

extent *that segmentaticn of data ,is often reqjuired for

R ‘analycls. A method of d‘sogeyl

——a

» . - ‘, .
\\ intervals using dots in a compressed
.. /

0 ’

observed to aifect vestibular

. particular,-mental arithmetic
=5 been demonstrated to have

- &5 -~
- &

nystagmus rhvtam?s.

. ° o )

e inter-saccadic intervals.

ng the length of consecutivé

scale has been.found to

¢

*/ infoprhmative in*revealing trends and other character-

—

nental acltivity in general have ‘been

” ~

and optokinetic nystagmué. In

- - . . ' ®
during optokinetic nystagmus Q
13

a randomising effect on the

s
v

Al 4
wing resultsi

[

.
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(c) ™Multi-modal interval distributions with the higher .
order modes occurring at approximatelv multiple integral
vaiues of the basic mode were fourd to occur in both

vestitular and optokinetic nystagmus. This reveals a

-

significant feature of the mechanism generating the

nystagmus rhythm. L o

(d) A characteristicspattern of variation in the rhythm of

g

vestibular and optokinetic nystagmus has been established.

Generally, as the intensity (or slow component speed) of
N * £ .

nvstagmus is decreased, the occurrence of the saccadic

components becomes more irregular. The corresponding inter-
’
B M o

saggadic interval distribution changes fﬁom being monomodal

and symmetrically distributed with a narrow spread tc one
1]

with @ wider spread. With more reduction in intensity, the

p) . ’

SRged of the’ distribution further increases and becomes

LR Y=Y

skewea towards the’féﬂoen duration. With further reduction

in nystagmus intensity, multdi-modal distributions appear.

v

This characteristic ggyﬁation may setrve as a yseful aid in

-
.

fupher clinical. anafomical}and physiological studies in

~

nystagmus. i . .

.

Q »
(e) These results have demonstrated a sﬁrikﬁng similarity

Letween the interval statisti®s of vestibular and optokinetic

nvstagsmus which provides a powerful support for the -hypothesis
n .

¢l & cormmon central mechanism generating +he two types of

nystagmus. . Y .
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(3) Changing the parameters of optokinetic stimulus has the
following effects on inter-saccadic interval Stdt‘SthS.‘ {ﬂw”/
! ? —
(a) Image speed caused a characteristic variation g/;@f/gpd
in item 2(4). w‘ ;///f
’(b) Image density produced no major X@Piatigh when the
_horizontal spacing between the mbving stimuli was changed
within 19 degrees of visual aégle. When this spacing was v
changed to 25 degrees, a drastic varniaticn occurred; ' . I\ “
ny@tagmus became-'intermittent. ‘ )
() Image pattarns/and image brightness prcduced no con- g
sistent vgriation. . .
(4) Vol&ntary following of the %Etckinetic stiyulation/ as
been shcwn to be often acconpanied by small .saccades océup ing
’ o - . ’ ‘ /
at igtervals}similar to' those progduced in qptSkinetic/gyétagpus o
under the involuntary condition. Over a wide range 9§ higher
it Tulus speeds, very distinct bi-modal 1nte"—sau¢%d1y interval
distribution wj the second mode located at a,ﬁroximatelv twiqe’
y
the first modd value was found. It is pre poseézthat the res Doﬁse”
fron volnntaéy fo}lcwing is produced by the suppression of the
saccadic compd%ents and augmentation of the slow comronents of ’
outfklnnt-v nysfagm;suproduced by the basic reflex mechanism. - /;;)

' . ,/
which coqlﬁ//’
. ] v
simula*e all the observad inter-saccadic interval characteristics

~

of vestibular and optokinetig nystagmus. In particular, simulated

(%) A simple stochastic model has been discrilbed

-

) N . . .
results of spontaneous nystagmus agree closely with clinical resuits

— &

“e hY ‘. . )
in six different statistical measuree. This model suggests a possible
:

roie +f iphibitidn in. the generation of nystagmus rhythin. .

N . . . ‘
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(6) Retinal contribution to optokinetic nystafmus his been

studied by two different methods wi*h the results supporting the .

findings of each othern. These findings are:

1

(a) Central vision can produce optokinetic nystagmus in the

q a

absence of stimu%us in the peripheral fields and vice versa.
A sjingle hoving‘dot can’eiicit a continiious optokine{ic
Ggiagﬁus. ’ -
(b) A deletion of central vision up>to 5 degrees producéd
no noticeable variation in optokinetic nystagmus. ’
{c) TFrom 5 degrees on, increasing the size of-central vision
deletion resulted in a progressively weaker nvstagmus, and in

' most normal sﬁﬁjects, nystaghus ceased when more than 20

©  degreBss central vision was deleted.

(d) These funcfional findings.on the retira we

»

correlated to the anatomical data of Poly

-

(1941) amd-of

A4 -~

Wilson and Toyne (1970). Poclvak deﬁgp{ged the fovea on the

4+

human retina to be 5.2 degrees, the yellow spot to be 17
degrees, and the peri-fovea to be 18 degrees. Wilson-.and
Toyne tevported a dense projection to the superior cdlliculus

. . . ¢
from the part of the striate cortex which is dequgg to the
"% - T . —

central™ degrees of the visual field. = | ‘ .

(e) Visual attantlonﬂhas been demonstrated to have a strong

fac1lltatory role 1nnoptok1net1c nystagm&s. In pﬁrtlcular, it
/

fac1l;tates’the responses to stimulation in the peripheral v

ref{;a. J ’ //\ . ‘ *}



» -
oo

[——— o~ ———

- ~— 184

L3

(f) These findings .on the retinal congributions to
; g . #

v

. . , . v
optokinetic nystagmus have' been used to explain the : N /
. . . /3 .

results in items 3(b) and’ (c) apove and, sdveral commdnly

i

reported phenomena 'in optokinetic nﬁStagmus,.

)

(7) , Based on the present findings, it has been suggested.

that the different types of optokinetic nystagmus proposed in 0

the literature should be regarded not as different entities of

I

ity , the variation being due

3
.

{
nystagmus but as variants of one

-
N [

to g}eater or lesser voluntary influence, or to §timulatidh of ﬁ
. - Y v

different parts of the retina producing a stronger or weakgr §

H o +
+

nystagmus.

5

Y - “ s 2
(8) An explanation ha’swbeen offered to the reported

¢ ¥ B

findings that patients with cen*ral scotoma, and ari=ils such
® ——— R I} - « 4 - ~

as dogs and monkeys could produce)optokinetic nvstagmus up to a -

much highér stimulus: speed when compared with.necrmal human; a
2 H ‘.* * h ;

simple model of the retinal receptor cerinections has been

described.

5 % h

(3) © . In Appendix 1, tne nystagmus waveform has been idealised

) il - > ! -~ '
and mathematically formulated, and a method has«been introduced .

to obtain a simple set of criteria which provides -a rational

2

basis for specifying bandwidths forKelectronic recording.

| A .
/ { , }g ¢ 1
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]

. Introduction a (

" Elecironic recording of ocular nystagmus -has bdeome 'a uvseful

AR Y

x . . . . .
tool for routine clinical vestibuler exam;natlop\}nQ‘laboratony

- - research. A knowleége ofkthe fréquency content of. ihe/nystagmus

yst ' - duiaen <
recarding system, since an amplifie® with too narrow a bandwidth
. f? .

will distort the required signal, whereas too wide_ a bandwidth

. .waveform is desirable in order to K:eeifyvthe bandwidth 8f the

. . Y ' . :
will amplify unwanted 51gnals such as electron;c’naiae or electro-
ey H .
myognaphlc activity from facial or thra—ocula“ muscles., In this

M L]

paper theoreti/Ql analysis_ of an 1dnallzed nystagmus waverg?m -

bt leadq to a 31mp1e set ¢f criteria which provide a ratlonal basis

[4
N

? , fo specifying the réquired bandwidth.r The results of spectral

s analysis of typical clinical rervords ére\ﬁfesented to illustrate

-~

oA

the use of these criteria. '
# ' - L . “
oA T ) - 43

Rz
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Theoretical Considerations \ o , ) .

12

' - l.' U ' - L] bt
Assume the nystagmus to be a repetitive assymetric triangular

wave with slow and fast phases as shewn in Fig. 1. In the interval

w0g tsT the nystagmus waveform may be described: by the
function |

£(t) = t, L 08t - (1)

= r(T-t), T1$ tST~ (2)

where T is the period, or time takén for the complete nystagmus beat,
and r is the ratio ¥of thg fast-phase cspeed to sliow-phase speed.

The harmonic content of the repetitive waveform may be
found by expanding f\(t) in ‘ch;e Fourier Series (‘Lee,. 1964 ). fn “’
other worde, the function £Ct) is broken down into a geries of

sinusoidal components. The nth Rarmonic is given by . .

=2

(3)
where = 20 5 f_-l _ ‘ .

In the present cae%, after solving equation £3), the’éom;ilex

t

gpectrum i , ) ' ] K Lo
- \ “ . -' {& ) R v "
T | oo . re -
. F(n) = ——xL2 (cos2fn(—L") -~ 1)+ § sin 2fnt-Lo) | . (4)
- (2(n)?2 A+ ., '
= ‘, ’ ’
To simplify writing later equations, let” L—i‘ za 4
. ) 1l ¢+
- ) w
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. From equation (4) the amplitude of the nth harmonic is found to be
&
- ﬂ . rh 2 ; 2
F(n) | = (cos?2fna - 1)¢ + (sin 2fna) (5)
(2fn)2c3-a) - :

]
A graph of amplitude ]F(n)l versus the harmonic number, n, (or

! — .
equivalently, frequency) is the relative harmonic amplitude spectrum

of £(t), and is often fused to characterize the time function f(t) in

¢
v

the frequency domain. |

)

Again frem equation (4), the phase of the nth harmonic is
/ -

IP(n) = tan~?! sin 2fna (6)

. cos2fna - 1

)

A graph of phase angle /F(n) is the harmenic phase spectruym of f(t).

%

Given the relative harmonic amplitude and phase spectra, one
can, if desired, reconstruct graphically the function f(t) from a
series of sinusoidal waves. The exact re-synthesis may be expressed

mathematically as the summation of an infinite number of harmonic

components, i.e.

—

. . o0 . ) ’ N
£(t) = z ' F(n).edWE o ; (1)
Na -0 -

However, in practice, only a finite number of harmonic conmnponents
are chosen to resynthesize the original waveform. In other words,
the infinite series in equation_(7) will be truncated. The degree

‘ of distortion then depends on the number of harmonic terms included.

»

,
& N . -
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. To set a limit on the number of harmonics necessary in ovder tc
resynthesize the wave without significant harmonic distortion, the
following consideration is proposed. It is customary to speak of
the squarea value of a signal or wavefcrm as 1ts "pow;f", in the
same sense that electrical power 1is proportional tc, the square of
the voltage or current. The total power of theaiQealized nystagmus
wave consists of A.C. power (or harmonic power) and D.C. power, thus

Total harmonic power = Total-power -~ D.C. power (8)

Now it is reasonable to assume that if (say) 98% of the total
harmonic p;wer is ihcluéea after truncation of the series, fidelity
of the wave will not be significantly distorted.

With equations (1) and (2) and by integration in the time domain

T

1 2 )
Total power ='““j [£()]° at (9)
T I
0
3 3
= T2 [5~ + (=22 (l— - 20 + a2 - a)] units
3 l-a 3 3
_ra T 2 '
D.C. power = |2 _ f(t) dt] (190)
) T Jo :
2 2 2
- r2fal s & (L, at . i
=T [2 * s (Gt 3 a)J units
- ; Thus, with equations (8), (9) and (10), total harmonic power of the
P
wave can be calculated. The cumulative harmonic power P(m) furnished
Lo N\ - ——a ;

by an arbitrary succegsive number of harmonic components can be

cbtained frgm the frequency dcmain equation in (5) 3

m 5

ﬁ:. (11)
= 2T2 1 2 ) B

Z [(Qﬁn)z(l_a)] [(Cos2)fna - 1)+ (sin 2“11,3)2]

‘ - nxl B
P(m) means the cumulative harmonic pcwer delivered by including the
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first m harmonic components.

Knowing the total harmonic power (delivered by the infinite
series) aqd the partial cumulative harmonic power (delivered by the\)
truncated series), the percentage of the total harmonic power
content furnishe& by a finite number of harmonic components can be
calculated. The results for several values of "r" are shown in
Table I.  From Table I\'it is seen that the larger the value of "p"
the higher the harmonic component we have to include to achieve 98%

.

the total harmonic power.. A high fast-phase speed and a low

§Tow-Rhase speed combination will give a high "r" value. |

% To illustrate the use of this table, pick a possible high

ééﬁfphase speed of 400°/sec. and a low slow-phase speed of uo/BQQQ

é #ﬁat:;ﬁ:=:100./ﬁNow if the nystagmus rate is five beats per

secépd; it Eglnﬁgéééa%g to include the 17th harmonic which is 85Hz.

in ob&er to include 98% of the total power. However in clinical
records the "r" value will rarely be as“high as this (see diBcussion).
From a typical clinical recording shown in Fig. 2a, the "y" value .
was measured to be nine and the nystagmus estimated to be at most
four beats per second. From Table I, to include 98% of the total
harmonic power, it is necessary to include the 5th harmonic of WHz.
which is 20Hz., If one is interested in pre;erving the fidelity of

an occasional fast beat in the record, the reciprocal of the

shortest nystagmus beat period time should be used as the furdamental

frequenay.- .
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Digital Computer Spectral Analysis of Clinical Recordg

\ Horizontal nystagmic eye movements evoked by caloric irrigation in man
were recorded using bitemporally«placéd~mipiature Ag-AgCl skin

electrode; (Beckman, type 3503) having an electrode area of about

8mm2 each. Skin potentials were aﬁplified by an AC ccupled (! SEC,

time constant) differential amplifier having a differential input

impg@ence of about $OMSY and high frequency bandwidth of 109Hz, )

The high input impedence of the amplifier was such as to ensure

¢
o

“ that the electrodes did not decrease the frequency bandwidth of the
measurement (Geddes and Baker, 1966; Geddes, Baker and McGoodwin,
1967). Following amplifiiiﬁjén, signals were recorded on an FM
magnetic tape recorder having.a bandwidth of 0~625Hz. ‘ .

A horizontal eye movement ;3cording resulting from leit cold
(37°C.) caloric irrigation’is shown in Fig. 2(a). The magnetic
record of thi; tracing was played back and a segment of the record,
as indicated b9 the arrows in Fig. 2(a), was digitised &t 2003
samples per second using a LINC-8 computer. A total length of
10,24 seconés (2048) samples was taken. The digitized waveform,
as displayed on a digital plotter, is shown in Fig. 2(b).

The digitized ENG data weré fed into an,K IBM 36C/75 computer.
First they were multiplied by a smoothing function (or data window)
consisting of two half cosine bells each one tenth’ the length of
the data (Bingham; Godfrey and Tukey, 1867), following which a ‘ '
Fast Fourier Transform program (Bingham et al, 1967) was used to

transform the data. The accuracy of this transform program was

.‘ tested by transfcrming a ramp function of 2048 samplee; and found -~
N i

*

t
A
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A

Portion of a clinisal record of caloric

nystagmus,
\‘:f
Enlarged plot of a segment/of record (a)

(between arrows) which was used for computer

analysis. The more pronounced high frequerncy

noisé in this record results from the greater

! bandwidth of the digital data reduction system.

(c)

(d)

Resynthesized waveform after elimination of

' frequency comporents highe; than Qsz.
Resynthesized waveform after an equivdlent first
order lag filter wit% cut-off frequency at 2CHz.
Resynthesizea waveform after an equivalent two

sections of the lag filter in cascade.
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) TABLE Some results of cumulative harmonic power
as a percentage of total haemonilc power
for different valueg or »
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&to detect the first 100 harmonics with less than 1% ervor.

The resulting relative harmonic amplith&e spegtrum of the ENG
waveform is ;hown in Fig. 3, from which 4t is seen that the 3mall
amplitudé components becone relatiggly constant after about 15Hz.
They presumably arise as a combination of low-amplitude, high-
frequency components in the eye tremor, muscle and skin artifacts,
electronic noise, apd aliasing of the spectrum. The rathey marked

¢

60Hz. component is caused by pickup from the power supply. From .
Zr the significant frequency components

this spectrum, it would appe
for this ENG were below 20Hz. In order to check this assumption,
the amplitude of the spectrum components above 20Hz. were all set’
to zero, and the ENG wave was iresynth'esized by performing an inversec
transfofm. The reSuii is shown in Fig. 2(c). The erratic noise
signals have largely disappeared while fhe basic waveform is retained.
Spectra of records from 10 different patients all showed significant
components to be witﬁih’ZOHz.,

Waveform re-synthesis from a truncated Fourier series, as just
described, represents an ideal_filtering operation by digital com-

o

puters. In the clinical environment, ?iltering is usually dene by

/;nalog filters which are far from ideal, producing gradual phase

shifts as well as attenuation in signai amplitude adjacent to the
cut-off frequency. Fig. 2{d) is the result obtained by multiplying

the non-truncated spectrum with a fuhction 20/(20+3jm) where m 1is the
| .

‘order of the harmonic, before re~-syathesizing the ENG wave. Thic.

v

is equivalent to filtering the ENG signal with a first order lag

filter with a bandqidth of 20Hz. (time constant 1/u0 sec.).
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N O
. Fig.. 2(e) is the result from using two such filter sections in

cascade. Super-imposing the tracings on top of one agaxher shows

negligible phase distortion errors. Thus, in the ordinary clinical

\

environment, a second order low pass filter with a cut-~off freauency

at 20Hz. should regult in satisfactory recording of nystagmus.

DISCUSSION )

In recording signals using skin electrodes the investigator
has at his disposal two principal methods to eliminate unwanted
artifacts. Elimination of artifacts having freguency compghents
R \\ within ?he bandwidth of tne desired signal ﬁust depend 1arge}y upon
" careful skin preparation and electiode placement.: On the other Rand ;
,
the effects of arsifacts having frequencies outside the bandwidth of
the dgsired signal may be minimized by prover adi&stment of the
instrumentation bandwidth. To do this effectively, however, one
requires precise knowledge of the actual bandwidth of the‘s{gnal of <
interest,.
Theoretical consideration of the nystagmus waveform shows tnat
‘ {he width of i;s harmenic spectrum for a given percentage of tihe
total harmonic power content depends on (1) the ratio of fast-phase
and slow-phase speeds, and (2) t#e basic period of’ the nystagmus beat.
Calculations such as those ih Table I can provide a guide to selecticn
of the appropriate instrumentation bandwidth in individual cases.

If nystagmus amplituiléd, remains Approximately constant, a high valué

. of "a" will'ﬁormally be associated with a long pericd Ty (Fig. 1)

d‘



") { T . ~
, N »
and vice versa. This reldtionship is likely to prevenia 1arger9’

‘ \ - - * F ”
variation in bandwidth requirements 1n most cases.

r

It should be noted that this anaiysis applies specifically to
studies of the nyst?gmus waveform: in which slow-phése and fast-phase
speed are thervariables Ef\interest. Fidelity of feproduction of
the transitionﬁperiods between slow and fast Qhases'ﬁés not been

\‘considered. In recording eye movements having a stepwise, or

staircase type of

eform, or when slow-phase to fast-phase transi-

tions aré of finterest, the necessary bandwidth may be cqhsidgrably

higher than that ;Egﬁcated here (RobinSon, 1964%; Zuben et al, 1968%~‘
Krig, 1960; Shackel, 1967), '

v o
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" probability law. )

Appendix 2

o

The Poisson P’rocess

A »
The essential features of a Poisson process

9

#»

A
i

‘(a) the probability of occurrence of events does not

vary with time so that there is no trend;

3 -
(b) the chance ©f two or more events occurring simul-

taneously 1is negligible;
(c) the chance of an event occurrence at any time 1is

auite independent of what happens up to that time.
EEE)

The” numher of event, n, occurring in an arbitrary

interval of length, k, is distributed according to the Poisson

© -

n
t
(ut) -t

n! .

P (t) =
n

- R —

distrihuted according to the exponential distribution law.

‘ £¢T) = pe MT . jf

The time interval, T , between every rth event is
distributed according to the gamma distributicn law.
- o '3
far r-1 o r T

Bagh £(1) = plut) e T .

~

[

The time interval, T, between successive events i?{?‘ . (
- r [
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. Appendix 3

\ - \

Testing of Poisson llypothesis

The computer program SASE 4 (SASE stands for statistical
. analysis of series of events) was written for the IBM 360 com-
puters by Lewis, Katcher and Weis (19693) and is based on a mono-

vgraph by Cox and Lewis (1366).

t

Two sets of inter-saccadic ir.terval data were tested -

-7

for the Poisson hypotheéis. Both sets of data were derived from’
spontaneous$§i§fagmus records. Set A (used in the griphical
displays Fig.3.5 through Fig.3.8.(a)) was obtained from a patien
suspected of a labyrinéhine ]esiog. Set;é‘(thé interval histogrémr
of which is shown in Fig.3.8.(b)) was obtained from a s&bject

found to have spontaneous nystagmus thought to be due to vestibular
neuronitis seccndaryv to influenza. In addition to testiﬁg t£é two .

whole sets of data, each was halved so that four more: data sets,

y .
each having half the original number of intervals, were analyzed.

u

‘The purpose was to see the difference between re;ults of the twq”
' - half data sets. The results of the test.are summéfised in Table
~ Afgfl. The critical values correspondinﬁ to 0,05 and 0.01 sigﬂi-
ficance levels for the test statistics aﬁé shown 44n Table A.3. 2.

-

The U statistics is for testing the pull h?potﬁesis b
that there is no trend in the interval data’. Morap, DN, WN2 are:l R
different staticstics zll testing the n&ll hypothesis that the
intervals are generated by a Poisson proceés. 1 "
‘ ) Set A as a whole has just passed the 5% significancé

level indicating that there is a trend detected bv the program.

\%

: @3




s

No significant trend is indicated in other interval seqyences.

. . S .
The results of Moran, DN, WNZ statistics all strongly reject the

" Poisson nypothesis. There seems to be considerable differe ce,

between the corresponaing statistics of the two half data sets.
- &l) .
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Program
Subroutine

—

TREND

INTER

Jtatistics
Y

mean msec.

variance

standard
deviation

coeff. of
variation
3rd central
moment

coeff. of
skewness

4th central
moment

coeff. of

kurtosis - --

Moran

TABLE A.3.1 @

'Summary of results from SASE 4

\

SET A
h thge First half .Second half Whol First balf Seébnd ha}f.
512 samples 256 samples 256 samples 393 samples 199 samples” 199 samples
. 2.07 0.85 0.08 0.57 ° 0.71 © 7 0.13
587 495 596 807 780 865 .
6528. 4230 8497 10932, 9197 12511
80 65 32 104 as 111
0.56 0.49 0.58 ° 0.50 0.49 0.51
0.98x10% | 0.39x10°  o0.1wx1¢7  0.30x207  0.27x107  0.39x107
1.86 1.43 1.80 2.9Y 3.09 2.83
0.32x10°  0.87x10%  0.v9x10%  0.19x200  0.16x1010  0.22x10%0
7.60 4,90 6.88 16.53 19,81 15,44
129.0 5§5.0 71,2 ‘ﬁ;ﬁ 29.1 29.7,
9,81 7.75 6.51 8.33 5.72 6.09
-6151 92 67 127 o 65 63
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APPENDIX 4

ey
. A
Instrumentations and computations

\.

Instrumgntation Aspect. The author has designed the

following instruments used in the work of this thesis:

(1) Two charhels of EOG amplifiers

b

(2) A circuit for measuring the slow component speed of

nvstagmus® ,

(3) Photo—electqic curve reader compatible withr the
PDP-8/s computer |

(4) An interfacing system for automatic magnetic tape
recording of clinical ENG data.

(2) and (3) were designed in collaboration with
J. &, Outerbp%dge. The instruments were built mestly by
C. Granja, H. Graaf and V. Ferch. \
*A verv simple electronic circuit has been designed, which can f”
continuously measure the slow component speed of nvstagmus and

also indicate the nvstagmus direction. An erample of the circuit

performance is shown in Fig. 5.1.

A

Computation. Three digital computers have been-used.

The bigital Equipment Corporation LINC-8 in the Roval Victoria
Hospital, the IBMY 360/67 and the IBM 360/75 in the McGill

University Computing. Communication between\fhe computers of the

two locations were via *telaphone lines,

Except the SASE 4 (Appendix 3) and the Tast Fourier’
Transform-programs (Appendix 1), all other computer Drograms wé;;_

v

N

written by the author#. .
— ‘
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