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ABSTRACT °

'Tld electrophysiological indices of ;isnal,activity, the
. i»
electroretinogral {BBG) and, the tisnal evoked potential (VEP)L

. +,

& ¥ere elployed in an investiqation' of pe:ipheral and central

/' cortelates of ,the vrirénal flicker response . in huuans.} N

'Sisultaneous BERG and YEP reco:dinqs veg: cbtained fron five alott
human sibj@cts in response to a brief ‘ incr-lontglly

‘ flickgggggdglg;gdgstilnlnsgo

—r P

to 25 BzZ.. ' The tesnltant siea&;-state averagedoelectrorotinal
.- and visual evokéq ”potential _activity vas analysqﬂ. using tvq 7

tise-dosain analytic technigues.
- - . *

o

A -

ES

I Tineedonain,tnalysis ofkthegale:agedfxxc and ulkkuwlctiltty uuﬁf

was conducted by two “methods: a’ tiae—differonce 1atqncy.
calcnlntionk(z-n LC) which deiiie&q;teady-Stata Bb latenby from

“-—the “average siope' Inteqpept.oflieast squates 1ineat rugtussiun f:*
lines fitted throngh BP peak reference pcints. ‘The second -

, techﬁiqno - {3-Dp 1C) required obse:vers to . visnaliy inspect
th:ee—&ilansional petspective displays 'of clectrophysiological 7

| &ata and psrchophysically fit or place qnasi-rogressiou-lines o
thtongh snttace feature regulntities (peaks. pits, :avines.

e B B I USSR

ridgea), thereby predictinq co:responding' tile-axis intercepts.'

The corresponding avaragg ti-e-nxis intetcapt value of these

q&asi-regression lines in tridilensional space detorlinod the

stoa&y-state latgncy.

.
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— riwdiffereace — aaalytis o indiutc&\%/ a  flicker

frequen;:y-dem 1atoncy shift in the VEP,  with “no

. frmenc!*hpu&ent htency | changes in ~the: electroretinal

steaﬂy-state rcsponse. ‘The theotetical siqn:[ﬁ.canca of these'

e cxpo:hcgtni 7£'fndfnqs 1n tetls “of a time-domain model of ‘visual

fltetet sigul ptcccuing squests that obuxved latency shift

'appoa:s to. ozig:lﬁatc -at some “central site tabova the prinry

_ ganglion 1&10:) in the vj.,snal s‘]stel. . I'n,f addition. 7elpirical ,

‘ , suppox:t that hoth t.he 2- '.I.C and 3-!) x.c p:ooodnres derived a B

g e -

snfMo tly equivalut‘ qmcation S of j;?fﬁeaay-state

electroetinai and ‘iisuql evoked - potential  events vas

.
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A
CEAPTER 1.

INTRODUCT ION

Visual flicker phenomena have teen widely anvestigated sinée

Sir d'Arcy’s (1765) guantification ¢f visual persistence. Some

impression of the ewpirical richness of flicker response research

is reflected Ly Landis*' (1953) flicker bibliography contéining

over 1149 publicaticn abstracts covering the period froa

1754-13952. VLAﬁdis' 7annot§£édibibliography7ié probabl}rthe losi
complete collection of visual flicker references éver assesbled
containinéé'eyery citation on flicker phenomena from all major
abstract journals (ineluding Norwegian and Japanese iranslations)
and every relevant reference cited ty each of ¢the investigators
80 listed.rl This mammoth effort was chiefly the result of the
Columrtia-Greystone Brain Research Project, vhich first revealed
that critical flicker fusion (CFF) threshold was diminished aftér
sargical interverticon in the husman frontgl iobes. It was in an
attélpt to fipd scae neurcphysiological explanation of this
observéd sensory deficit +that the compilation gf all existing
knowledge on visual flicker phenomena was conducted. It was
Landis!'! hope that, "a birlicgrarhy such as this will unify in

soae part this cbhaos of knowledge.m Unféttuaaiéli; a'quérfétiéf'a

century later there still exists no comprehensive theory of

flicker which successfully encompasses all o¢f the available

-



empirical evidence, Bore recently, ansburg, (1568), one of
Landis' former students, has collected -almost 1300 flicker

research «citations covering the {eriod fros 1953-i967, clearly

" indicating the impact of flicker phenomena has hadyw7n sensory

research, Ginsburg's bibliography while hct.annotatediis indexed

into 90 categories,
g P
R ’
#

Both psychophysical and elecﬁrcphysiqldgical measures of the
visual flicker response have been used in a wide variety}of"wiys
in the study of sensory ccding processes and the underiying

mechanisas of vision. Froa the combined :neurophysiological.

.

~.

psychophysical and psychohiclogical resngch certﬁin 'facts
emerge, férning our gresené unde:stagding of iisua;  flicker
response. A aoder:n restate;ent of thefc1§ssi¢a; flicker tﬂeorj
vas proposed Ly Pierdn'  (¥964}. , “Piér&ﬁ;s syntheq?g of
psychophysical and elegffqéhySiolpgic#lvtrééeﬁréh provides a
thorough treatment of béth‘ﬁhé é;§ifica1iy—derived laws relating
CFF to variousrlétinulus parﬁ‘eieré (including intensity, area,
repetition  freguerncy) in addition to the possibie,
psychophysiological mechanisas ?urpofted to underlie the ohserveé
séﬁééry processes of flicker and fusicn, Although

electrophysiological citations are somewhat sparse -this review of

psycﬁophysical flicker 1literature is worth reading. Anothézi

excellent intrcduction to visual flicker research is Brown's



f,‘r

chapter in Graham's {1966) text on visual perception. At this®s
peint a brief bistoric review of the psychoéhysics of flicker is %
‘ ’ # =

&

in order.
' insuai flickef-fﬂ;ion threshold was 7fir$t measured by
Plateau (1824) by adjusting the rotational ielocity of black ahd’
white and colored sectoréd disks as they were vieved through a
slit until fusicn occufred. This inifi&l guantifiCatioh‘of the
critical flicker-fusion (CFF) threshold na:kea the beginning of

the systeiatic psychophysical in#estigationlof flicker.

THE LINEAR LPPRO&CH TO)FZiCKER: FOURIER'S THEORENM
' v

;Eicellent tzeatleﬁté of Pcurier analytic applications to .
‘visual flicker can be £ound in Relly's (1974) chapter in the
Handbook of Semsory Physioloéy ¢r Sperling's (1964) introductory
remarks at the Plicker Symposius beld in Aasterda;fin 1963. %
Since the mid-fifties Pourier analytic methods’ have  enjoyed. én
increasingly preminent positicn not cnly as powerful analytic
procedures but also in'the'construCtiQn of theoreticél models of
visuai flicker perception; scme mcdels eamphasizing psychophjsical“
aspects of flickerlresponsé (Deiange, 1961: Kelly, 1974; Pieroan,
1964), while other researchers ccncerned with neurophysiological

i - — e

implications have succeeded in measuring some of the bioelectric

properties of visual flicker response (Spekreijse, Estevez and




Relts, 1977& Began, 1977). #hile a conprehenéire treatment of
?onrier seriés and integral-Atransﬁorl techniques is beyond the
focus of this dissertatioh,'it shoﬁld béb pbinted out that aﬁy
periodic »fuﬁction vhich 1iqdefin{fely repeats itself can be
harmonically decomposed, ‘and thus>de§c;ibeﬁ, as a linear‘SUI'df

elesentary sinuscidal terms, called Pourier Components.

is Relly (195#)'ana Sperling (1963)_bo£5_concladé, one basic
problet for the. psychophyszc:st qﬁd‘ sensory psjchophysiologist
llesv in the product;Zn of theoretical fllcker lodels which can
sucégssfully predictythe flicker respopse {(output uavefo:p) to a
variety 'of‘ stilulus‘ (inpuf) uavefo:;s, including séuare waves,
‘Eg;angular vaves, pulses, etc. Bereﬁn'lieg the ddvantégeA of a
iinear apptoach _to flicker” 1nvest1gat10n - by collecting daéa
;using a ;et«of basic sinusoidal lnput iuaveforls cne can still-

predict the Vvisual ‘fliéker responke to any input wavefora

ftriaagular,, square vave, Tamp shaped) since it will be a llnear»
* e

w7

conblnation of sone set of ba51c sinevave conponents. s
Fourier first developed the mathematical technigues which
altow ;q?, infinitely recurring periodic function to be
harsonically decomposed into a finite number of sinusoidal

cc:ponents. The flrst appllcatlon of Pourier theorea in the

Senscry sciences was Cha's (1843) psychoacoustic lawv (not to be

confused with +the electrical law of the same name) which

e



'

444descxlhed,ionagpg:cepilnn;infig:nsgnﬁghaxnnn;g;gﬁggglpgsition of

conplex acoustzc stilulz. ‘A nmore detailed discussion of

linearity assumptions and linear system properties now fecllows.

o’

THE LINEAR MODEL AED UNDERLYING ASSUMPTIONS

qunre’ﬂ illnstrates a simple descrlptlve llnear lodelgi9§
flicker perception. The stimulus (input) waveform is comprised
of sinusoidal time-averaged lunipance (Lo} (see Pigure 2) The
&Epfhf bf ldﬁniktion is defih&d as the ratio of modulation
amplitude (mlo) and the tile-averaged. luminance (Lo}, usually
expressed as percent aodulation (’l).;l The frequency of
zodulatior (F) is expressed in cycles per second (or Hertz).
The time-averaged luminance (Lo) defines the light adaptation
"level and reamairs independent of modulaticn depfh (%=} and
modunlation frequeﬁcy {F). The res;onse outpuﬁ wavefofl from the
sysfel »is illustrated in thé Ttight half of Figurg“l. X linear
systea is ocne ir ihich the relationship“betveen the _.input and
output guantitites caﬂ be described by 1linear equatidns.
Another feature of the 'liaear model is the érin&iple of
superposition' vhich holds yonly  when the total cutput
corresponding to the sum of 2 -silultaneousrgiven inputs'is

equivalent to the sus each of the cutputs leasnred separately.

_This property of superposition allows any complex input to be

harmonically decomposed into Fourier components of known



Figure 1 ‘
A simple linear stimulus-EP system.
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Figure 2

Sinuscidally modulated stimg}i.
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Time-average luminance of modulated stimulys (io).
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Ives' theory of flicker perception was compcsed of three process

" amplitude and phase characteristics. The visual systea's

sensitivity can be separately determined tc flicker at each of ~—

these known fregquencies, using the inverse of ‘modulation depth f

for perceived . flicker as the index of sensitivity. = The

.

x

corresponding  response waveforass could be pradicted from the.
linear coambination (Pourier Synthesis) of the individual )

responses for each Fourier Ccmpcnent.

Psychophysical Data

™

fhe first reported use cf the linear systems approach to the
psychophysical description of flicker was Iéés' (1922a, b)
predictiqp.of flicker threshcld to high frequencyr nonsinusocidal
stimulus vaveforams derived from sinewave fiicker thresholds;at

scotopic adaptation levels.

Ives! {1922&,'b) theory of intermittent vision bhas relied
upon his earlier work oﬁ; visﬁal diffusivity (Ives 1916, 1917).
According to Ives, tﬁerin%eéval between sensory reception and
perception should be related inversely to the ease of conduction
or diffusivity. Psychophysically he quantified this interval for

different colors ard intensities, and for rod and cone processes.

steps; the first being a photcchemical proéessh< The second stage

¥as a neural «ccrduction process by diffusicn of the substance

%
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formed by the photochelicai process. The third stage ‘described
the pérception of flicker or intermittency as beingjdependent
upon the rate of diffusion of this ifanﬁnitted reaét}on. Ives'
diffusion theorj was criticized for theoretical inconsistencies
by Cobb (193&{). Although Ives and Cobb both advocated the use

of sinusoidal modulation, neither investigator conducted

systematic parametric studies of sufficient 1length to clearly
demonstrate its methodological utility to the scientific

community. Certainly, the most significant advance towards the

clarification of the ,;o;alz”é confused state of psychophysical

flicker theory canme not f}cn collaborative efforts of
psychophysiologists but rather froa the single-handed, rioneer -

experimentation of an electrical engineer, Hendrik delange.

DeLange's contribution lies chiefly in his being the first
investigater to rigorously apply the linear systems approach in
the systematic psychophysical exalinétion of flicker phenosmena.
From - 1951-1958, conducting scst of his experimentaticn in his
home with a precise 2-channel Bd&uell;an optical system of his
own design, Delange determined temporal 'sodulation +transfer
functions {or attenuation characteristics as he called them) at

photopic adaptation levels over broad frequency  ranges and to

__varying stimulus vwavelengths. ~4s a result of delange's

prodigious efforts in determining the nature cf temporal MTF, at
“

the 1963 FPlicker Symposium 1t was decided to refer to these
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attentuation characteristics as delange curves (Henkes & van der
Twveel, 1968} in nmemory of deEénge's contribution %t¢ sensory
psychophysiology. Delange t1952, 1954) vas:able to deionstrate
the Pourierr 'eqn¥valence of various nonsinusoidal stimulus
vaveforas iggfiiediéi their high fregqguency flicke: thresholds for
given a@aptation levels from the amplitude of the wavéforns’
- fandamental — (ise.; —first —Fourier)y —component, — Delange also —
proposed a reducibility hypothesis stating tgﬁt the corresponding

fundamental sinewave would have the same flicker fusion threshold

~as the complex waveform, beth being psychophysically equivalent

stimuli,

Delange (1958) finally proposed an electronic 'anaIOgué or
model to account for tke lineal filter attepuation
characteristics that h;}had cbhserved. Ihis mcdel was c;::§§hé o
a number of cascading identi’cal resistance-capacitance ‘tag;s.
each Rcfstdqe vould increase the overall attenuation
chbaracteristic especially at high' temporal frequencies.
Delange's RC-étage model will be reviewed in greater detail in
subseguent secticns on neuroph}siological nodelling.
Blectrophigiological Data I: The Blectroretincgraa (BRG)

The two electrophysiclogical indicators of visual act;vity.

the electroretinogram (BRG) and the visual evoked potential (VEP)
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nave been ezhanstive}yistudied gnder conditicns of internit{;nt
stiaﬁiation. The BRG hasrreceived sore intensive scrngigy ander.
flicker conQitioﬁs ‘than the VEP; a situation that has been
‘changing in the last decade. The first gecording of the ERG in

humans predates the 2EG by scme 50 years.,

¥

 Dewar (1877) flrst described a method for recording the ERG

r

{n huzsans ¢sing a. wick " electrode immersed in a saline tath
covering the eyes Altbough cumbersome and extremely crude this
method preduoced reliable recordings of electroretinal activitya
Using.a galvanonétar and an cbservar to record the potential at
2.5 second intervals (paced Ly a metronome) Devar £ N'Kendrick
(1873a,b,c) successfully quantified electrophysiological activity
to a variety of trarsient light souxces. Hosevar, ii _¥as not
until the  introductier <cf the contqg}\lens electrode by Riggs

{194%1) that buman electroretinographic recordings became a-

routine elinicai procedure.

Adrian (1945) was one of the first to investigate the
relationship ‘ibéivéen visuval psychophysical observaticns and

coacurrent elegtroretinal activity. Although Adrian did not
perform . a parametric investigation of each stimulus variable, he
- B - - - - - - . P JUUT P - et - - - .
clearly desopstrated hov retizal duplicity could be investigated

ihrough observation of corresponding changes in visual pérceﬁtion

and alectroretical activity. ddrian concentrated upon the
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isolation of photopic and scotopic ccmponents of tbe’ B-vave of
*he electreretirogras using | flickerian stimuli of various
vavelengths and frequencies, Adrian reported that the scotopic
B-vave was moSt clearly see2 in response to slow flicxerinq
((3@2)1:shorter wavelenngs thOni), whereas the rhotopic

S

comaponent B-wave wax most visible in those recordings to faster

- flickecing {>+5n2} - lenger - wavelength  stimuii - {¥650pa)}.  This

reported differentjal sensitivity of ~<he ERG components to

changing stimulus freguency became the standard methodology for
selectively eliciting pkotopi¢ or scotopic Vactiiity in later
research {Bornschein & Schubert, 1353; Dodt, 1951ib,c; Armington &

Biersdorf, 1956).

Although later szudies confirmed Adriarn's analysis in teras
cf cp;ponent duplicity they alsc revealed that tﬁe flicker
CesSpCLSe ¥as more cplplgx than he had realized. The properties
of the human BRG saow characteristic changes with increasing
stiaunlus- frequency (A-mingtcn, 1374). In the li@ht adapted eye,
at a repetition freguency of 4 Hz, the b~vave amplitode becomes
stabilized at a level far below the transient (b-wave) Tesponse
asplivude, extiriting distinct scotopic components in thé
cresence of ;ﬁotcpic cc:poneﬁts {Armingtor & 'Bietsdorf, 1956) .

The b-vave amplizude reductios in the flicker-ERG was considered

to be caused Dy ligzc adapratior (Adriam, 15&3]). irden et al.,

{1960) concladed =ka: neural suppressior effects contributed more
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to b-vave amplitule Feduction thanp photochemical effects. 1In the

dark adarpted ‘eyes cf decerebratGGCAts the,alplitude of flickering
vavelets (b-waves) wvere found to vary inversely with flicker
frequency. By éystelatically varying the "on" and~”6ff“ periodé?‘
of photic stimulation, Arden et al. {1960) found- that/%-

frequen@"“?ﬁ{@?*}i amplitude diminuition depends upon the

exporential decay during the dark ;nterval of a suppressive
process Flicited by a flash and independent of the duration of
+~ne light period. &s fi{Fter,frequency is*increaéed'the Hof £
effect and a-wave become loré pronounced and the x-wave appears
(Arden, Granit & Ponte, 1960). The flicker ERG becormes ;
predcainantly p£0topic ét 20 Bz (Arlington & Biersdorf, 1956).
Boranscheir & Schubert (1953) reported amplitude andkvaveforl
ctarges occurring at higher flicker rates +than tﬁose used by
Adriac, At flicker rates between 20-30 Hz the electroretinal
coapcnents begin to overlap and summate, augmenting peak to peak
aaplitude and producing a si;ple sinusoidal ‘vaveforl. With
increasiﬁg flicker rates above 30 c¢ps. the electroretinal
aaplitude begias tc attenuate wuntil it subsides into the

backgrouand activity.

Several attempts have baeen made to- study the -relationship-

bez veen elect:cretinal,,Agiixitx_nndgpslgﬁgphgsiggllggﬁgigrlingdwu_ggf”f
flicker +threshcld {CFP). Sachs (1929) first reported that )

subjective disappearance cf flicker was accompanied by
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disappearance of ripplesrﬂzh the ERG, <concluding that ripple
fusion .coincides vith sensory fusion. - Cooper, Creed & Granit
(1933) and Bernhard (1940) both reported electroretinal fusion.

preceeding subjective (CFF) fusion. Cooper et al. (1933)

. believed that limitations in recording technique were partly

responsible for a lower electroretinal fusion threshold. With

~ the advent of signal averaging computers in the e&rIy'TT966fS'”"

averaged-ERG's of smaller anplﬁtude (x1av) could be reliably
recorded, Riggs et al. (f9€2) using signal averaging téchniques
vere able to'détect ERG responée td flicker rates up to 110 Hz;
whereés psychophysical CFPF cccurred around at 65 Hz leaqing the‘
to conclude that the site of psychophysical fusion was beyond the
site of the origin of the electroret%nogral. This apparently
poor .correlation between electrophysical activity and flicker
perception has been reported consistently (Van der Tveél,'v196a;

Regan, 1968, 1972).

DeVoe (1963, 1964) investigated - the
flicker-electroretinogram in intact wveolf-spider's light adapfed
ejes by s;veral methods appropriate to linear éystéls, ‘such as
Pourier Analysis, superposition and sine wave analysis. DeVoe
{1964) demonstrated that 8% incremental flicker and sinusoidal

response could be &etergiﬁed &iféctly"thtoughrPéériefriﬁﬁiysis'of

the stimnlus and visual receptor response.
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Electrophysioclogical Data II: ©Pourier Analysis of Evoked

Potentials

Conseguent to Delange's (1958) success in applying lineaf>

systems theory to the psychophysical inves{igation of flicker

- response, sensory psychophysiologists were gquick to grasp . tﬁgww<m

neihodblogical significance of a sinﬁsoidally :odalated‘stinulus.f

Traditionally, phé;ic fliéké; vas produced in-one of ’fvc
ways: through the periodic occlusicn of the light pathway itself
or through the presentation of repetitive brief-duration flﬁshes.
Both methods have their c¢wn heuristic utility‘in teras of thé
nature of the problel being investigated, Whenever the flicker
parameter of interest was stimulus vaveform, PCF (pulse-to cycle
fr&ction) or "on" versus "off"-type response the epicotister was
used ;ince it can be designed to produce a multitude of
light/dark tatios,) and vavgférl‘ shapes (sguare, éawtoofh,
trapezoidal or ramp-shaped). -0n  the other hand, | photic
stimulation produced by electronic stroboscopes va§ RUCh ROTre
intense and could be presented and precisely controlled for
briefer durations, typically less than 50 usec.. Unfortunately,
serious lethcaolcgicgl problems a:ise upon. the presentation of

repetitive flashes from electronic stroboscopic sources. Since

the tige-averagedrlulinance cf these intermittent flash sources

is preportional +¢ repetition freguency the resulting degree of
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light adaptationr;ill vary with flicker raté.l This‘ is "'not the
case with square-wave or'sinusoidal‘lodulated stimuli (see'rig.
2) since\ﬁhe .ti;e-averaqed luminance (Lo} 1is independent of
frequency} {F) and nodulatiop depth (Xam). | ¥hile square-wave
;odulated sources as produced by superposition of incremental
"flicker"(dL} apon a Psteaay, background lusinance (Lb)v”hav;
= Coe : fre§uéﬁcy"*“aﬂ&“mﬁicﬂnlation'*'depth;+independeﬁce*”in”iterIS' of -
— time-averaged light adaptation (see;Pig;  3) they still are fot
ideal sources for the™study of linear systeas, althoqgh Van der ';‘
"Tweel (196U4) and others fDevce, 1964{ Troelstra & Schveitzer, |
1964) have succeésfully usq& them. The basic probleam with any
non<sinusoidal intermittent source is that of harmsonics present
in +the stimulus producing harmcnically distorted reépohsés, Any
occurrence of harmonic distortion in thé ~€voked response ‘to
nonsinusoidal stimulation need not necessarily be due to visoal
system nonlinearity but rather tc the presence of harsmonics in

the source itself.

Van der Tweel (13964), using both incremental squarewave and
sinuscidally =mocdulated 1light =ources, vaé cne of the first to-
apply linear systems analysis to the investigation ‘of" thé.

4

relation between psychophysics and the electrophysiclogj of

flicker.

According +to Pourier's thecrem, any irfinpite periodic
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Figure 3

A squarewave modulated stimulus.

<&

Incremental flicker (di) upon a steady

background luminance (Lb).
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fuonction can be nathenatiéally decénéoséd into a set of
'ele16ntary sinusoide '(éourie: ] Conponénté); . Each Fourier
Component accounts for a certainApgoportion of vaveform content
and the Fourier ‘Coiponent aaplitude expresses thig relative -
contribution; The lovest compcrent frequeéiﬂ is usuvally that of

the periocdic phenonenoﬁ itself and 4is <c¢alled the PFundamental

Prequency. All cther ?ourie; Ccapcnents are scke multiple cf the
°Pundamentai Freguency and are called harﬁoniés.‘lln addifion to
amplitude, each Fourier Cénpcneht has scme expression of the
phase relatien to the ccmplex waveform from which it wvas derived. N
This expressicn of phaée des;ribes how far frcm some arbitrary
z’ropoint on the co?plex vavefors each ‘Pcurier Component is
shifted. Phase shift information has been usedvby Van der Tweel
(1964) and others (gegan, 1968, 1972; Spekreijse, 1966) to
calculate apparent -iatency cf the certicai following response.
These calculaticn procedures will Lte reviewed forthwith. J In
sumaary, PFourier Ccapcnent <is thus characterized by these two

parameters; its relative amplitude and phase-shift. ' N

The methodological advantage of sinusoidal modulation in

i

linear systems analysis 1lies in the fact that the ERG or VEP
~ ,

resulting from sinuscidal stimulation of freguency (F) ‘'should

differ froa the input in amplitude and/or phase lag but should

 stiil bec;g sinewave cf the sSame frequency (that is, Sf=FRf in Fig.

Y. This is +the essential property of linearity, that a
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 sinusoidal stimulus éiicitéra sinusoidal response of the same

frequency. By determirirng the amplitude fand ‘phase shift
characteristics at a number of stimulation frequencies a complete
knowledge of the visunal flicker response would develop. Response
prédict%ons te 'ponsinusoidal stimuli could be developed by

Pourier Analysis of the input waveform *to determine its harmenic

coaposition and - resynthesizing of the - comporent - responses -

previously deterained +c pure ' (component) sinevwaves (deVoe,

1864).

The sinusoidal stiaulus can also be ‘utilized <to deternmine

-

a2mpirically +he existerce and degree of visual systenm

nonlinearities. Using a sinusoidally modulated light as stimulus

and recording the occipital VEP, Van der Tweel and Verduyn Lunel

{1965) investigated nonlinearities in the human visual system.

iUsing 20 subjects, Van der Tweel in 1964 and with Verduyr Lunel

in 1965 studied +the effect of modulation depth and dichoptic
antiphase stimulaticn uron the visual evoked respoéses to
sinusocidal modulation ranging from 5-60 "Hz. Basically their
:esul;s can be susmarized as follews: ¥ith rodnlation
frequencies arcund 5 Hz, using large low luaminance fields, second

harmenic amplitudes often were 1larger than those- of the

fundamental, persisting dovn tc 5% modulatien depths. Since

sinevaves pass through a 1linear system without frequency

disvortions, ary presence of harsonics which reliably persist at
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low moduiétion depthéi ;;hfirls éhe' presence of essential
noﬁlinearity (ﬁaﬁ der Tweel, 1964; Regan,  1972). Besides 'second
harmoric distortion at 5 Hz, Van der Twéel (1964, 1965) reported
agually large harmonics around 10 Hz as well. The relation .
between frequency  response and spontanecus EEG activity (alpha) |
vas further investigated with 2 sharply tuned freguency arpalyser
‘revealinrg that wmodulzticn <fregquency - and 'alpha’tlpiitﬁ&ﬂwiere”*”*”*”*f**
essentiall}'independent. This finding was later confireed by
Regan (1966)>vho fepcrted the amplitude and phase characteristics
of the fbllouing fesponse vere independent 6f the occurreﬁcéjof
alpha activityieven’when such activity was soze 15 +times the
amplitude of the cngcing following response. ¥an der Tweel
ccencluded that the visual system tehaved 1linearly fer small
modulation> depths (<25%) at low intensity between 9-15 Hz.
Within the stimulus freguency range van der Twveel estimated the
latency of the cortical folloving response as 250-300 asec.
Dichoptic stimulaticn cenfirmed earlier repcrté of additivity
sffects by Auerbach et al. (1960). vVan der Tweel (1964),
separately stin;lating the twe eyes, reported out o¢f phase
stimulation produced asmplitude cancellaticn effects 'of the
fundamental (but not the 2nd harmonic) component in the 9-15 Hz
range, Perhaps the ®mcst cutstanding finding of ¥an der Tweel and
Yyerduyn Lunel (1965) was the =striking lack of,co;resp@ndence

betveen these elsctropnysiological data and the existing

‘psychophysical 1literature on visuval .flicker response and the
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Delange charactéristic. Marked intersubject differences in the
EEG-following response-afound 10 Hz were rot found in subjective
nodulétion thresholds, In addition, the predominance of secqnd
harmonics at low ((5 Bz) and high (>25 Hz) modulation frequencies

sere not reflected in psychophysical Delange characteristics.

Othef research comparing psychcphysical cbservaéion and
neural repfesentation 0f flicker have alsc reported rather poor
correspondence. Regan (1968? suggests that Vthe amplitude
saturation characteristic of the steady-state PP with increasing
sodulatior depth reported by Van der Tweel & Lunel (1965) and
Spekreijse (1966) is evidence of a functional tranching in +the
visual information sys<em. Began's mcdel of flicker response
suggests thatAone brancﬁ of +his fork relates to the neural
representation of flicker and *+he generaticn of the VEP, é second
tranch relates +o¢ the zechanisas of flicker percepticn., The EP
igs only indirectly related to the perception of flicker or néy be .
sukject <o conta:inaiioa by mechanismss <c¢ther than those of
£ilicker percepticn,. Regan (1968, 1972) concliudes that poor
correlations bgtueen VEP and flicker sensaticr could be accounted
for in part by the ircerrect cheice of the 1deural correlate of
flicker. The steady-state VEP measures of amplitude, phase and S

_aarmcric composition may be systematic signs rather than semsory

codes (0Dttal, 1972) or perhaps the neural correlates in gquestion
A}
are not precisely timse lccked tc the stimulus (Fegan, 19638}).




At this point furthér clarification is in order concerring

the theoretical distinction between sensory codes and signs.

Uttal (13972) def{?es a sensory code a a se* of symbgls and

transformation  rules which allow for the fcondensation of

inforsation into a fora amenable to decodirng by scme interpretive

- £¥S- mechaniss, -Yh corder-for any neural correlate to . attain -the .
status of sensory code it mus*t be denmonstrated that the code is
actually interpreted by soae subsequent CNS mechanisna. Any

evept-relztéd"signai which is not interpreted is considered to be =

a sign.
Other Xethods Based cn Fourier Analysis

#hen .any physical system (such as a taut string) is
subjected to arn initial step or impulse inpat (e;g., the string
is plucked or released) +the system's response is transient in
+hat it rapidly decreases in amplitude over time. If the ‘same
systea 1is subjected <o a continuous repetitive displacement
{e.g., if the string is bowed), 3it quickly establishes a (steady
state} periodic respbnse for as long as the stimulus is applied'
{see Pigure 4). Regan (1966) iptroduced the steady state nmodel

‘into EP researck 2nd suggested that steady state EPs right

orovide insights Intc sensory functioning not attainable 'through

the use of transient evocative technigues.
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N Figure 4 )
- The three stages of growth and decay of vibr®tion
displacement (d) by time (t): 1Initial transient
phase (T), steady state (S) followed byudeéay (D).
’ - "0n™ and "off"” mark the presence of stimulus force.
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Regan (1966) descriped an apparatus designsd +to extrac: the
iapiitude and rphase rcelaticn "of the.steady-state sycchrIonous
coapenent of the 226 :5 a ﬁﬂdi sinusoidélly: zodulated sScurce.
3riefly, Regan's freguerncy asplifier 1is capable 0f extractinag

fros the EEG any freguercy compchent which is phase locked <o the

_ S - -

.

s+~imulus, This is acaieved by separately zultiplyiang the raw EEG

s~
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chase of ary ¢Z these frequency

components other tharc the synchroncus component will produce A.C.

vhern mul<iplied by %he sirne ard cosirne vavefcrzs. This A.C. is
arzarunted by low rass fil+ering. Ornly <thke synchronocus

({furndaxental) ccupcaent cf the PEG-fcellowing will produce 2  D.C.
sntpuat after -mulziplicazicn. The mean D.C, outputs arce used in

~ae calculavion of amplitude and phase characteristics of <the

synchronous or fandasertal Ccapobent. If +he product of EEG
agplituds tiges sic{Z«Fty=) arnd if ERS appiitude times
sos5 {ZwPt}=2 then: P=star-1{A/3} and $=C\"(A2 + 32) vhere P is the

a2asaze of phase saif+ ¢f tha furdasenzal compcnent 2nd 5 Is  the

aapiicuda 0f° the fundamental coaponent obtajirned. c i a

zorrectien coanstaz+ derived by calibration of the ©phasg lccked

e

ZFzgazn's {1368) phase lccked aamplifier

cospotnents , can be similarily extracted by

v

2 —¥4reguercy wultiple iz —*the —simns —epd —

B e

il i tia st
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performsed Pouriser analysis limi+ed to +he furndamental (F) and

4

cond haracn

} e

1]

3 c  (2¥®) conéonents, providing a rurnning average of
sach component's asxrlitude and phase. ore recently, Regan
{1972, 19755, Y977y and cthers (Regarn & Cartwright, 1970;
Cactwzight & Eegan, 1974) Lkave deféloped | Yeb ol ﬁbwerful,frequency

component ex~racticr methods based upon Pourier Analysis. The

adwar*age of zethods Dbased or Pourier Aralysis over signal

ayeraging techzigass will now -be considered,

Using +this Pousier analyser, Regar (1966) was able to
caiculate “he aztairmernt c¢f steady-state stationarity (of
aaplitude:ani thase) as occurring af*er atcut 12-20 seconds from
s+izulys onse+. Zegarn iavestigatea +h2 phase lag and amplitude

changes as fuancticers cf mcdulation freguexncy. Pundamental

CZCBLDOLRER agpliituode was found o peak at apbout 10 Hz as had heen

-previonsly repcrted (Yan der Tweel, 1964; Var der Tveel & Verduyn

Lozel, 1965). Azplitolde peaking was also fcund to be related to
saddan phase shifrs at 10 Hz, ©Phase shift measured i the linear

ve calculated "apparent"” latency

caegion betweenr 12 arnd 30 Hz de:
>f 33 msec, in clear disagreement +to ¥Yar der Tweell's (1964)
tavency calcalatisn of 300 msec in the G-18 Hz range, Although

liZfericg stimalas lusinance couvld account irn part for this

iiscrepanct 1T *he steady-state "apparern*™ laterncy in the 10-30

iz range Regan (136‘3)*;4'2‘” :eg‘hrheé closer agreeazent with Yan o

ler Tweel [1983) in latarcy calculaticn ip freqgueccies f£rowr 32-58
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cps derived agair - froz +he slope of ph;se versus modulation
frequency. After correction fcr freguency-deperdent amplitude
changes PRegan (1968) calculéted the fundaasental synchronous
compconent!s apparent latency to Dbe 62 msec, which agrees vwell
with var der Twesl and ¥Verduyn Lunel (1965) estimate of o660 amsec

for the frsquency range cf 35-68 Hz.
e o B 7 o R 4

Regan (1972, 1977) has arqued gquite persuasively of the
~of the app}icgt%anoﬁ frequency analysis techniques to the
s+udy of steady-sta*e evoked potentials, proposing that Fourier
apalysers are 12cre appropriately used with rapidly repetitive

stizula“<ior than straightforward sigral averaging technigues

- Reqgqan  (1977). zegar (1977) contends +that on-line Fourier

Analysis is a corverient, more rapid techrnique for recerding VEP

-~

ot
¥

asencies, Osing 2 aultiple stimunlus methed in which +three or

¢

foar slightly differing stisulus frequencies are simultaneously
presented and recording the event-related EEG through 2 pérallel
bank of Pourier filters each tuned to one of :nggif;ulus
frsqguencies, Regar {1975) was able to estimate VEP laiency from
ot ¥ ’
+he resultant vchase =shift values in about 1/4 of the recording
time it normally took to record each frequency separately. In
sitngations vwhere ZP vatiability occurs over a tinégspan of a few

zinu-es *his simultaneons-stisulatior technigus has cowsiderable

xdvyantage over stasdard recording technigues (Cartwright €& Regan, f
1374; Regan & Car=wvrigas, 1970). At <+this pcipt it is worth

w :
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pausing and reflecting upcn the o0ld newspaper editorts advice to
the young cub <Ceporter, "there's no free lunch". Before the

young. psychophysiolecgist runs out and acquires +the nearest

.phase-locked amplifier, careful consideration should be given to

<he "real «cost" of this increased speed arnd signal to noise

2rhancenment of frequency analytic techniques., The cost of the

five to +*enfold increase in signal t¢ ncise erchancement in
freguency apalytic ma=esthods over signal averaging is traded off in

zerms of signal banduid:hl, As Regan (1972, 1977} has cautioﬁéd

" this extremely narrow effective Landwidth of a Fourier analyser

(0.001\Hz) can uitimately blind +the experimenter to salient
event-related signral comporents in the brain response. Since
frequency analytic tachriques only sample ar extremely —~small
portion of tﬁe EEG fregquency spectrum they might nect provide ar

sdeguate overall picture of the flicker-following response, ard

shculd not be expected to do so. Rather, frequency-domain
analysis should be =used iz corbination with appropriate
~ime-domain arnaiytic techniques to gair a =more complete

anderstanding of *he visual flicker response. One objective of
this thesis 1is to describe +he. appropriate application of

cize-domain arnalytic ¢echnigues to the stody of electroretinal

and occipital events in respense to interxittent photic
. +

o i : .
stiaulation iz haomans.

+
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TIME-DOMAIN VS, PFPREQUENCY-DCHEAIN AEKALYSIS

The phrase "time-domain analysis"® uﬁs first introduced to EP '\‘
research by BRegan (1972) as a descriptive of transient
event-related potentials 1ir teras of conponeﬁt peak latency and
amplitude. Regan (1977) argues that when a vrapidly repetitive
siinulus is mmhs;&,r the ':;égliant aieragéa ?E?V iaf be
uninterpretable by time-dos#in techniques, since transient VEP's
will increasingly oveflap as flicker fregquency is increacsed.
This overlapping_of'conponents will result in a VEP waveform, "in
which no individual response cycle can be associated with a
particular stimulus cycle." ﬁegan (1972, ©p. 775). +When this

steady-state has beccae estatlished, Regan (1577) contends it is

more appropriate tc describe the(fresultant VYEP in terms of
”~

cowponent frequency aaplitude and phkase,. this Regan (1972) called

"fregquency-domain analysis®.  Prequency analytic téchﬁiques
already revieved have 'Eéen used successfully to derive
information on steady-state response€, in terms of EBEG synchronous
component amplitude and calculation of "apparent latency® (iggan,
1368: Van der Tweel, 1564; Var der 1weel & Verduyn Lunel, 1965;
Spekreijse, 1966). Tippareant latency" (t} is calculated fronlthe
crase angle dJdiffereace P (ir radians or degrees) by vhich the

synchronons VYEP coaperent lags & iipﬁSoiaal stimulus. The

'3S?ﬁi?fiﬁﬁSmnﬁtéssxrymfvr”tﬁiS\Caitﬁittioﬁ“tfeWtﬁEt;¥%h§——¥£9~~i5~f ffffff -
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sinusoidal in waveforna. The sinewvave stisulus must produce a
vavefora whose phase and ané}itude remain constant from aorent to
lOlent.‘ Finall7, the stimulus-EP system must be linear , i.e.,
vhen sfinulated by a sinusoidal input of frequency (FHz) the
linear systea responds with a sinuscoidal output of frequency
(FHZ) 'uhose cutput aamplitude and phase gre related to the
sinusoidal input and described by a set of lipear equations. Van
der Tweel (1964) and others (var der Tweel & Verduyn lunel, 1965;
Regan, 1966; Spekreiijse, 1965) calculate the aprarent latency
(Began'svterl) or transport time (Van der Tveel's ternm) according

to the foraula:

t= dp/2 waf

in which dp is the phase difference in radiars for a frequency
difference (df) 3in cycles per second. Apparent latency is

directlf estimakle from the slcpe of the phase shift by frequency

plots.

More recently Diamcnd (1977a, b) has described a time
differancercalcnlation of steady-state latency. Diamond's method
calculates ‘W"true latency" frog the time differencgs betveen
stimulus and VEP peak reference points, Pigure 5 graphically
describes time-ifference latency calculation, from a fictitious

{for the purposeé of explapnaticria plot cf stisuwlus and - EBP peak-

reference —points, — Asezeﬁgzhegﬁstilnlusﬁm4£ig.umﬂiﬁugglasgamﬁlashﬁvﬁAm_,



Figures 5a and 5b

Graphic description of time—difference\zg$ency calculation.
(A) Artificail EP waveform to pulsed stimuli repeated at
three interstimulus intervais (IsI). T indicates stimuli
which tTrigger electronic averager at the zero value of its
sweep duration. Ps and Pe are the stimulus and EP reference
peints chosen for the analysis. The sweep duration axis is
broken’and spread so stimuli and EP can be viewed apart.

(B} Plot of stimuli and EP peaks, Ps and Pe. Regression
lines through points converge to two intercepts, Ds and De

at ISI=C. Steady-state EP latency- (t) = De - Ds.
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produced by a stroboscope triggered by a squarewave pulse of 50

usec duration at various interstiaulus intervals. The
corresponding averaged EP of 150 msec duration is represented by
an artificial EP wavefora located to the right of the stimulus.
T indicates the stimuli which trigger the signal averager at
time-0 of its sveep duration. Ps and Pe are the stimulus and EP
reference points chosen for the analysis. Fig. ’ég"illuéfrifé§"”
the plot §f stilulﬁs and EP peak reference points. It can be
seen that regression lines drawn through plotted stimulus and EP
peak reference points converge to two .intercepts Ds and De at
IsI=0. EP Iatehcy {(t) isrcalculated 2s the time-difference of De

and Ds.

Diamond {1977b) contends that  time-difference = latency
calculation can be appliéd to evoked potentials resulting from
any repetitive stisulus waveform (squarewave, spike impulse, ramp
shaped or sinusoidali since, unlike ‘the phase~difference
calculation, there is ~no assumption 'of linearity in the
~stimulus-EP systen. As mentioned previously; nonsinusoidal
stiaulation Pas aot been widely used for phase-difference

’ ~ calculation because of the rresence of haraonic frequency
aistortion, even though Spekreijse (1977} and others (van der

Tveel, 1964; Regan, 1972; de Voe, 1964)_ have described . .
. 7 \ 7

linearizing methods to reduce  the effect of stimulus-EP -
T ) ) B T o 7 V 7 7 . (

\\
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nonlinearity.‘ Diamond (1977b) sngéests that the time-difference
latency calculation is complementary to the phase-difference
approach since it can not only be used to provide Eg-latency
calculation to repetitive nonsinuscidal stimulation but it can
2also be used to study specific time components of the steady
state EP; whereas frequeucy-dénain sethods dc not tréat the EP in

this manner,

The present study‘was an investigation of peripheral and
central electrophysiological ccrrelates of the visual flicker
response in humans. Simultaneous electroretinal (ERG) and visual
evoked potential (VEP) recordings were obtained in alert human
subjects in respomsea to a brief incrementally modulated light
source over stimulus frequency range of 4-25 Hz. The resultant
steédyr state averaged-ERG and visual evoked responses were
analysed using tvé time-difference derijations of steady-state
latency. It will be shown that both technigues =~ provide
substantially similar information regarding steady-state lﬁtency
determination both at_peripheral (retinal) and aore central 1loci

in the human visual systen.
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CHAPTER 2

S ETBOD

The outline of +the wmethod section will follow the
chronological order in which these studies were planned and

conducted. Pirst is a description ¢f the general experimental

procedure — and the stimulus-adaptation cycle outlining the events

from the time the S enters the preparation rtoom to have the
elect;;des applied +ill the S leaves the laboratory. Pdllouing
this three pilot studies concerned with recording lethodclogf and
determination of experimental paraneié#s fill be discussed. The
£irst two studies reviev the search for an adequate
electroretinal recording configuration. The +third pilot study
concerns the experiaental selection of test field and surround
lurinance and control of specific 1light adaptation effects.
Pollowing is a detailed description of the parametric
increlental-flicke; frequency study, including detailed
discussion of the stiwmulus, electrcde configuration,
amplification and filtering, signal averaging, digitization and
data storage. | The method secticn will be coapleted by an
inclusive description of the freqﬁency and time domain analytic

techniques used to derive respective amplitude and latency

estimates of the electroretinal and cortical activity.

R L T L
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GENERAL EXPERINENTAL PROCEDURE

A general procedure was followed for all experiments
detailed belovw. The S enters the preparation rooam and after
having obtained their informed consent (see ccnsent and medical

release foras in Appendix () electrodes wvere applied. k

cycloplegic (1 % cyclogyl) is instilled into the Tight eye %o
induce mydriasis, Earlier pilct research by the experimenter had
demonstrated mydriatic induced amplitude augmertation of various

steady state elééfréretinair éndﬂ visual evoked potential 7
components. PFPigure 6 illustrates this VEP amplitude augmentation
effect of a cycloplégic agent which lasts for several hours.

Steady state VEP activity was sampled for a 35 nsec sveep
duration and signal averaged over 512 swveeps. The upper traces
reéresent +he EP recorded over an ISI rangé (30-45 msec). The
lover traces vere recorded under identical experimental
conditions 45 minutes after +the instilla;ipn of 1% Cyclogyl.

Resultant éPs appeared to be more sinusoidal in waveform and peak
to peaak amplitude wa s seen to increase at all ISI's.

Corresponding steady state YEP latency calculated Ey
tile-difference procedure vas seen t0 decrease from 66.2 to 58.3
asec., Armington's ({1964) -classic study of short ané lcng tern
flicker adaptation reported that sydriatic agents alsoc remove the.

d.C. corponent of the ERG without significantly affecting the

wvaveform. In addition, artifactual myogenic contamination due to
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s Figure &

Steady state VEP recorded over identical experimental

;ondiéions. Lower trace recorded 45 minutes after pupils

were immcbilized by mydriatic agent (1% Cyclogyl).
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pupilliary follewirg at lov flicker freguencies vwas eliminated

(Armington, 1574).

After electrcde applicaticn the S was seated in a socund
attenvated and electrically shielded booth with the head

positioned with appropriate chip and forehead restraint to

position the stimulus field, In FWevtonian view, directly on the
pupillary axis of the right eye. The S's left eye was occluded

for the duratior of the experiment. o artificial pupil was

eaployed. Sometimes subjects were required tc instill lccal
apesthetic {1 % Opthbcaire or /2 % Pontocaine) into the right eye
as necessary to Jreduce blinking during the course c¢f the

experimen+.

Supjects were Aalways dark adapted for 5-15 , minutes,

Sliowed " by 3-5 =minutes of light adaptatior to a background

~lumipance,. AMrer the subdect was 1ight adapted a standard

stimnlaticn-adaptatica cycle gvas initiated and wsaintained

throughour the experisent.

The stimunlatior pericd consisted of 60 seconds of flickering

ligk+t stiaglation, fclloved ty 102 seconds of 1igh§éa§nptation to

- =he backgourd or surrcuzd lusinance. The 102 second light

adaptatior pericd had teer enmpirically determined to be

safficient +to -ersure tha*t subsequent BP =measures were not
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affected by the preceding PP measures. ¥o signal averaging
occurred during the first 20 seccnds of flicker stimulaticn to
2llov the S sufficient time to orient towards the stimulus fielad

and to allov VYEP stationarity *c pecone established.

~

L
STUDIBS 1 AND Z: EJE.G. ELBCTRCDE FECOBRDING CONFPIGURATION

N

These tw¥e studies concerc a rpreliminary investigation of
various ERG electrode copnfigurations with the objective of

selecting an appropriate electrcretinographic recording electrode

for wuse ir sobsequent studies. The kinds ard configurations of

ERG electrodes are numerous arnd have beer well reviewed by

ATmaington (1974) and EKoopowitz (1974). At the 2nd ISCERG

—y

syaposius the topic cf ;eccrding nethocdology was intensively
revieved by Karpe (1961) and Jacobson (1961). Jacobscon (1961)
jescribed desirable BR6 electrcde chkaracteristics ip terms of
patient cosfort,  recordirng stability, and experimenter
corveniance, It was with these three selecticn criteria in mind
that the experimenter conducted the first +two studies to
deteraine tke mrost suitable elecgfg;atincgraphic recording

configuratiorn,

By far t%& acst- fregquently used BEG electrode in c¢linical
&

Pt

ri5g;:;h4Jisggzhgggzn;iaz:lllgngfcontacig4sns~eleci:ode—4see—¥ig1————~———
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Figure 7

é Burian-xllen contact lens electrode.
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7)., vhich makes use of a smaller corneal lems vhich fits the eye
cicsely, silver ﬁire around the circumference cf the smaller lerns
mnakes the actual contact with the cornea. A speculum, attached
to the asselbly- helds the eyelids apart and although
uncomfortable with practice the assembly can be worn for periods

of several hours ({RBurian, 1953; Burian & Allen, 1954), Scae of

lens include its mass and bulky o
dimensions (Pigure 7), corjunctival abrasion and irritation
produced by movements of the lens asseably. additionally, the
Bufi#ﬁ;Ailénr cbnfaﬁé iens aééélﬁly causes both subseguent drying
of the conjunctiva preduced Ly prolenged eyelid retraction and
finally, uncentrolled optical absorétion and scatter by the
saaller corﬁeal lens can Lte proklematic if precise retinal

imaging is required.

More recently, Schoessler & Jones (1375) have described "a
soft hydroedhilic contact lens eleétrode gith excellen; recording
characteristics., This electrode is formed by a fine gold or
piatinuns wvire sandwiched betvween two soft contact lénses.
3chcess§sr & Jores claim that their recording electrode is more
comfortable and stable than a Riggs hard contact lens electrode

and provides a msiniaum cbstructicn to visicno,

Under " some circumstances it is pnssihh&44xL4:ecord44ai§fggju4

electreretinal respecrnse vwith ncencorneal electrode placements

4
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{(Tepas & Armington, 1962; Stephensﬁ et al., 1971). Tepas &
lrliugton‘ {1962) using bipclar nasal and temporal canthi
placeaents reported that averaged-ERGs could ke reliably recorded
to a vide range of stiauli conditiors.” Stephens et al. {1971}
using nasal and temporal canthi placements with subseqguent head
rotation to displace the <cornez towards the actiyve electrode

reported larger averaged-EBRG's when the cornea was displaced - -

tcwards the pasal carnthus.

The present two studies were designed to investigate the
recording characteristics of these three electrode configurations
wvith the objective of selecting a methcd wvhich would be most

convenient fer subsequent experimentation.

Study 1: 1 Compariscn of Two Ccrneal Electrcretinographic

Recording Asseablies

In the first study one- subject (A.Q.) had ERG's successively
recorded vwith tvc corneal electrcde placements - a hard contact
iens (Buriar Allier P629 Eansen Opthalmic Lakoratory) and a soft
zydrophilic contact lenses electrode. Electrcdes and recordiné
configurations: | a standard Burian-Allen {P629-adultsize)
zonopolar electrcde assembly referenced to toe right earlobe was

provided, The soft lens electrcde was ccnstructed by the

experimenter from a 25am gold wire sandwiched betveen a pair of

et e i - R i B S I e e o 7 A T S e
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Figure 8a

Averaged-ERG recorded from standard Burian-Allen .
- - contact lens electrode over experimental time ‘
A N\ -
- oo min) 0=60. o o s e T T e e e
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~ Figure 8b

Averaged-ERG recorded from hydrophilic (soft lens)

" recording electrode at various experimental times
T(min). High ffeqt:gngyﬁ noise with lens dessication ___ . .
(T60) temporarily reduced by rehydration with 0.9%
saline (T60+1). -

N -
-
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soft 'hydrogel lenses (Bausch & Lomb Cfseries polymacon
hydrophilic lenses) in the manner described by Schoessler & Jones

(1975) also referenced to the right earlobe. Both the hard and

N

soft lenses-ﬁrere refaact corrected for subject (A.Q.). The
hydrophilic lenses were hydrated uitﬁfo.Q % saline to provide a

'eléctrolytic conducting  medius, while normal saline and i %

e

‘Tsoptotears provided the electrclyte for the Eurian-Allen systen.

Procedure: The following modifications to the standard ERG

7recording procedure were made: in both recording trials the

right pupil was immobilized by 1 % cyclogyl. Topical anesthetic
(1 % Opthcaine) was alsc used in bcth reéording'trials. An
average of 256 samples cf ERG were recorded at a nuamber of
repetifion ffequencies and stimulus ‘intensities over several

recording Sessions lagtinﬁ 2-3 hours.

Results: Pigures 8a,b illustrate the averaged flicker-ERG
rtecorded for subiect, A.Q., in tvo sessicns recorded several
heurs épart using thé Burian-Allen and scft 1lens recording
configurations. while amplitude of the b-wave is comparable froi,
each corneal recording gplacement at, the beginniné of both

sessions it is apparent that the soft lens recording system

appears to be less stable over recording §%ssions'1asting several

increasing high frequency ncise superimpcsed over the ERG

h?ﬂEﬁ;IfZEi§4;§§£u9§w;g§g;§ing_,stahilii;_ﬂisﬁmexidencedf_by—ﬁthel4~*~4~m

o i b e e
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waveforam. After rehydrating the soft lenses with 0.9 % saline

the high frequency noise was temporarily reduced (Figure 8b).

While the soft lenses were more ccmfortable to vear, they

required frequent rehydrating éince the outer soft.lens was not

in contact with the 1wmcistened conjunétiva ~and would rapidly

. e 3dehydrate. -As -the —ocuter —lens dessicates it begins to defors
| allowing air to enter the‘ interlenticular space producing an
increagingly ncisy ERG recording (Figuxe 8b). Unlike Schoessler

& Jones (1975) the experimenter found the soft lens electrode

less stable and centered on the ccrnea than the moTe cuabersome

“%q)

Burian-Allez assembly. Another prcbleam although 1not directly
related to recording :ffiéacy per se was the tendency of the
outer hydrophilic lens to tear around the gold wire's S0ap exit
hole. | Although extreme.care was taken in handling these lens£s
over several weeks 2 outer lenses were daiaged through tearing.
The writer concluded the hydrogel lens sandwich too delicate (and

100 expensive - S120/pf) to be used in subseguent experimental

research.
- //‘—-\\

-

Study 2: A comparison of ccrneal and  noncorneal

electroretinograpkic record%pgfsites
//

..-f"‘

. e . . I

In the seccnd study‘three subjects (L.Q.,, 5.T., ¥W.R.) had

averaged~-EEGs successively  recorded with a Burian-Allen

(P629-adultsize) contact lens electrode or a noncorneal electrode
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1
1

situated over the <right infraorbital ridge over several 2 hour

- —

recording seesicns.

Procedure: .Using the standard stimulaticn-adaptaticn cycle
previously described for subjects A.Q. anrd B.Zi separate ERG

recordings were taken with the BEurian-illen nmoropolar electrode

. referenced to the right eariche or with a Beckaan Ag-AgCl BBG

elactrode Secnred with a skin ccllar over the right infraorbital

ridge referred to right earlobe. 1In subject ¥.R. simultaneous

" corneal and noncarneal ERG recordings were obtained tc a 12

degree field of 0.8 alL at various flicker freguencies. In this
study no cycloplegic sas employed for observer W.E. but topical
anesthetic (v % Opthcaine or 1,2 X Pontocaine) was used for the

K

Burian~-Allen recording placesent.

Results:r For subjects &K,T, and A.qQ. the noncorneal
flicker-BRG wvas rgreatly diminished 4in amplitude but still
appeared to have the same wavefcrm as the corneal ERG recordings.
Siln;tanoonsly recorded corneal and infracrbital BRG for W.R.
are presented ip Pigure 9. In both records the b-wave is clearly
fisib;e having a peak latency of 40 msec. Although infraorbital
ZRG peak to peak amplitude is about 1/8 of that ocbtained with a
corneal electrode placement, there is a good correspondence’ in

vavefors.




-
" scg
Pigure 9
Simultaneously recorded ERG from corneal and infraorbital
placements for W.R. Although good co}:resp-ondence in wave-
form is dexonstrated an eightfeld attenuation in peak to
peak amplitude is present in the ERGs recorded from the )
: - ¥ .
* : infracrbital site. .

Whidy
F
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STUDY 3: SELECTION CP TEST AMD SUBEOUND FIELL LUMINANCES

The aim of the third gilct study was the selection of
suitaple luainance parameters for both the test and surround
fieids. There are several methodolecgical advantages in using an

illuminpated surrcund in senscry research, Pirstly, the surround

field cf loderat;' lgiinance provides a =aethod for- obktaifing

electroretincgrans which are relatively free c¢f stray light

~effects, Pry & Bartley (1935) and Boymton _ (1353) _ have =

demorstrated that the scotecpic L-wave cosponent of the hulaﬁ
electroretinograas resplting fros small area ({1 to 12 degree)
stimulation arises almost entirely from stray light/vﬁich veakly
illuiinates large peripheral éodépredoninant areas. Crampton &
Arsington (1955) suggested ¢that stray light,effécts coculd be
reduoced by using ssall area lov luminance stimuli, however, the
Tesulting electroretiral response was extremely small. It vas
rot aptil the intreduction of' signal averaging into
electroretinography by Armingtor et al. {1961}y that it becaie
possible to detect photopic b-Jivs components in averaged-ERG's
of less than 2uY evoked by orange stimuli flickering at 20 bhz.
Yﬁe second advantage of using ar illuminated surround is for the

control of retipsal 1light adaptaticn level Dbetween successive

flicker trials. If subjects were alloved to dark adapt between

¢
E
%

rrialg the extent of the interstrial interval becoses critical,

by vproviding a large illumirated surround a constant light
v

»
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Figure 12

Stimulus viewing configuration
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adaptation level can be nmaintained. The third ratiopale for
using a moderately illuminated surround is to increase the
relative contributicn o¢f photopic nmechanisas in the ERG

(Armington, " 1853).

Procedure: Simultaneocus ERG's anpd VER's were reccrded fronm

During the experiment, the observers

+vo subjects (MT and DH).

vere dark adapted for 15 minutes followed by a 5 nminute light

adaptation periecd ip wvhich they viewved the surrcund vearing a =

pair of well-fitted gcggles equipped with several neutral density
filters (Kodak Wratten Pilters xo.{ 96). over the right eyepiece
{the left eyerpiece was occlndeé}. Subjects viewed (vith a fixed
pupil) a fixation point ilocated in the center of +the surround
(see Pigure 10), The 20 dJdegree central fest field was made to
flicker for 60 seccnds cver an interstimulus range of 75-175 nmsec

by inCremental test flashes vhose time average luminance when

Viflickerinq at 25 hz is 6.7 aL. Silultdneous averaged

electroretinal and visual evoked responses were recorded to this
incrementally flickering stisulus. After the nmeasurements the
e

subject <her unscrewed the goggle lens caps and removed one

neutral density filter wvhile the experimental chasmber vas

comspletely darkened for a5 seconds. The surround vas illuminated
ozce ®more and the Observer ligkt-adapted for 5 miputes befocre the

zext -stisvlation ——cycle. —The modulation depth of the test field — —

vas independentliy manipulated by iczserting #ratter filters in

it ta i o
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front of +the photostimulator tube which was located outside of

the experimental chaaber.

In any psychophysical or electrophysioclogical investigation
involving the wsanipulation of stimulus intensity and/or light

adaptation level, trial length, trial order and intertrial

~ interval becoae critical, posgitly corfounding, variables which
aus+* be strennocunsly contrclled. When presenting_ flickering
stimupli it is necessary to allcvw the eye sufficient time to
adjust ;gﬂtgé wéﬁi;ﬁiﬁéw befoﬁé Qignalr avéraging‘ is initiated
{Armington, 1964). Barly control +rials indicated that a 15-20
second flicker period was sufficient to allow the steady state
response to stabilize in amplitude and latency. Araington (1964)
reports that for the flicker-electroretinograa +the first response
iz a photic +train has the largest b-wave component; the second
response is greatlj attenuated and recovery effects prqduce
sﬁbsequent respenses of intermediate size, By the fifth flash of
+he series the b-wave amplitude tends to stabilize but coaplete
long <eram flicker-adaptation can take several sinutes tc¢ Treach
cospletion (Arairgton, 1964). BRegan (1966) recording the steady
state synchroncus cosponent in the EEG reported that staticrarity
is established approximately 20 seconds after stimulus oneget.
~Intertrial interval was alsc e:yiricaily—deter;isedrsnchlthat

__ sunccessive steady-state respchge measures vere not contaminated

ry adaptazior effects arising from the previcus stimulation

N Cr i v e kO TN B T e 0 ¥ e i e S
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cycles. A 5 minpute light adaptation period was found to be
sufficient for this study tc remove the adaptation effectsubf
previous stimulation trials of the saie incremental -intensity.
®¥hile in most experimental research it is desirable to randomize
trigd order whenever possible it is an unwise procedure in any
experimentation affecting visual sensitivity. Opon continued =
. .- —-- .. pxposure to a-bright flickering stisulus -the wvisual systes - light
adapts to the time average luminance of the stimulus. It then
takes a considerable time fcr <reccvery of visual sensitivity
after ceasation of stimulation. Since it was impractial to allow
observers. aore than 5 minutes adaptation time between trials the
experimenter always ordered intensity and adaptation trial

conditions froe lowest to highest lumipnance, thus:reducing the

possibility of uncontreclled adaptation effects

Results: The data for subject MH.T. are illustrated in
Figures 11a,b. The flickgr-electroretincgral and wvisual evoked
potentials both showv similar chanages in aamplitude and latency.
Iz the ERG at any adapting luminance (la) the effect of
increasing incremental £licker 1luminance (dL) is a decrease in
p=2ak latancy and ar increase in peak to rpeak anmplitudeuntil
saturaticn occurs at log relative luminance of 1.2. The steady
state VEP changées are less straighbtforward 1in appearance but

still appearsd <consistent across triais (Pigure 1t1a). With

adapting lumirarce (La) held constant the effect of increasing
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Figure 1lla l . "
Steady state ERG and VEP recordings as a function of
- ’ . 3
increasing incremental flicker luminance (dL) at
various levels of constant adapting luminance (La).
= -
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Figure 11b
Steady state ERG and VEP recordings toc constant
incremental flicker luminance (dL) as a function

of increaéing adaptihéﬁiﬁﬁinance kié):
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incremental flic&gr lpninance' (dL) appears to decrease the
latency of the late negative component (N120-150). However, the
pea} to pgak amrlitude of theidiphésic component (P100 - N150)
appeared to be largely unaﬁ&ected by the range of incremental
flicker luminances useqd. FSubject D.H. ' showved similar results

£

but generally the electroretinai peak to peak anplignde vas about
I

oﬁe-thiraﬁthe size of M.T.'s. For any single incremental flicker

luminance (dL) the effect of ihcreasi?g adapting luminance (La)

can also be seen clearly in Pigure 11b. For the flicker-ERG's

increasing adaptatior level appeared to cause the b-wave
component latency to decrease as the peak tc peak amplitude
increased. It vas apparent that at lower incremental luminances
the steady state electroretinal amplitude appeared +to reach‘!
saturation. The steady state VEP aépeared to progressively
decrease the latency of ;150'uith increasing adapting lulinance.‘
From these and other data the lulinancgs cf the test and
adaptation (surround) fields to be used in the parametric flicker

’ response study were selected. FPollowing is a description of the
experimental method used for the study cf electroretinal and
central visual flicker response.

Parametric Plicker Response Study

————Subjects: Sisultareous BRG and VERs to brief sguarewave
flickering light were recorded froa five (three male, tvwo feaale)

graduate students in the Psychology department at Simon Praser




University. All individuals vere students in electrophysiology,

familiar with the =evoked potential recording situation with

sophistication in the demand characteristics of

psychophysiologital experimentation. Subjects were paid a $4.00

/hr. honorariusm.

R e e
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S &ﬁﬁw&*ﬂcﬁrﬁwm T The stimulus was provided by

a Xenonh strobe (Grass PS2) positioned behind a white translucent

]
diffusing screen.

manufacturer, wvas 10
interstimulus interval (ISI) was controlled by a solid state
gqunartz crystal Stimulas Control Unit (SCU) designed and
'constructed by B. P, Gabert. The flickeripg circular test
field, 20 degrees in visual angle, is surtgénded by a 60 x 60
degree field of 1.5 =xlL luminance. Test field time average
lgominance varied between 1.5 =L during the 102 second adaptatién
§ycle ard 2.2 5L vwith the stimulus flickerimg at 25 Hz. all
photometric measures vere calibrated with a Pritchard Spot

Photometelr—.

L

*

aoth-vza and ERG wvere recorded with Becksan skin electrodes.

‘filled with FEewlett-Packard EREDUX paste, vhich formed the

alactrode~deraal bridge. zlgct:ndgxﬁxargmapgliedwafxn:ﬁ:haiskin
2

bad been cleansed 'with 95% isoprcpyl alcohol and had been

The flash duration, as specified by the

microseconds. The interflash -or

7

. N

3

s

digitally abraded with REDUX, Interelectrode impedance vas

i
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equalized and maintajned belov 3 Kchms as measured by Grass Model

zzg ispedance meter, "

-

The visual evoked potential (VEBP) vas recorded with Beckman

Ag-1gCl electrode secured by ccllecdian imgregnated gauze using a

e

monopolar derivation -from a position 2 ca. above the inion on

the wmidline occiput and referred to the right earlobe. The
'electroret}nogralw.(BRG) was recorded either ffol a cornéal-

placement at 0.D. using standard Burian-Allen contact lens

elgct:ode. (Hansen opthalaic 1lab P968), or frcm a noncorneal
placement over the right infracrbital ridge using a small Beckman
skin electrode secured by adhesive skin collar. A Grass Vsilver
disk electrode applied %o the left earlobe served to ground the

subject.

Preparatior of C.D. for corneal placesment 1!Psistaa of
flushing the orbitlﬂﬂith sterilar‘{orial saline, folloved by
instillation o% 0.5 % Pentocaine (or 1 % Opthcaine) to induce
corneal anesthesia, After anesthesia was established the crbit
vas again flushed by normal saline fclloved by instillation of
2-3 drops of 1 % Iscptotepars to provide snffiﬁient lubrication

daring tﬁe recordicg session. At this gpoipt <the Burian-iAllen

2lectrode assesbly was gently inserted under the eyelids which

¥QE¢‘bfe“ﬁhf“ﬁ‘ﬁt4thtgeiﬁcttﬁﬂe4t044§0ntttt‘4t§e‘*iptcu1nt“tf&gt‘*“ﬁ*‘*

vhich served to hold the eyelids apart while the electrode was in
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place. A 2 milliaaspere instrumentationr fuse was placed betveen
the corneal lens eléctrode and the asplifiers +to ensure the
safety of the chbgerver's eye in accofdance to ISCERG

recoanerdations {EKarpe, 1962).

s

Y" -
& v R .
L

Observers vere positiored 4in the experimental chamber and

A?m*“”*“;”““*“ﬁark addpted Ifor 1 15 aindte pef;od. Thke veiling luminance vas

A g

pY

ther increased to 1.5 mL and the subject fixated the 60 by 60

. degree adaptatior surround field for S minutes. After light

adaptation = had been established  the standard

stimunlation-adaptation cycle vas initiated, consistirg of 60

" seconds of incremental flicker of the 20 deg. central test

field., The test filed luminance vhen flickering at 25 hz vas 2.1
al. After the sti.ulatioﬁcycle vas cosplete the t;st field
juminance resmaired at 1.5 aL for 102 seconds (adaptation cycie).
v

During the 60 secord stimulation period the IST vas -set at
oee of 22 ISI values ranging from &0 tc 210 msec.; and 128
sanples cf ERG and VIR activity were record;d and averaged at
2ach ISI value, IST values were presented with a 5 secord verbal
warring | ;fite seconds™} pribz to stimulus presentation. After
completion of the 22 seasuresernt trials a 1 sicrovolt, 50 asec.

calibrator vas amplified, signal averaged, and stored alcng .with

=he S's data, The rav flicker-evoked iziponseswere amplified by‘

- " %
4 Y

\' l.
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Blela—séhonander EEG ENT-12B differential a,c. amplifiers whose
filter tise <constants provided 3 4B signal attenﬁation at
turﬁover frequencies of 5 Bz and 700 Hz. The amplified signals
vere then routed to a direct airpen vriter (Mingograf model 800)
and sisultanecusly input tc a signal averaging computer (Bicolet

series 1070). Second stage filter cascading vas provided at the

input to the signal averager resulting in an effective bandwidth
2f 5-250 hz. The penwriter provided an ongoing record which was

_scrutinized for

ar+ifacts originate fromx the subject and are extracerebral in
origin (Arsington, 1974). The most frequent artifacts’ vere due
to eyeblinks, eyelid fluster, c¢r twitching of the lateral rectus
muscle during phetic stimulation., These artifacts vwere clearly
detected in the raw BOG and EEG rec;rds and vere more proncunced
daring trials where low flicker freqﬁencits.(( 7 B2}Y were used./
I~ was fourd <that «cctter woel padding applied against the
cccluded eyelid vas somevhat bemeficial in blink reduction; but
that iastiliﬁtici of a local anesthetic (1% Pontocaine) was most
qffz;tire,gn'raﬁuction cf photocecrneal reflex. If any obvicus
artifﬁcts cccurred duﬁing 2 reccrding trial it wvas discarded and

re~recorded, Through the use of attentive and sophisticated

subjects the artifacet discard rate vas maintaired at about 5 X.

e e S . Y

artifacts durirg reccrding  trials. _ Most

1972, sasples, digitites and snlnéﬁes the ongoing activity at

ri!‘?iqza; averaging computer, a HNicclet FPabritex Se;igs'

Sp——
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Tegular intervals *¢c achieve signal to noise enhancement, The

Pabritek 1072 systes consists of three modules: the data

accusulator, a s;gnal digitizer (SD-72/41), and a sveep control
_aaitx&Si-?li); The swveep control unit, when triggered by a spike

impulse originating from the stimulus control nuonit {sco) ,

initiates 256 sigral éalpling commands over a 200 asec, period

in eachk recording chanrel, The signal voltage 1is digitized at

255 points, wixk one memory address reserved for sveep counting
purposes. Pabritek address advarncing was externally controlled
oo gy a #arconi TFZ103 cscillator which produced a sguare wvave pulse —— -
whick advanced the address register 255 tises doring the 200
asec., sveep duration. Once the 256 f255 + 1) data points have
peen > sampled the sigral averaging systes halts until another
trigger pulse is received froa the één. At each sveep the 255
digitized values are suamated %o fhe-éretions address contents ;
gatil 128 suéﬁps rave Leen summated. Iheéef 255 +totals are k
aormalized by the rumber of sweeps (128) which had beern recorded
ir the %ast nenory address of the 56 word recorzd. The resultant :
vaveform represents the nvethged evoked actiwvity (BRG or VER} to E
128 sasples of 200 msec. duraticn. These averiged-PRGs and VERS |
wvere displayed on a Tetronix {503V pscilloscopﬁ and transferred :
as 1028 bit wﬁrsi to 4isk stofige Bn a HBP-2116B, using a rdata ‘

cransfer progras , FPako, vcitten by H.P. Gabert.

- e g A
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Once digitized,

Complot I-Y plotter

-

+ape and transferred

analysis,

activity vas corducted by tvo methcds:

visuaily

the averages were plotted on -a Olnigraﬁhic

{Bouston Instruments) and dumped on magnetic

te disk storage on

Tise-domain analysis of the

inspected by *he experimenter

IEM 370,155 for further

resultant stimoplus-locked

each sirgle waveforms vas

and a peak identification

e -algoriths (see Appendix U} vas applied to detect peak —referemce —

points within <tke 200 msec sample. Positive and negative peak

reference points vere graphically plotted for thé tve ISI ranges

and

of

 studied, 80 - 75 msec ard 80 - 210 msec, with ISI on the ordinate

sveep duration or the abscissa,, Time-difference calculation

steady state latency (t) by

least-sguares regression

determined the abscissa intercept for each of the lines.

The second techrigue . was a

nodified tine-difference

detection technique ({Coupland 3eﬂ; al.,

atilized <cosputer

" calculation Tbased upon a recently develored perspective feature

1978) . This technigue

graphic representation cf the averaged evoked

activity as a fawily of wavefcras forming an apparent three

di;ansicnal terrain.

The arzalytic

ntility of +this surface

perspective technigue will nov e discussed.

s s o
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OVERVIEV OF FERSPECTIVE LATERCY CALCULATIOXN

There currently exists an increasing interest 1in graphic
(pictorial) display of electrophysioclogical inforlatibn,
paralleled by the development of coaputer system technelogy.
Teickolz's (1973) survey of ccaputer graphic applications in

aedicine and health care sciences provides ar interesting reviev

of the histery cf this infant field, Coaputer graphic
techniques, for the representation of geographical surfaces have

C~ pean  used by <artographkers since the 1960ts.  Peukerts (1872} - ——— -
excellent review of 25 mador cartocgraphic programs includes seven
capatle of plotting pe:spéctive views of regular grid latrixﬂ
data, in addition to other programs which ploi flov patterns,
contour lappi;g or perfors gecgraphic cosmetic routines such as

analytic hill-skading.

Typically, cartegraphic prcgrams vwould accept x, y.» and
z-values for input variables. The' prograr ¥opld perform the
aecessary ipterpolation and cther mathematical cperations
necessary to produce a cootinuouns two-dimensional line draving of
tha three-ditcnsicngl sarface, in vhich the illusicn of height is

ackieved by techniques ar artis& right use such as shading, -
. .' .
texture, suppression of hidder features and perspective. The

aser can specify <¢ t{ke progras variocus para‘etnrs to define the

;vie:pciz: from whick the surface is tc be seen, its' distance,

e <y

DA e

v
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angle of viev and magnification, The significance of the
axistence of such prograas is that they may be used to depict not
only physical surfaces rtut more generally ¢he relation between
arny variable and ary two cther variables. Coupland,: Tayler §&

Xoopsan (1978} repcrted the use of a three dimensional computer

aapping prog;ii for the displiy of BEG data.

+

The writer used an interactive computer graphics system, THE

_PICTURE SYSTEM, produced ty Evans & Sutherland. THE PICTORE

3YSTEN is a genreral purpose, stand alone interactive computer
graphics systsl'vbich can display ssoothly moving pﬁctures of
twcw'jﬁz' three-dimensicoal ‘objects including such features as
pergéective, rotaticn and zocming in depth. Basically the
Picture &;ste! comapornents include: a DEC PDP-11,/34; hardware
processirg uanits fecr performing such fanctions as rotation,
zooming and perspective; an 8192-point Picture Refresh Buffer, a
picture gepnerater and a 21" CRT display and‘sottna:e support.
Appendix C illustrates the standard configuration of THE PICTURE

SYSTEA.
picture Fresentatior and Preparation

Averaged-electroretinal and vispal evoked potentials were

transfercted frow 13w-370 4disc partiriored dsta sets o the

PDP~11/34 as grid matrices of 8x256 and 143256 points comprising

FY
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a family of averaged-EEG vaveforas each evoked by eight (90-75

_asec) or fourteen (80-210 msec) interstimulus intervals. Each of

zhe resultant 2048 or 3584 points in the database is defined in
teras of its corresponding x, y and z-value, The display file is
prepared through a series of 1linear <transformations on the

database matrix, Simple and cospound linear transformations such

" as rotations, perspective, vindowing and scissoring, translations

acd scalings can be described by a stack transformation amatrix

vhich is then sequentially multiplied by the original database by

the aatrix aritkmetic processecr. The resultirg processed display

frase is loaded into the refresh buffer. For each frame refresh -
the terminal contrcl reads the data in the Refresk Buffer and
passes the data +tc +the Piceture Generator, where the data is
converted to analog sigrals <o drive the electron bean
oositioning in +he Picture Disvplay. Picture refreshing occurs at

the rate of 30 times a second,

A specific sultichanrel tipe-series graphics display progran
for the experimenter's data, %A2 (see Appendix D) veprovided the
aser capability <o wmanipulate <the data tkrough 16 separate
fanctior switches ander progras control. The experimenter could
defire the data pxatrix x, y and r-scaling, the elevation of view,
azimuth, Jdistapce, as well as the resclutiocn and direction of

ligear interpolation {(across rows or coluans), In addition,

}

[

3ovirg x-scale background and foregrasurd markers wvere utilized -

for thke visumal sighting of peak reference events.

T g e s



PROCEDURE FOR PERSPECTIYE LATENCY CALCULATION

Bach gridsatrix of averaged-electroretinal or visual evoked

Zgotential datapoints was viewed from an 80 degree elevation, 360

degree azimuth at a distance of tvice ';he rov . length, Llinear

- —irterpolation across - rows produced the appearance of 8 (or M)y —
256 point averﬁgeﬁ-BEG or VER waveforas viewed in nperspective
{looking duae nerth) . élial flicker rate, exﬁressed as

interstimulus interval, systematically decreased from foreground
te background. The amplitude of the evcked activity wvas
axcressed as surface elevation, 1In crder to provide a viev of
all of the data, hidden-line suppression.uas not utilized. Axis :
labelling and the legend describing progras optioms in use,

parameters beirg displayed and marker values were deleted from

the display during dynaaic visumal inspecticnrof the surface.

Three observers (A.Q., X.T., D.B.) visually inspected static
acrd dynasic perspective displays for surface feature regularities
sach as peaks, pits, ridges, ravines. After beccming faamiliar
vith three dJdisersicnal display manipulation each observer then
opsychophysically decsranined the visual best~-fitting line <through
perspective reference features, This was done by moving

backgroucnd and fcregrcund markers to respective X-scale values; a

line was "drawn™ besveer the tips of the ¢two amarkers. Yhe

*
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foreground and backgrounrd markers were positioned by the
observers so that the connectiﬁg straight line (eg., A=A, B-B,
atc, in Pigures 12a,b; 13a,b) represented the best
psychophysical estimation of the relation between averaged-eRG
reference features and tke interstimulus interval. Observers

vere required to psychophysically curve-fit both npositive

- .l S S § )
- {ridges) and negative (ravines) polarity events in each of the

ERG and PEG landscapes. HEE; the best "line of sight®" had been

deterained for a set of positive (or negative) sloping features

7the §i§pé, e;tilate of tﬂis interconnecting 1line was used to
predict the correspcording X-intercept values by the methcd of
‘le;st squares. The corresponding average X-scale intercept value
of these quasi-regression linés in tridimensional space
determined the steady-state electroretinal or VEP latency for
each ISI range (80-210 or 40-75 msec). This psychophydically
approxisated quasi-regressicn solution assuaed a constant
followving latency {(of the BERG or ¥EBP), which could be empirically

tested by deleting matriz rovs and recalcudating the steady-state

latency on the smaller ISI range sub-matrix.
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rFigure lZa

Averagé-ERz family composed of eight 256 peint waveforms each

; evoked by a different flicker rate. ERG amplitude expressed as

T T T T Tsartace e1evaTIon. Thig planogiety o pro fection tg viewed from T T
: ’ 80 degree elevarion and 345 degree azimuth. Peak reference \Qm
points lie dirsctly under the lines joining the letter pairs
: A-F.
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. Figure 12b

T ; .
: -

; The same view as rigure l2a, but with linear interpolation

g across diagonal matrix elements and with the horizontal

intersecting lines A-F deleted. Diagonal lines increase

surface texture and promote visibility of relevant features.
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i
Pigure l3a
Averaged~ERG family of fourteen 256 point wdveforms each ;
’ evoked by different flicker rataﬂ/ This planometric :
—— e ‘ J.&"J - : A : ‘
projection is viewed rrim ; -34S : =
2y :
degree azimuth. ERS amplitude is expressed as surface
elevation. Peak reference points lie directly under the
lines ioining the letter pairs A-C.
R
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hy

The same view a igure l3a, but with linear interpolation

4]

cross dlagonal matrix elements and with horizontal lines

A-—Cdeleted  —Siagonai-lines—increase- gsurfage texture ang————- — —-——

‘promcte wisibility of relevant features,

Faa
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CHAPTER 3

RESULTS
TIME DIPFPERENCE CALCULATION

After several years experience visuaily inspecting averaged

electroretinal and evoked potential recordings a reasonably

working peak detection algoritha fer deriving the peak latencies
of EP ainima ;nd maxima events was developed (see Appendix U0).
Peak latencyrvés—éeteriiﬁed—as a furction of signal awmplitude and
temporal features of the EP waveform. This two-dimensional peak
latency calculation (2-D LC) was used in handscoring of the 220
flicker frequency trials by S.C. To assess the consistency of
the 2-D LC procedure, three cther naive raters (D.B., P.B., M.T.)
Were given 25 randoaly selécted averaged ERG and VEP waveforas to
hand® score. Each 200 msec unlabelled VEP cr ERG. record was
accoupanied by a calibration signal.. Observers were also given
an acco:ﬁanying example of an EP record on which positive and
negative peak latencies had béen'indicated. From S.C.'s 2-D LC
scoring of the «corresponding BP records 128 peak reference
features were selected and the standard error of rater éstilateg
of peak latencies were calculated for all 1;8 selected features.
Frequency. histograms of tle sample standard deviations (B) and

variances (BE) afe vpresented 1in Appendix 1. Por the four

psychophysical observers (SC, MT, DH, PB) using the 2-D LC peak
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detection algo:iti;”the mean standard deviatiocn inu;;tilat;pn of
peak -latency vas. 1.5 nséc  (s.d.=1.2 msec). These —results
indicate a high inter-rater agreélent' on the peak latency of
single-tiial averaged PEG an& VEP features using the handscoring

'2—D LC peak detection procedure,

-

»

The Bffect of Flicker Rate upon Steady State iatency of ERG and

VvEP: Two-dimensiornal latency Calculation (2-CL LC)

Baving 7g£ined some cqpfidence that other
electrophysiologists can "see”™ the same EP events, for each
subject the experimenter Gplotted \graphs cf the ERG and VEP
latencies of positive and negative peak reference points in the
t¥o ISI-ranges (80-75 and B0-Z10 msec) with ISI con the ordinate
and sweep duratiorn cn the abséissa. Figdr§‘1ua illustrates the
plotted peak'(positive eﬁd negative) referance pcihts for subiject
C.R., for averaged-VEP's recorded for 400 msec sweep duration in
an ISI range of 80-210 asec. Positive peak latengy reference
points: are indicated as *'+' and pegative points are designated-as
open squares, least-sguares régression lines have been drawn
through each set éf positively (1P, 3P, 4P) and negatively
sloping (1R, 3%, 4E) peak reference ~points and ¢an be seen

converging towards <he (swveep duration) X-axis, G:aphic

presentations of peak latency pcints were produced om a PDP-12

using LINDSYX, a lLap G-i-graphic plottirng routine. Curve fit




89

~.,

}
]

¢

Shie b

kb

Table I: Steady state latency (t) derived from the average

4

I-intercept of regression lines tabulated in Appendix I.

et sl i s bogE

. i
Time-difference calculated steady-state latency frecm positive

s b

"(Tpos) and negative (Trneq) peak reference points changes
. -8

as a2 function of ISI range. é
VER -
Tpos : Tneg
slow . fast slow fast ,
flicker *©  flicker flicker flicker o 5
series series A Tpos ) ‘series series A Tneg- H
e it S LR L P LR R
CR 109. 45 95.00  14.45  140.43 77.38  63.05
DE  107.49 78,39 34.10 73.05 67.37  5.68 ° :
aQ 105,05 116,70 -11.65 - 137,94 ' 93586 44,08 - %
- PB 112,24 112.25 -0.01 139.88 - 111.97 27.91 é
AT 108,48 89.35 . 19.13 123.46  76.65 46,81
e A—Beafr—4%&875#w—4————9?1fﬂr—-441{H}w44***~4iﬁhﬁﬂi‘*“*ﬁ1%%%&6““‘ﬁf?rﬁ9‘“*“‘ﬁ*fésf

RERT.

e
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Tabie I continued

Ed
ERG
— - - -t DOE - s I neg .
slow , fast slow fast
flicker flicker flicker flicker
-~ series  series “atpos B series series atneg
DH 43.04 36.85 6.09 26.07 25.46 0.61
AQ 34.67 31.79 2,88 15.50 15. 94 -0.44
BB 38.82 37.33 1.49 © 22.14 " 17.39 4.75
- - > 8T 32.55 3z2. 21 0.34 - 18.27 18.73 -0.53
mear  36.68 34,61 2.03 © 19,22 18.97 . 0.25
/‘)/II V

B
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vvalues of 'slope, z—xntércept and standard error (SE{ for each
regression scluticn ate presented in Aippendix T. The average
I-inteicepfs of YVEP and ERGrr;gressign linés are p;esented in
Table I .vhere it can be seen é;at Eor C.R., the average
I-intercept value for positive (Tpos) VEP peaks is 109.5 asec,.
while negative peak laﬁency regression 1lines aﬂpear ‘to( be
converging toward an average X-intercept (fneg) value of 140.8
asec, These averagé intercerpt values.identify the true steady
state latency (Diamond, 1977b) for the ISI zange of 80-210 msec.
- ° It should be ncted that such a ‘straiqh{ ‘line regresssion

calculation assumes a conectant EP latency over the ISI range

studied.

Pigures 14b and 14c illustrate the averaged-ERG -vaveform
over the same ISI rangev(80-210 mrsec) for subiect C.R. Here the
positive and negative peak reference events are iddicatedrby ty!t
and open sguares respectively.A Llinear reqfession, lines
- calculated by least sguares have been fitted througﬁ\each set of

positive or negative ‘beak reference points. \ Slope and’

\H-intercept curve fit values’ for each set of peaky reference

features for all five subjects are suamarized in Ajpendix I,

: Steady state electroretinal {(tpos and tneg) and visua g evoked
7 potential ({Tpos ‘and Tnegqg) latﬂucies are §ullarized in Table I.

Figures 14d - fag represent the IS1 range (40 - 75 amsec.) for

— — - _

subject C.R., and the associated 2-D LC blot cf beaigéositive and
N N :
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Pigure 1l4a

Positive (+) and negative (open squares) VEP peak latencies

for C.». over an ISI range of 80 - 210 msec..

L
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Figure 14b : , ' ‘

ERG positive peak reference points for C.R. over an ISI range

= 80 - 210 msec. (slow flicker series).
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Figure 144

VER positive peak reference points for C.R. over an ISI

*_ range = 42 - 75 msec. [fast flicker serjes). .
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Figure l4e?A .
.
"/
‘VER.negative peak fefeﬁfﬁce poiﬂfs for C.R. over‘an ISsIT [ange
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ERG positive peak reference points for C.R..over an ISI range
=40 - 75 msec. (fast flicker series).
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Figure l4g
A ERG negative peak reference points for C.R. over an 1ISI
range = 40 - 75 msec. (fast flicker series).
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peak negative features are presentead.

Inspection of Table T indicates that for the steady state

VEP the mean Tpos latency for the slow flicker series (ISI=80-210
BRsec) was 108.54 msec where the corresponding fast flicker series

{ISI=40-75 @msec) mean Tpos was 97.54 lséc, ipdicating an average

'“‘Tpdelgtency'decréagémbf”T1;0 Besec. The steady-state VEP latency

(Tneg) determined from negative peak referende, points shovwed a
corresponding frequency-dependent latency shift, decreasing from
a mean value of 122.95-ISGC (for the slow <flicker series) to

85.46 msec (for the fast flicker series{, a 37.49 msec¢ shift.

it 1is apparent frog inspeétion of ~ Table I that
electroretinal steady-state lateﬁcy is relatively independent of
flicker rate. HMean positive electroretinal steady-state %gtency
{tpos) for fhe slov flicker series uas>36.6H lséc, while the fast
fiicker series p?oduced a tpos of 3u.61 asec, a decrease of 2.0
asec, Steady state negative ERG components also demonstrate no
apparent latency shifting as flicker rate increases. ‘ﬁean

regative electroretipal latency (tneg) decreases only 0.25 msec

" from 19.22 to 18.97 msec as ISI is systematically reduced from

B T —

210 msec to 40 lSec.

. FPigures 15a and 15b

il.

ustrate the scalp-recorded steady
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Figure 15a ~ o

Plot of steady-state VEP latency shift of positive component

(Tpos) as a function of ISI range. _ _ }
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Plot of steady-state VEP latency shift of negative Qamponent
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Figure 15b
. -~ (Tneg) as a function of ISI range.
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Plot of" steady-state ERG latency shift of negative (tneg)

. .component as_a function-of -ISI range.
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state VEP latency shift fer all 5 subjects for calgulated Tpos
and Tnegpvalnes for Table I. Corresponding steady-state ERG tpos
and tneg values are presented’in Figures 16a and 16b. While
there appears to be'ra slight discrepdncy in the direction of
A.Q.'s VBP'ffE;ker induced latency shift the overall agreement is

S
LY

quite good. N
T T Tt ’7”7"‘\;__;::_‘("'5 T
The Effect of Plicker Rate uﬁhn Steady State. Latency of VEP

and ERG: Théee Dimensional La%ency Calculaticn (3-D LC)

T

-

‘The75¥ocedure for three dimensional liatency calculatien (3-D
1C) already cutlined vas utilized by 3 psychophysical observers
{S.C., D.H.,, K.T.) in the determination of steady state
electroretinal and VEP latency'for each subject's slow flicker

and fast flicker ©perspective display. Appendix K contains

the averaged-ERG and VER slow and fast flicker series for

subject C.R. with psychophysically-estimated gquasi-regression

iines fitted to the pcsitive peak reference features. -The amount
of variability among I-intercept values used in determining true
steady state latency was assessed by the standard error of
estilate.‘ Table II illustrates the rean standard errors {E) and

variances (EE} averaged acrcss all raters. The mean standard

error for true steady. state latency. de?eflined, by,?a single

perspective sighting of positive (or negative) peak reference

features was 6.2 msec. (or 5.5 msec.) respectively.
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7

Teble II: Mean standard erro} (E)'and

g

" variamce (EE) of true steady-state

latency derived by 3-D LC procedure.
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~

Table II: HNean standard error (E) ana variance (EE) of true
steady state latency derived by 3-D LC procedure.

3-D LC

positive pks.
{n=60)

_E=-6.2 BSe€C.

EE= 38.6 asec.

i%ﬁ

derived frca =

EE= 30.1 msec.

~ 3-D LC . 3-DLC
derived fronm derived from
negative fgks. both peaks
{(n=60) ' (n=120)
E= 5.5 msec, ] B= 5.9 msec.

EE= 34.8 msec.




Graphic 3=-D LC plots of t&e interobserver agreement in thg?r‘
ability to~‘visually discrimipate the same peak - reference
featureé are presented in Appendix K; The lines connecting points
are gquasi-regression lines whose slopes are used in the
deteraination of the X-intercept and corresp&nding steady state

latency (t'pos or ttnegj.
ANOVA OF THE 3-D LC DETERMINED STEADY-STATE LATENCIES

'Two separate foﬁivay ANQOVAs (rater x subject x ISI range x
recording site) vwere conducted on the positive and negative
‘per5pective-deternined steady-state latencies feported in Table
Iv. ’InspectiCn of the ANOVA summary tables presented in Table
III indicated a significant ISI range by recording £ocus_bew
interac '6n (I. x 1) for steady-state latency determined by both

positive and negative peak reference features (p<.05 and p<.001

respectively).

Statistically nonsignificant effects were found for raters
(R), <rater by ISI range (RI), rater by recording locus (RL), -and
rater by ISI range by recording locus (BIL) interactions. In

contrast, subject wmain effect (S), subjects by ISI range (SI),

subjects by recording locus (SL}, and subjects Syi ISI rande by N

loccus (SIL) dinteraction effects were statistically significant
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Table III:.

-negative determinations.

ANOVA suamary tables for 3-D LC positive and

Raters (R) by -

subijects (S) by ISI range (I)

by recording locus (L).




P

=

ANOVA SUMMARY FOR 3-DLC /POS‘u. PEAK LATENCY DETERMINATION

AN

SOURCE ERROR TERM 4 DEG. OF MEAN
SQUARE
FREEDOM
Y MERAN- - - e e T U1 319740.0
2 R RS 1.5438 | ns (p >.25) 2 25.55045
3 s RS . 18,6482%% : 4 308.6248
4 I SI 1.4469 s (p >.25) 1 470.3999
51 SL 202.87*=% 1 71691.25
6 RS - - ’ 8 16.54984 —
7 RI RSI 1.3471 ns (p >.25) 2 17.15002
8 sSI RSI 25.5359%% 4 325.1079
S RL RSL 0.1301 s (p >.25) 2 2.281250 -
10 SL -~ RSL 20.1513%% 4 353.3750
11 IL . RIL+SIL-RSIL 5.624* 1 374,9375
12 RSI - 8 12.73141
13 RSL o 8 17.53610
14 RIL RSIL 0.3112 ns (p >.25) 2 3.662476
15 SIL ‘RSIL 21.6716%=% o 4 255.0326 :
16 RSIL 8 11.76804 =

1

** p <.001 * p <.05
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P O T S Y :
ANEWN2QOOTOUE WN -

ANOVA SUMMARY FOR 3-DLC NEG. PEAK LATENCY DETERMINATION

SOURCE EEREROR TERHM

MEAN
R RS
S ES
I SI
L SL
RS
RI RSI
SI RSI
RL £ 3SL
SL RSL
IL IL+SIL-&RSIL
RSI '
RSL
RIL RSIL
SIL RSIL
RSIL
** p<,001

P

1.5055
37.6060%%*
7.573
75.9%*

2.6634
30.3328*%

1.0384
52.8864*x*
25.219%%

0.7930
46.5298%%*

ns

ns

ns

ns

(p >.10)

{p >.05)

{p >.10)

(p >.25)

ns (p >.25)

DEG. QOF

- FREEDONM

DENO®a ENLEND b £ -

BEAN.
SQUARE

257677.1
'38.21689

954.6079

‘4437.558

117926.6
25.38446
51.45117
585.9746
30.46875
1551.781
5301.563
19.31818
29.34180
12.98633
762.0254
16.37714
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(p<.001).

Table IV summarizes the mean rperspective-determined steady
state latencies for all subjects across the two ISI ranges,
Table IV indicates that the positive ccmponent of the steady

state VEP decreases in mean latency (T'pos) from 114.5 msec to

99,6 msac as flicker rate is increased, a mean overall decrease

of 14.9 msec. As in the two dimensional latency calculation (2-D
LC) the 3-D LC of negative steady-state VEP latency (T'neg)
appears to decrease by 37.2 msec, from 127.6 msec (for the slow

flicker series) to 90.4 msec (for the fast flicker series)._

Examination of the 3-D LC of positive and negative -
flicker-ERG components confiras the findings of the
twvo-dimensional time-difference calculated steady;state latency.

Por both positive and tegative steady-state ERG components there

~appears to be no systematic frequency related latency shift.

Since changes in latency of steady-state electroretinal response
(t'pés and t'neg) noted in Table IV are all less than the
standard errof of estimate they #ere considered to be
nonsignificant, hence the BERG component steady-state latencj did
not change ag a function of increasing flicker rate. The

L3

significance of these experimental ~observations wvill be

i ——-Qiscussed., - e B e
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4
Table IV: Three-dimensional time-difference
calculated steady-state latency (t)
for five subjects over two ISI ranges.
- V4



g
<y by .
[ s g
l\
y = - «
_Tabl T TEE= S ime-difference calculated

steady~-state latency (t) for five subjects over two ISI ranges.

CE

DE

PE

nz

Maar

T'pos (asecC)

I'neg (nPec)

slow fast silow fast
flicker flicker flicker flicker
T series series  AT"pos serles series AT'neg
119.9\\ 78.25 41.65 150,50 - 73.50 77.00
"106. 6 96,1 10.50 5 19.10 L 74461 4.49
115.20 120.05 -4.85 142.10 38.90 .43.20
114. 61 112.86  2.15 137.52 120.43  17.09 :
116,30 30.83  25.47 128.80 84S 44,05
‘ :
114,52 558,62 14.9¢ 127.60 S0. 44 37.16 E
;
K

e MR i ke

b

|-
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Table I¥ contipued

BEREG
t'pos {msec) :'neg {asec)
slow fast slow fast
flicker flicker flicker flicker
series series At'pos ‘series series At'neg
e 02 35,80 3040 52— 2185 2Rl -2,99 — -
DH 84,20 51,11 3.19 25,71 24.70 1.01
AQ 35.00 34.5¢ .50 16,30 16.80 ~-0.50
' P3 . 40.30 39.00 .30 19.76 “16.86 2.90
57 35,32 37,12 -1.81 18.70 19. 60 -0.90 :
i
mean  33.08 36.43 1.65 20.38 20.48  -0.10
——n“v"'--t—vv--“f--? ------- NP mp EE R AR A R e A - —-————--—-u--—;-—-- =
~ 3
4

s -y e -
i AR
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CHAPTER 4

DISCUSSICN

The organizaticn ofl this chapter will deal with the
follevwing i ssues: the consistency between the two
time-difference latency estimates (2-D LC and 3-D LC) of steady

and visual evoked potentials. The writer

state electroretinal and
will then discuss the theoretical significance of the general
experimental {findings in terms of the level of signal processing
of flicker evoked events, including speculation about their

possiblé physigiogical origin,

CONSISTENCY BETWEER THE TWC TIME-DIPFERENCE -LATENCY

CALCUQLATIONS (2-D LC A¥D 3-D LC)

Examination of Table I and Table IV suggests the oyerall
agreement between the two time-difference methods in estimation
of steady state BEG and VEP latency is extremely ﬁigh.
Icspection of the mean Tpos and Tneg values in Table I and Table
IV indicates thai botk 2-D LC ard 3-D LC methods are tracking the
sare set of electroretinal and EP reference features. Single
subject examipaticn of 3-D IC and 2-D LC results in the ERG
reveals thﬁt the greatest differgnpeﬂpgtugen thg tvo ”proceduresr

for latency calculatiorn occurs fer C.R.'s tneg estimates. The

difference between the two methcds' calculated latencies for  the
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ERG a-vave ({tneg =~ t'peg) for the slow flicker series was 7.3

asec. Por all other subjects the agreement between the +two

methods for estimation cf electrcretinal latency was typically

within +/- 2 msec, It should ke noted however, that the

discrepancy in C.R.'s data was due in fact to the increased sweep

duration in these recordings (400 msec.). Doubling the gﬁeep
which would at first appear to increase reliability in mean
laten;y calculation. However, it should be noted that as the
total number of ﬁeakrrefefénée feéfu;es increases likeviée there
is a resultant increase in +the namber of regression slope
estimates. Examination of the tables in Appendix I reveals that
as regression slope divefges frem z2ero the standard error of
error increases systematically. This relationship of increasing
standard error size with increasing regressionrslope magnitude is
reflected in every subject's data; but is more apparent for C.R.
since there vere aﬁ least tvwo peak reference slope estimates.
Simply stated, in such cases where there are more peak reference
siop estimates {gjg. P-4 apd E-5 for subject C.R.) then the
lease squares fitted regression line of latency on ISI is being
estimated on fevef datapoints. Subsequent variability in the
iatency of each individual peak reference feature hs a greater

effect on the regression slope -as the total number of peak

Finr

~ reference features decreases, S - 7%ﬁ7%ﬁ_ﬁﬁmm7_mfrwéi
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Ideally the magnitude of this slope-related standard error
could be reduced in the average x;intercept values in tables in
Appendix I-by some veighting functiﬁn based in part wupon the
number of data points in each reqression estimate., This would
havé the effect of reducing the contribution of those regression

lines vhose slope diverges froe zero. Such a weighting function

"”miaélﬁéf”ﬁfiiiiéafiiffﬁf§”§fiai"{155?653'fﬁé X~intercept values of
all peakrslope estisates were equally ueighted._ After Yvisuai
inspection of the tabulated data in Appendix I, it‘was concluded
tha£7£heioverallr7a§f§eienf betweeg iﬁdiéiéuél rééak ref;rence'

X-intercepts were acceptable for the purpose of calculation.

A Pearson-r correlation was performed between the 2-D and
- 3D LC <calculated steady-state 1latencies in Tables I and IV,
reveﬁling a highly positive relaticnship (r= .9915) between these
two time-difference latency estimation technigues. In susmary,
it appears that both 2-D LC and 3-D LC procedures have derivéd a
snfficiently eqguivalent guantification of a steady-state BRG and

YEP event.

v

DISCUSSION OF RESULTS FROM 3-D LC AMNALYSIS OF VARIANCE

Prom inspection of the tvc ANOVA summary tables (see Table - -
. II1) several copclusions can be reached: firstly, the

statistically ncnsignificant B, RI and RL effects indicate that
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raters are essenptially pargllel oT unchanqiﬁg in their visual
discriaination of salient éurface feature regulafities in the
electrophysiological landscapes. That is, raters are selectiné
the same sets cf features in each of the 20 perspective displays.
The second conclusicn concerns the iarge F ratios for all subiject

main and interaction effects. The statistically significant SL

~and SI  interactions  (p<.001) irndicate <that subjects are

significantly different from each cther in their true steady
state latency both as a function of recording’site and ISI range.
Ihié findiné iﬁﬁfurihefrsﬁpéérfed by inspection of Tables I and
IV vhich reveal obvicus intersubjegt differences in true steady
state latency. likevise, the significanmt SIL interaction
(p<.001) indicates subjects significantly differ in the amount of
site-dependent latency shift, that is some subjects'rare showtng
significantly different 1latency shifts at each recording site.
Iggpection of £he individual squect's ISi-dependent 1latency
hghifts in. Eigures 15a,b and 16a,b confirm this finding. Pinally,
the previously discussed siqnificaﬁt ISI range by recording locus
(f x 1) dinteraction indicates that magnitude of steady-state

latency shift varies as a functior of the recording é%ie.

THEORETICAL SIGNIFICAMNCE OF EXPFRIMENTAL RESULTS

__The results of the parametric flicker study outlined in this

[ T

dissertation clearly indicate that the mean latency of the stzady

ra
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sta;e visual evoked potential appears to decrease in gquantal step
fashion as a function of increasing flicker rate. The magnitude
of the resulting frequency-dependent VEP latency shift is SeenAto
be a function of the EP-compcnent polarity. Table IV indicates
mean latency shift to be in the order of 14,93 mse¢ for +the

positive component reference points and 37.16 msec for negative

‘comaponent reference points, ‘At this point the neurogenesis and-

physiological significance pf steady-state EP tine-coipoééits is
still a matter for specunlation (Spekreijse et al., 1977).
However, frequencf—dénain analysis of steady stafei EP's to
homogenecus field stimulation has identified three frequéncy
coaponent subsystems with different cortical crigins in the human

visual systen. Spekreijse et al., (1977} describeQ a high

frequencj signal system whickh épparg#tly underlies the ©primary

response arising in the striate cortex. This signal dominates in
the 40-60 Bz freguency range {(Regan, 1968) and appears to have an
apparent latencyi of about 80 msec. A medium-frequency signal
subsysten doniﬁéting the 14-20 Bz range, probably arising from
striate:projection area 18 (and possibly 19), wvas isolated by van
der Tueei (%95&) and later by Regan (1966); having an apparent
latency‘ range of 100-320 nmsec. The slow-freguency signal

subsystemn predominates arcund the spontaneous alpha rhythe (9-12

~kz) and has an estimated latency cf 120-200 msec. Spekreijse et

al., {1977) apd others (Regan, 1S72; van der Tweel, 1964) have

developed electronic-analogue mocdels for the human evoked
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“response sSystem to account for the responses obtained with

sinusoidal Gaussian-modulated hcmogeneous fields. Unfortunately,
these models do not apply when incremental flicker of flash
stimuli aré used, since these models have been derived using the
small signal approach in an atténpt to linéarize the visual

response. Intense flash stimuli introduce various nonlinearities

-

‘that make freguency-domain amnalysis of doubtful value., Howvever,'

«

it does suggest that the VEP tine-cdnéonents reported in tbis'
study =may likewvise be characteristic of fhese same steady-state
fréqhenyy*specific1signal subsystems, since there appears to be
discrete incremental shift in +the VEP steady-state latency as
flicker frequeﬁcy increases from the slpw/jk{ﬁe - 12 Hz) o the
fasf { 13 - 25Hz) flicker range. Therefore, one cén conclude

that frequency domain models alone do rot offer a unique

description of the human evoked response system to flicker.

Time-difference methods of calculatingrsteady-state latency
aake possisle (the analysis of specific time conponéﬁts of the
steady-state EP (Diamond, 1977b). In the present study the
stead& state b-wave (tpos) and a-vave (tneg{ were clearly
identified in the averaged-ERG and wére fdund to shift less than

+/- 2 msec, across the flicker range,(u;76 - 25 Hz), while the

positive and negative comporents of the steady-state VEP shifted -

in the order of 14.9 and 37.2 msec respectively (Table I and IV).

The theoretical sigpificance of +this finding in termas of a
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7£§ie-éc;;£n acdel of visual fiicggr signal processing lies
chiefly ir the irdication that frequency-dependent latency shift
is c¢f cortical c¢rigin in the human visual systenm.

| .

Another finding that ﬁositivc apd negative steady state
components - are differentially affected (in ‘terms of latencyi .
§hift}*suggestsrthat the cosponent fclarity.itselfraightf—reflectfuﬂ— -
different signal subsystems. It appears that the positive
component P115 is the most ccnsistent feature for all subjects ir
the  slow flicker range. De ioe ét al., (1965) examining the
evoked occipital response ic a study of foveal function concluded
that the VER latency of P110 provided a respcnse characteristic
T that was in excellent agreement uith psychcrhysical determined
photopic sensitivity fanctions. De Voe et al. (1968) concluded
that the scalp recorded VEF vas indeed of foveal (cone process)
origin, Hhethcr ;hé stéady-state VEP positive component reported
in this study also reflects cone system functioning cannot
presently be clarified. Hov¥ever, appropriate psychophysicél
manipulaticn of chroamatic flicker adaptation could possibly tease
out concomitant rod-cone contributions in the steady-ctate ERG

ard VEP.

Inspection of individual subject's steady-state VEP and ERG

latency shifts (Table I) indicates that for two subijects- (2.Q.,

‘P.B.) these same VEP positive component latency does not"appear
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- to Shlf{‘ significantly -with increasing flicker rate. However,
both P.,B., and aA.Q. do havé‘ibderately large frequency dependent
negative component lateﬁcy decrepents. ‘Further inspection of the
"raw" averaged-EP records revealed the cortical following
response to be alplitﬁde attenuated and §inu$oidalrin vavefora
with associated responée doubling at low ISI range for A.Q. The
writer suggests that for A.Q. . this apparent lack of
frequency~-dependernt latency decreuené could be due to the losé of
peak feature unigueness associated with EP amplitude attenuation
and sinusoidal entrainment. As EP amplitude diminishes the
wavefora loses éharacteristic reference features becoming less
distinct as it takes on a sinusoidal appearance. This loss of
peak identification information is confounded - by EP
freguency~-doubling, vhich makes egtimation of peak latency
difficult for the 2-D LC or 3-D LC pr ures, Generally, in all
subjects the VEP following at lcw ISI's <50 msec) made peak
latency determination increasingly inferential for —reasons

) already diScussed, and it appears that both 2-D LC and 3-D LC
| time-difference procedures are less suited to situations where

the BP waveform leoses characteristic reference features.

COBCLUSIONS . -

In conclusion the findings cf this parametric investigation

‘of electroretinal and fEéimflicker response by time-difference

%
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techniques can be = summarized  as fcllows: firstly,‘
time-difference aralysis indicated a flicker frequency-dependent
latenéy shift for the steady-state VEP, but #ith no corresponding
electroretinal latency shift. Secondly, these experimental
findings were interpreted and discussed as indicating that the
IsI-dependent latency sﬁift originates at some central "(pOSSibly
) » cortical) loci in the human visual system, with no apparent
contribution of peripherﬁl (retinal) mechanisas. This - cbserved
relationship betveen electroretinal and cortical evoked potential
events vas predicted by tvwc time-difference latency calculation
procedures--a classic two-dimensicnal time-difference nethod
(Diamond, 1977a,b) and a recently described three-dimensional
perspective viewing technigue (Coupland et al., 1978). The role
of tile-diffeience methodology for the investigation of the ﬁuman
visual flicker respcnse appears to lie in their ability to
provide complementary information. about visual signal processing
not readily accessible to phase-différence analytic nethdds,
becadée of the wmethodological and theoretical constraints of

these frequency-domain techmiques.
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“u
APPENDIX Q
SUBJECT CONSENT TO EXPERIMENT AND B
MEDICAL RELEASE FORMS
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CONSENT TO EXPERIMENT

THIS -BXPERIMENTAL PROCEDURE HAS BEEN REQUESTED BY

STUART G. COUPLAND - R

- THE GENERAL RATURE OF THIS EXPERIMENT INCLUDES:

1. ERGS AND VERS RECORDED FROM SKIN ELECTRODES
PLACED ON SCALP AND SKIN AREAS,

2. EPS WILL BE RECORDED TO PLICKERING STROBE - -
FLASHING IN FREQUENCY RANGE PROM & - 25 HZ.

3. EXPERIMENTAL PROCEDURE LASTS APPROXIMATELY
TWO HOURS.,

I HAVE BEEN INFOBRMED OF THE PROCEDURES TO BE USED AND
UKDERSTAND THENM, I ALSO UNDERSTAND THAT AT ANY TINME .
THE EXPERIMENT WILL BE TERMINATED UPON BY REQUEST.

MY SIGNATURE BELOW CERTIFIES THAT I DO CONSENT TO z
THE EXPERIMEBTAL PROCEDURES DESCRIBED ABOVE AND
WHICH ARE TO BE CONDUCTED.

R

SIGNATURE

crsutetiy

DATE

s Jltﬂs‘«n“m‘m .
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MEDICAL RELEASE

I understand that although this procedure of pupcllary dilation is
clinically routine, it does involve some degree of personal risk

on my part.

= e Dr.-Laughton has performed-an-opthalmological examination and has
informed me of the possibility of individual hypersensitivity to
either of the two medications. If, for any reason, I wish to have
= this experiment terminatédkat any time, I may do so. ’

My signature below indicates that I am giving my informed consent
to this procedure of pupillary dilation and do so realizing the
degree of personal risk involved.

signature

* ’ date
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APPENDIX U

. _ PEAK IDENTIPICATION-ALGORITEN

4 POR 2-D 1C

b v e

sl L ot i e

B

e T T ATl T IR o e e EENISE T
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(¥ -]

GENERAL INPORBATION \&M

All recnrds are 200 msec. in duration and with each YER/ERG
: TN

vavefors is a calibration pulse froa vhich to derive amplitude

scasyrea2nts,

Delete the first and last 'S msec. intervals in the record (i.e.

scora only from 5 - 195 asec. Jinterval}.

Ll
s
'a s
&

2 single VER 'or ERG vavefors the peak to peak aaplitude is

5

irst measuyred {Imax o2 Pig. 1}

[

Saselines defiping the total amplitude range are drawn as

0

lapelled 8p and Bo in Pig., 1,.

22ak events are maxisum positive deflections (upvwards from Bp}

xar ares > ,&0 rmax and are bopunded fdfﬂ¢/:ﬁé iSéé;" by no data

v

~

4]

pnaint

5f greatar positividy (or negativity ir defining neg.

oks}.

R

el
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PEAX LATENCY DETERMINATION

Peak latency determination proceeds from left to right on the

VEE/EHG vavefora,

,,,Liktgo,ﬁqsitiye aaxi;a,pcgu:,!itpigﬁkgd Xisi and Ydiff is LESS
than ,75 aicrovclts, then the peak latency is calculated as the

pidpeint between these two marxisma.

]

If tvo positive maxima occur within .20 Xisi and Ydiff is GREATER
than ,75 aicrevolts, then the peak latency of the larger
amplitude event is noted and the latency of the smaller aamplitude
a2xisa is dis;eqarded.

In cases where three orf more positive maxisa occur within .20

{isi disrejard latency determination,

Afrer posi+ive peak latencies have been deteramined, regative peak
latencias are likewvise determined by applying the these same

rules to nagative maxima measured dovnwards from Ba (see Pig. 1).

e o e e e St e s e o 1 om e ot v s s b B e SRR TR T,
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APPENDIX A
} , )
Summary tables and frequency histograms of the
sample standard deviations (E) and variance (EE)
components for 2-D LC procedure on 128 peak
reference events.
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L

SUMMARY STATISTICS ON THE DISTRIBUTION OF SABPLE  STANDARD

DEVIATIONS (E) FOR - 128 PEAK OBSERVATIONS BY 4 RATERS USING THE

2-D LC PROCFDURE

7
MEAN 1.629 STD ERR 0.109
MODE 0.500 STD DEV 1.230
~ KORTOSIS 8.911  SKEWNESS  2.480
MEDIAN 1.812 YARIARCE 1.513
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SUMMARY STATISTICS ONF THE

‘DISTRIBUTION OF

SAMPLE

VARIANCE

COMPONENTS (EE}) FPOR 128 PEAK OBSERVATIONS BY 4 RATERS USING THE

2-D LC PROCEDURE

: MEAN 4,154

—? R o MOPE 04250
' KURTOSIS 32.493
. MED AN 1.990

'STD ERR 0.737
—STDDEV-- 83l

'SKEWNESS 5.203

VARIANCE - 69.577
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- APPENDIX P
EVANS AND SUTBERLAND PICTURE SISTEM

USER'S MANUAL FOR 3-D PICTURE PRESENTATION
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{1) Sign on the PDP11 AND THE Evan & Sutherland

User Manual

EEREEEERR KX

Please follow the following steps in order to get on the Picture

Systea to run your progras:

1/. Power on the disk drive (ie, PERTEC)

2/. Wait for the *SAPE' light on the disk pannel to light.

3/. Open the disk drive door. Remove any disk that is already
there and slide in the CMPT 451 disk gently.

4/. Close the disk drive door, and press the buttoa RUN/STOP,
Wait until the 'READY' ligth is on before you:proceed vith
other parts of thé sign cn proéeaure..

5/{ This is IMPORTANT, To avoid damage to the display CRT,
turn VEDEO GAIN on its right front to the minumum (ie.
anticlockwise)}.

6/, If you plan to use the display soon, turn it on now. If
not, leave it off until you want to ﬁse it.

7/. Open the Picture Systeam cabinet (big black box) doorron
the right hand side, and turn on the power switch., Close
the door,.

8/. Turn the pbwe: switch on the PDP11 cohsdierib DC ON.

note: the 'console' is to your left. it is not the keyboard.
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,ﬁwuﬁ;ﬂ,444,4g¢fﬁiy49gp292444coasole145cunchgupgwun;4ﬁﬂqetsgand—t¥9e—————————~—ﬂ%
CNTRL HLT/SS5. This stops any program running in the PDP11,
just in case there is a prograam in there which is smart
_enoﬁqh to keep going after you turned the pover back on.
10/. Press CNTRL BOOT on th; PDP12 console. This should result
in four unfriendly looking nuabers being typed'on the console

terminal, followed by a § on the next line.

W*i). Make sure the key 'LOCK; is presseﬁrdown befﬁéé yéﬁ ;;pé
anything,
12/. Type DK1 and then hit the RETURN key : .
13/. Thare will be a noticeable delay while the PDé11 rakes sure
it is all there and bootstraps in the RT11 operating systel;
RT11 will then announce itself.
15/. Enter the date according to the folloving foreat:
'DATE day-acnth-year!, for exaample 'DATE 10-MAY-78°'. Then
hit the BRETURN key., 7
16/. Assign all user files to ibe disk on the upper'drive with the
comaand 'ASSIGN RK1:DK'. : o

A%
17/. %hen you have a program ready which should produce a displayy,

e

turn VIDEC GAIN up until you can see the display clearly.
Please DO NOT trun it up too high.

Note: Do not leave a display on thae screen for a long periods :
of time because it will cause permanent damage to the

7phosph6r.r - i . 7 o 7 ;7 - o ” -
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{(2)

Switch on the mcdem ( the blue box on the table )

{3) Type the folloving command in order to get on WYLBUR TALKER:

)
(s)

{6)

(7N

R WYLBUR and then hit RETORN key.

Type your terminal, initial, account and keyvord.

After you signon Wylbur exec the g;ogran_!axzvzai by the
following command: EXE FROK $#EXEVER1 USE ZYA

The 'EXEVER1T program is used to send and convert the ASPEX Dataset

to the #ylbur file, and will instruct the user to ship a dataset —

to the PDP11 disk, -

Hit CTRL C in order to get _back to PDP11*command mode.

The typeithe folioiiné coila£dt~R ASPEX e

fhis command will run the prograa, agﬁ the program will send
the data in the Wylbur file into the PDP11 disk and begin the
display.

After typing the above command the system will ask the user

~for the data file name, Then the user should type in the file

name as the same dataset name used‘bq‘ore.‘ Bach time only one
datasd will be send to the PDP11 disk. Therefore, if the user

¥ant to)see another display of another data set he has to run®the

_ASP program again,

Bt et b de

b b A e

i
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Knob. Function
131 | EEERNEEES
9 Rov A (select the specific row for add, delete or interchange
rows operation) ,
10 Row B (select the specific row forvintercﬁange rovs operationi
| © note: row B does not change when row A is 0.
1 Col (The current value of of this knob is used to indicate the
_ number of segments skip between segments vhen displaying.)
_ 12 ,Ti;ervalue
13 (the green button) vhen pressidg it row A § B will be interchange -
14 (the blue button) add/delete row A specified
15 "(the red button) display continnous/hold display constant even
the knob values is changing
16 (the yellow button) deletes/add the message on the screen
17 rotate fhe object about the X axis
18 Totate the objeét about the Y axis
, 19 rotate the objéct about the Z axis ‘
20 scale the object larger/smaller
21 - elongate the portion of the X axis’
: 22 expand the space between the rows
24 Cross or d%aqonally flag )
: 25 - rotate thgffodraﬁoﬁt the X axis
T T 26 rotate tﬁé rod about the Y axis S o
27 rotate the rod about the Z axis
Z8 ;scale'the rod larger/smaller
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29 translate the rod along the X axis
30 translate the rod along the Y axis
31 translate the rod along the Z axis
32  HMarker is used for align the peaks of the rowus

(8) If the user have finish with the display, hit CTRL C ip order to

_get back to PDP11 command mode.,
(9)’If the user want to signoff the PDP11 and the Picture Systea
please follov the following instructions:

- 1y. Turn VIDEO GAIN on the front of t,‘{'e*dispxay'CRT to its

——minimus (anticlockwise}. This will avoid possible damnage
vhen you turn off the CRT.

2/. Turn off the display CRT.

3/. Press éBTRL ALT/SS on the PDP11 console to stop whateVer
progras may be running. -

k/. Press RUN/OPF on th; disks to stop the disks. It will take
about 15 seconds to stop. DO XOT power off the drive yet.

5/. Turn off the PDP11 by truning the large dial swvitch fros
DC ON to CQOFF.

6/. Opar the door on the right hand side of the Picture Systenm
cabinet (big black box}, and power off the Picture 'Systen.
Close the door. | |

7/. waif for the SAFE light on the d;;kidgivg Pgnng; toiliqh;f

Then resove the disk and put it back to the shelf.

8/. Make sure the !SAPEB!' light is still on, If so, pover off the
the disk drive,

d 9/. Before you left the room aake surz you lock the door.

g

o -
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PICTURE PICTURE | J REFRESH P1CTURE PICTURE
CONTROLLER PROCESSOR | | BUFFER GENERATOR DISPLAY
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(POP-11) , ~—
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T CHARACTER| |
GENERATOR
[ 3 .
" TABLET
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The Standard Coafiguratfon of THE PIcTURE SYSTEA
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APPENDIX I §
i
THO-DIMENSICNAL TINE-DIPFERENCE STEADY STATE LATENCY i
7 25TIMATES FOE POSITIVE AED NEGATIVE PEAK REFERENCE :
e PP GRES FOR ALL PIVE SUBJECTS, OVER THE T¥O IST =
RANGES: SLOW FLICKER SBEIES ISI RANGE = 80-210 MSEC,
FAST FLICKER SERIES ISI RANGE = 40-75 MSEC.
TABLES COKTAIN THE LEAST-SQUARES ESTINATED SLOPE AND
\ X-1¥TERCEPT CURVE PIT VALUES,




154
Subject = C.R.
YER
slow flicker - fast flicker .
VEP - o !
feature slope X-intercept S.E. slope X-%g@ercept S.E.
9-1 -1-0 : 113.67 6-27 -1.0 | 95-00 3-53
5P=2 0.02 111.17 0.63 . 0.01 95.02 - 0.20
p-3 1.06 103.51 1.63 1.0 95.00 3.53
P-4 2.08 115,61 4,82 2,22 82.04 . 8,57
S S P=3 == —eemm =348 48,80 — 13,58
- .
N=-1 -.834 129. 16 5.40 -1.0 80.0 5.95
N-2 0.023 145,52 0.25 . 0.06 74.76 1.70
N-3 1.01 186,60 5.83 0.89 87.09 3.47
R N-4 0 2.15  131.00 8,98  1.99  79.33  6.02
’ ERG ’
. slowvw flicker fast flicker
ERG ) .
feature slope X-intercept S.E. Slope X-intercept S.E.
p=1 0.032 ' 31,16 1.91 -0.046 37.86 0.37
p-2 1.01 348,46 0.51 - 1.02 34,76 4.30
p-3 2.00 36,78 9.59 2.06 31.76 8.25
- P-4 3, 11 26.30 20.09 3. 14 + 33,90 14.10
n=-1 0.031 13.06 0.55 0.087 11.09 0.79
-2 1.026 13.59 1.93 0.963 20.57 3.70
- n=-3 2.02 16,07 11.55 1.95 20.30 11.05
n-4 3.09 -18. 10 19.481 3,04 15.48 11.06

e s R B bk 1

R
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Sﬁbjb‘(—i - P'U- ’
1
VER
slow flicker fast flicker

VEP ‘ A

feature slope X-intercept S.E. _Slope X-intercept S.E.

p-1 -0.94 108.8 6.07 ~1.00 112.0 3.67

p-3 o -- -- 0.95 116.75 . 5.10

: ¥-1 -0.499 132.49 5.27 =0.95 80, 25 3,41

e P RIS s B ) 7' B ¥ 2 S | 0.88 - =0.054 87.09 0.71

ERG
- - e . ._slowv flickepr —— - - — fagt flickapr —
ERG : ' ‘

feature slope X-intercept S.E. slope X-intercept S.E.

p'1 -0'00’ 38.35 O.ZQ -0.018 ~38'51 0.“8

p-2 1,01 39.29 8.74 1.03 36.29 3.97

p=3 -- - -- 2.0u 37.20 7.70
n~-1 -0.009 20.34% 0.42 0.07 -~ 13.35 0.53 :
n-2 0.973 23,93 9.38 , 0.98 20.74 3.17 i
r-3 -- -- - 2.03 18.08 8.78 f
3
- é

x
+
e
£
23
%
3
E
3
&
S
)
a3
)
i
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Subiject = a.Q,
YER
slow flicker

YER -

feature slope X-intercept S.E.
P-1 -0.784 98.77 4.56
p-2 0.00 110,71 0.84
P-3 D.65 105.75 4.14
N-1 -0.90 134,53  7.78
N-z 0.0“8 ) 1“1'35 0597
N-3 - - -

- - B o ‘BRG

slov flicker

PRG- )
feature slope I-4ntercept S.E,.
p"1 ) -05001 35.56 0.21
p-2 1.01 33.78 2.94
p-3 - -- --
n=-2 1.01

n-~-3

15.39

-

4.67

fast flicker

slope X-intercept S.E.
~1.45 135.2 6.96
0.047 106,12 1.03
0.94 108, 3 3.21
'1-22 99'.71 5.90
o =0.124 91.99 5.01
0.961 89.88 5.50
fast flicker

slope i-intercept S.E,
0.014 32.02 0.42
1.08 28,36 4,75
2.00 3% 00 7.63
0.059 11.58 0.78
0,928 20.12 4,63
2.02 16.13 8.81
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Subjegt = DJH.
YER
: slov flicker fast flicker
VER ) S
feature slope X-intercept S.E. slope X-intercept S.E.
P-2 - - -- -0.24 77.43 1.07
p~3 - -- - 0.84 71.00 2,36
e M=t 20293 PR 2: M =TT 971,33 »
BRG
o - slow flicker fast flicker
ERG A , .
feature slope X-intercept S,E. slope X-intercept S.E.
p-1 -0.02 44.98 0,42 0.03 37.98 0.76
p-2 1.03 81,13 8.39 1.08 35.91 3.70
n-1 -0002 25.35 0.35 O-O 22-5 0000
n-2 0.98 26.79 7.52 1.97 28.41 2.61
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VER
slov flicker
YER :
feature slope X-intercept S.E.
p-1 0.012 108.48 0.76
pP-2 -- -- --
p-3 -- -- --
o NETT T =0,76 1160 S5.80
N-2 0.10 130,93 1. 45
EBRG
- oo ——-—glow -flicker— o o
ERG , ,
feature slope X-intercept S5.E,
p=-1 0.016 32,87 0.41
p-z 1.03 32. 23 3.“5
p-3 -- -- --
n"1 0-0“2 . 9.95 0.85
a-2 0.90 26.60 6.70
n-3 - - -

Subject = N.T.

fast flicker

slope

X-intercept
-0.99 91,08
0.0 91.22
1. 12 85,76
]
=025
0.79 - 77.6

. fast flicker - - - o

X-intercept

slope
0.066 29.87
1.01 35.0
2,02 31.75
-0.08 24,02
0.98 18,75
2.07 13.42

S.E.

4,88
1.37
4,90

T5.7 TR0 ¢

1.7

S.E.

1.10
2.81
4.31

0.57
4.50
6. 18
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APPENDIX C
INTERSi‘IHUI.US INTERVAL (ISI) VALUES AND CORRESPONDING
FLICKER FREQUENCY

i oty
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lncreﬁéﬁf‘i‘?tiéféf‘?requencies (Kz) and COrrespondzng

Interstisulus Intervals (asec.,) \
: y
Flicker Pregquency (P Hz.) ' . - Interstimulus Interval (asec.)
“8.,76 ‘ Lo -210
5. 00 , : 200
5.25 : 190 :
5.56 » 4 180 '
.5.88 ' 170
6.25 160
‘ 6.67 ~ SLOW PLICKER WW?imﬁ]%ggﬁf - | B
A T Rucz ~ - ”
7.69 , 130 - ‘
8. 33 ‘ 120
9.09 110 -
10.00 100 S
B R e T, A ,
12.50 . , 80 '
13.33 . 75
14,29 70
15,38 65
. 16.67 60
18,18 FAST FLICKER . 55
20.00 RANGE , 50
22,22 . &5 =
25.00 40- : , -
. «
*

Lo s v
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APPEBDIX K

3=D LC IBTEROBSERVER AGREEMENT FOR

" C.R. DATA
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VER positive pesak ,latency‘for C.R. determined
P — ;f,fthzmngex:specumy(;L-D)w,prfocedurer by three - —— o
observers for ISI range = 80 - 210 msec..
'
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YER negative peak latency for C.R. determined

through perspective (3-D) procedure b}r three

observers for ISI range = 80-210 msec.
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BRG positive peak latency for C.R. detersined .

e~ thrdugh perspective {3-D) procedure by three - .

observers for ISI raage = 80-210 msec.

e e e me

G Hemean ol ke
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ERG negative peak latency for C.R. deterained
e -through perspective {3-D} procedure by three - ——— ———— o
observers for ISI range.= 80-210 msec,
I
oy :
: i
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YER positive peak latency for C.R. deterained
through perspective (3-D) procedure by three
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observers for IS5I range = 40-75 msec.
£

L
:




171

75—
C JRa
R C Poe e
» 85-——
O
2 60—
e 557
9D g0
45—
40
L T T T T T T T T T T TTT7

0 S0 10D 150 200 250 300 350 400

SUEEP DURRTION -MSEC




[y
-3
0~

e

VER negative peak latency for C.R. determined

observers for ISI range = 40-75 asec,

e R R
-

N R R R O

iy

thrcugh perspective (3-D) procedure by three

T b R TR

#
3
)
=
e
*
$ LY
b
¥
£,




173

1.

[.S

45— '.
w— 1 ,
g]llllilf[TYllﬂl!

S0 100 180 200 250 300 350 400

SWEEP DURATION —-MSEC

3
) #
1%
]
A



174 A
MRS
!
o
F
_ ERG positive peak latency for C,.R. determined
e e~ _through .perspactive [3-D) procedure by three .. B
observers for ISI range = 40-75 asec. -
: f
3 %

il R N e




-
=3
n

C.R.
| 3-D ERG
S f— PospPks |
O
N N
n
b
w

I

(T T T TTITITITITTIT ]

D 50 100 150 200 250 300 35S0 400

SWEEP DURARTION -MSEC .




175

ERG negative peak latency for C.R. determined

through perspective {3-D) procedure by three

observers for ISI range = 40-75 asec.
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