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Abstract

, _ .
. . . . i Vo]

[

A two- puise reselutioh technique was employed to assess
tempora] proce551ng deficits in glaucoma and ocular

hypertens1on ~ The f1rst experiment showed that glaucomatous

 eyes were 1mp%1red at two- pulse resolution “and that the-
severity of impaifment was not uniform across_retlnal

locat ions tested. Experiment 2 extended thefinveftigation to

a semple of hypertensive eyes and also examined a larger

sampJe oﬁ”glaucomatous eyes. K fair degree of separation}Was

' ach1eved between cl1n1cal and control samples ‘ It was

suggested that the severity of 1mpa1rment 1n two- pulse

reso]utjon may be related to the amount of diffuse damage to

the-retiha] nerve F{ber layer. §
'Threewencillany&eXperiments‘ére reported. * In one {t was

shown that im?eired.twe-pulse resolution in glaucomatous eyes

"was not an artefact resulting from diminished light

-

sensitivity. Another experiment replicated results of earlier

work with'patienls-suffering from multiple sclerosis and
suggested thdtlthe‘éubreni technique can be regarded as a

valid measure of two-pulse resolution. The last exper iment

reports some anomalous data.
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' Simple chronic glaucoma.”also termed open-angle glaucoma
(0AG), is a condifion of the eye in which elevated
intra-pcular pressure is associated with deformation of the
opticdisc, deterioration of optic nerve fibers (axons of
ganglion cells), and vjsion-loss? Normally, intraocular
pressure is controlled by the ciliary body which excretes
fluid (agueous humor) into the anteripr chamber of the eye
and by the lrabechular meshwork’ and canal of Schlem which
release the flu1d into the venous system. In glaucomatous
eyes fluid pressure builds up due to blockage of the outflow
system. In closed angle glaucoma, or acute glaucoma, the
outflow system is mechanically blocked by a narrowing of the
angle (see Figure 1). That is, the iris covers the
trabechular meshwork and ébstructs outflow. Intraocular
pressure’ rises suddenly and is accompanied by pain and
reddening of the eye (Simmons and Dallow, 1984).. Provided
that the patient seeks medical treatment, diagnosis and .
treafment of ¢losed angle glaucoma is routine. - By contrast.
it is much more d1ff1cu1t to diagnose anhd treat open-angle

glaucoma (OAG) where the trabechular meshwork is exposed to

¥



Figﬁre 1.

" meshwork: i. - irig; 1. - 1ené).

*

Schematic representation of the anterior
chamber of the eye. The angle between the
iris and the trabechular meshwork is open in

(a) and closed in (b); (t.m. - tratechular
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the flow of humor Pressure bu1ld up ocburs because the

- outflow system becomes less permeable It is belleved that

'the change 1n permeab1l1ty occurs at the po1nt where the
'trabechular meshwork dra1ns 1nto the Canal of Schlem
'(Schwartz, 1984) .The. exper1ence of 0AG can be pa1nlegs.

'expla1n1ng why it can go undetected for many years The a

/‘,.ult1mate result of . elevated 1ntraocular pressure is

“degenerat1on of ret1nal axons’ and ganglton cells followed by -
’v1slon loss The research descrtbed here deals w1th
open-angle glaucoma.

o 1 ’ ‘ |
4w? It is 1mportant to d1st1ngu1sh between two d1agnost1o

: categor1es ocular hyperten51on and open angle glaucoma : An
"1nd1v1dual is said to:have ocular hypertens1on (OHT) when the
rjangles are open, 1ntraocular pressure is above 21
h_m1ll1meters of mercury,.the opt1c nerve head is not deformed
‘cand there 1s no v1s1on loss. When v1sual field defects
"develop, or when cupp1ng at the nerve head 1s detected
1nd1v1dual is said to have openvangle glaucoma Intermed1ate
‘.states may warrant the label of suspected OAG or early OAG

| The sequence of events that leads from elevated
1ntraocular pressure tIOP)Hto loss of: v1s1on is not fully

-understood. It is bel1eve& that elevated IDP 1ncreases the '



. axons of the1r nutr1ents . /

wall tension: of the sclera and d1storts the lam1na cribrosa.
S1nce the opt1c nerve passes through the Jamina crlbrosa this
_‘compresses the nerve and its nutrient cap1llar1es lead1ng to y

axonal degeneratlon (Anderson and Hendr ickson, 1974 //

‘Leydhecker. 1983 Qu1gley, Add1ck Green, and Maumenee, 19?1

ya
¥

Quigley et al (1981) stud1ed the effects of- elevateé,IOP.}
on the axons at the p01nt where they pass through the’lamlna
'cr1brosa by 1nduc1ng elevated IOP in nonhuman pr1mates, and
h by exam1n1ng “human eyeshpostmortem Both lines of
1nvest1gat1on showed that elevated IOP caused 1ntracellular
matter to accumulat w1th1n the axons at the ‘1amina,
suggesttng that axonal transport or normal/axonal metabol1sm |

: had been blocked. Accordlng to this ana}ys1s, one way in

which elevated IOP causes loss of v1s1dh is by depriving

/
.

A - ,/

/

F1gure 2 shows. progress1ve stages of v151on -loss in

differ

\

t pat1ents suffer1ng from elevated IOP 2% measured
by stat1c' er1metry This techn1que est1mates relat1ve

\ threshold values of small flashes of'l1ght throughout the
visual f1eld. The threshold values are compared to mean

values from'a normal populat1on and sen51t1v1tv maps are



Figure 2.

.deterioration of theﬁi

: patient

Sensitivity maps ShQthﬁfthe‘progressivé

erimetric fields *in

giaucomatous eyes Paneis ( ) and (Q) were

obtained from right eyes, paneis (c) - (f)

A v\\-\

Th” maps do'not represent one

from ieft eyes |

: ,“,. L

.
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generatedtghowing derationsitrom4noﬁma1tty.' éach map‘ih
.Figuﬁe 2 represents sensitivity over 60 degrees of‘the Qisua1
'fteldf Sever1ty of loss is ﬁnd1cated by the amount of
shading. Solwd b]ack indicates a scotoma. F1gure 2(a) shows
a normal v1sua1 f1e1d The darK ‘patch in F1gure 2(a)
represents the blind spot F1gure 2(b), through 2(f) show

visual f1e1ds with progress1ve1y 1arger scotomata

As -can be seen from F1gure 2, deter1orat1on appears f1rst
in per1phera1 and paracentral v1s1on As measured by static
per1metry, foveal v151on can rema1n norma1 unt11 late stages

7
of glaucoma.” An example of this is shown in- F1gure 2(f).

Deficits iﬂtvisual‘function,’as méashred by static
»perimetry,,can be preceedeotby fairly.extensive.damage to the
opttc nerve. That is, a patient may have apparenttyinorma]
v1sua1 f1e1ds, yet have a deflnlte loss of axons. -In most
cases this 1oss would appear as an enlargement of the opt1c
disk cup (Drance, 1984: Quigley, Add1cK and .Green, 1982{
Qu1gley, 1983). « For examole postmortem examination of'five

eyes suspected of hav1ng glaucoma but w1th norma] per1metr1c

-,»fields, revealed that three of these eyes had a mean loss of

'37% of their axons. That is, the optic nerve oontaines:about;

-



600, 000 fibers rather than the normal 1,000,000, yet v1sual
funct1on was norma1 as assessed by perimetry (Qu1g1ey. et
al; 1982).

‘ The challenge‘for psychophysics has been tc devise new
tests which m1ght be sensitive to early damage to the retina
and opt1c nerve resu]t1ng from elevated I0P. D1scern1ng such
earty abnormalities may eventually permit Ehe systemat1c
‘detection and treatment of subclinical visual changes prior
to the development of scotomata (Atkin, Podos & '
Bodis-Wollner, 1983) To date, psychophysica] investigations
have shown that ocular hypertens1ve patients are likely to
 have ppor blue yellow and blue green color d1scr1m1nat1on
,(Drance, Lakowski, Schulzer & Doug]as. 1981 Fishman, Krill &
. Fishman, 1974; Lakowski, Bryett, Drance, 1872;), contrast
sensitfvity losses chdis-Wollner and Camisa, 1980; Ross,

Bron & Clarke, 1984), receptive field'abnormalities (Enoch
and. Lawrence, 1975; Enoch and Campos, 1979) ahd f]iCKer
‘sensitjviiy 1stes (Atkin, Bodis-Wollper. WOle£eﬁn, Mosiik;fn
Podos, 1979; Tyler, 1981). So far it is still premature to
judge wh1ch of the foregoing approaches will have the best
prognostic value or wh1ch will gain c]1n1ca1 acceptance
However, methods which assess temporal functioning, such as

.~ flicker threshold ﬁechniques, seem particular1y promising..
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o DefiCits in fiicker sensitivity have been demonstrated by
 Atkin et al (1978) in two separate tasks The first task
measured the threshold contrast for perception of 8 Hz
flickpr'oﬁ'a homogeneous circuiar display subtending 4
,degﬁees of arc. The second task measured threshold: contrast ‘
 for perception of a 51nu501 1 pattern of verbicaiiy aiigned
vdarK and . 1Pght bars as it flickered .in counterphase at 8 Hz.
Atkin et al. did not report ‘the results for each task
separate]y Rather,. they computed for each subJect a’
combined average score caiied DRC (dynamic response
coefficient) Half of the eyesiMithQut‘perimetric field
defects were Judged to be abnormal by this method, whereas,
all but one of the eyes with parafoveal visual fie]d defects
were Judged to be abnormal (Atkin et al 1979). This pattern
of results were replicated by Atkin, Bodis- Woiiner Podos,
Woikstein; Mylin & Nitzberg (1983i.
. |

SenSitivity of a test for detecting early damage to the
retina and Optic nerve can be assessed by noting the
. percentage of ocuiar hypertenSive patients who are Judged
abnormal. These patients have glevated 10P, normai optic
discs and’normal visual fieids. The ac epted criterion for

abnorma]ity typically permits a 1% faisd alarm rate. That is.

[
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{ in 100 patients with normal 10P and normallvtsua1 fields
might be classified as ebnormel ennoneouslyﬁ The method

' deve]oped by Atkin and associates, described above, has a
sensitivity of about 50% because about half of the patients

with OHT‘werelclassified as abnormal. '

b
. .

A psychophys1cal test wh1ch detegts about 90% of ocular
hypertens1ve ‘patients. has been repor ted by Ty]er (1981)
Tyler's method was s1m11ar to the first task employed by
Atkin et al (1979, 1983) where observers were required to
detect flicker in a spatially homogeneous field. The
critical J1fference between the two was that Tyltet varied the
temporal frequency or f11cker rate of the display rather than
holding it constant at 8Hz. Ty]er found that 90% of pattents
exhibited signtftcant losses in sensitivity at flicker rates
of 30 - 40 Hz. A smalter percentage of patients were’
classified as abnormal at freauencies‘above and below thts
range. At 5 - 10 Hz the proportion o; patients classified as
abnormalhhqs approximately equal to that reported at 8 Hz by
Mtkin et al (1879)= To date, Tyler’s method has shown the
gﬁeatest sensitivtty to early damage resulting from elevated
I0P. But note that the clinicel value of a particular method
is'determined as much by progndsttc Value;as by diagnosttc

’
®
a9



yield. Only longitydinal studies which follow a sample of
batients for a number of years can discover whether patients
with poor scores on‘% given tesf are the same ones who will
progress dhd develop field defects. |

. : , '

Losses in flicker'sensitivit; or, in general, deficits in
processing stimuli which vary in time are not specific to
glaucoma or ocular hypertensionﬂ Simi lar deficits have been
demonstrated iH patients uffe;ing fféh other disorders, for
example multiple sclerosis (Daley, Swank & E1lison, 1973;
_Galvin, Regan & Heron, 1976; Galvin, Heron & Regan, 1977
parsons & Miller, 1957; Mustillo, Brusséll, White & Anderson,
1984? and dysngia (Di Lollo, Hanson & Mcintyre, 1983). A |
tecHanue which has pbgveh to be particularly effective in
detecting temporal procesSing deficits in these clinical
populat1ons has been the two pu]se resolution method (Galvin
et al., 1976; Di Lollo et a] 1983). Observers are shown
two pulses of light in rapid succession to th; same area of
retina. \*he technique measures the duration of the interval
between the two pulses at which the observer reports a
perception of "double flash™. Glavin et al. (1976) and Di
Lollo et a]i (1983) report that the clinical populations in
their studies required longer intervals between the pulses to

perceiJe two flashes than did control obervers.



THe rationai&ﬁ%er‘using’two-flash discrimination te study
def1c1ts in temporal process1ng is illustrated'1n Figure 3 /
| (adapted from Galvin et al, 1976). A double flash mighdt
appear as a single flash to an é-Sebver with*impaired"Visiqn

because the responses to each fTash meﬁge That is, the

F3

ISI it is possible to quantify the severity of impairment of

patients-relative to controls. However, care must'ee taken
to eliminate extraneoﬂs cues, such as brightness and |
duration, which might'identify aﬁdoublelf]ash target, even
‘WHenoa double flash is not perceived.

A systematic ‘investigation of two-pulse reso)utfon
thresholds in patients suffer1ng from elevated IOP or
glaucoma has not been reported'1n the 11terature - However, a
preliminary investigation by Galvin et al (1976) reported
some encouraging resultsi 10 of 14 eyes with elevated IOP had
abnormal ‘two-pulse resolution thresholds. However ; 7 of these

eyes may have péen in advanced stages of the disease. In



Figure 3.

Schematic representation of the two-pulse

target and the resulting sensations in normal

and impaired observers. Adapted from Gé1vin,”

Regan and Heron, 1976.
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order to assess the sensitivity of the two-pulse resclution

method to early damage resulting from elevated 10P the \

pﬁesent work reports data collected from three populations: />
v .

mormal, ocular hypertensiVe - OHT (elevated I0OP with no /

visual fieid defects), and glaucomatous (elevated 10P with
visual field defects). It is hoped that the two pulse methed
will proyideaVaTUab1e di@gnostic information ;boutaéarly
Signs ofqdamage at Eetina] lécations which appear normal by

inspection and have normal perimetric fields.
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Experiment 1
» , v

The goal of Experiment 1 was to ascertain whetﬁgr the

two-pulse resolution method could discriminate between
vsglaucomatous ﬁatients with parafoveal perimetrfc field

defects and control observers with no known visual defects.

' . J

Psychophysical investigations of visual dysfunction
typically‘utilize the "yes-no" response procedure. The
observer responds "yes" if he can detect the relevant feature
of. the displéy, or "noi‘if he cannot. This procedyre is

preferred primarily for its speed. However, the "yes-no"
b .

" procedure has a serious drawback: each observers musf set up

a regponse criterion. Given a conservative criterion and
some degree of uncertainty, the observer will terld to respond

no". Alternatively, a liberal criterion will produce more
"yes" responses. In eithgr case, sensory effects and

response criterion effects wil].be confoﬁnded. Shortcomings .
of the "yes-no" procedure in‘é]inical testing have been
discussed at length by Vaggan and Halliday (1982). As an
alternative, fhey recSmmend the forced-choice procedure which

is virtually criterion free. In a forced-choice procedure

the event of interest occurs on every trial. Thus, there is ,

17
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‘ ~}a forced choice procedure , ‘~ L v

BN & "" ) . 5

e
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4

' no uncer¢a1nty as to: 1ts presence ﬁbservers are requ1red
imerely to 1ndJcate where or when it occurred Advantagé% of
‘_the forced cho1ce procedure-have been recogn1zed in

'doncl1n1cal appl1cat1ons as well (Sharf 1975 Stelmach

Bourassa and D1 Lo}lo, 1984) To m1n1mtze btases 1ntroduced

&

‘by observers reSponse cr1ter1a the present research adopted

.
- .
*
‘(

]

~ There were two tasks in Experiment 1. 1In one'task fiVer

elements were dlsplayed in the conftgurat1on shown in F1gure

4 On each tr1al, all elements were shown in one pulse,

A

- except for one element wh1ch was. shown 1n two pulses.ﬂ
_separated by a temporal gap Observers were requ1red to name
) the locat1on of the ‘two-pulse element ' On the hypothes1s '.

'1that glaucomatous pat1ents have a temporal proce551ng def1c1t

they should requ1re a longer 1nterpulse 1nterval to 1dent1fy :

()

accuracy as controls.‘

In the second tasK the dtsplay conftgurat1on was

yunchanged. However, on. each tr1al the observer v1ewed the

dtSplay tW1ce. In one of the two d1splay 1ntervals, all f1ve

eléments“were‘presented in a s1ngle pulse. In the other

L -
w.

e

': interval-all elements were presented in a single pulse except -

: the‘locat1on of the two- pulse target w1th the same degree of L :



- . ' a .,

Y
‘ ~,§igUFe 4, Disp]ay elements were arranged'as shown | ﬁéﬁe;

‘ .In EXper1ments 1 and 5, the d1stance of the |

‘ uter elements from the center was e1ther 2 3

rvor'4 degrees of v1sua1 angle.: In Experﬂments

-~

2, 3 ahd'4 it was 3ydég§ees.
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for one wh1ch was presented in two sequent1a1 pulses
Observers were requ1red to 1dent1fy which 1nterva1 (f1rst or
second). contained the two- pulse element, but were not .
~required to name its location. The second fask was-
1ntroduced as an exploratory measure because it may have
1nterest1ng 1mp11cat1ons regard1ng the relationship between
Spatia1 and temporal vﬁsual_funct1on1ng. It also wou]d be

“valuable to know whether patients and controls observers

differed in this‘fespect.
- s .

O
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o , Method N
Subjects. Testing involved many trials (éOOO or more'per
subject) therefore, only two glaucomatous patients (MT and |

AG) and three contrd]s (VDL, JMF and WS) served in the

-+ experiment. One eye of each observer was tested (left eye of

AG, VDL and JMF; r1ght eye of MT and WS) Al],tested eyes had

' normal- or corrected-to-normal Sne]len_aeu1ty. Patients MT and

AG were 62 and 61 years of age' respectively. Controls VDL,
JMF and WS were 54 56 and 56 years of age respectively

A1l five participants had no history of neuro]og1cal .
disorders. Control_eyes had normal visual f1e1ds and no

history of eye disease. G]aueomatous eyes had paracentral

* visual field defects and no scotomata within a radius: of 4

degrees from f1xat1on
' Pupil size of the tested eyes measured at - a background
1um1nance of approx1mate1y 8. 6 cd/m2 was 3 25 mm and 4.mm

for MT and AG, respectively, and 6 mm for VDL, JMF and WS,

respect1ve1y ' ‘ ‘ )

)

Intraocu]ar pressure: (IOP) measured in m1111meters of
mercury w1th applanation tonometry ranged from 14mm Hg to
32mm Hg for MT and from 13mm Hg to 18mm Hg for AG. E]evated
pressures were be1ng treated with Carbachol and Tymolo] for’

~N
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MT, and with propine for AG. Control observers VDL, JMF and
WS had 10Ps of 15mm Hg. |

Disolgy Characteristics. The dispiay'consistedvoffive,
square elements, arranged as shown in Figore'4. Each element
- was composed of 9 dots arranged in 3. x ¥ matrix. The central
element was aiways displayed at the fixation point. The four
outer eiements were positioned at a distance of either 2, 3,
or 4 degrees from fixetiOnﬂ‘ On any given trial all four |
outer elements were positioned at the safe eccentricity. At
a viewing distance of 57 cm which was set by a headrest, each
eiement subtended a visual angle of approx1mateiy 20 minutes

a -

of arc.

On eacn-triait—onevof the five elements, chosen randomly,
was designated‘as the target.‘ Tnis element was displayed in
two separate.flashes of 10 ms each, separated by‘e variabie
faintenvai (I1SI). The remaining four ‘elements (the
gistractors) were disoiayed for the same dudation‘as the
target, but w1thout an ISI. For example,. if the ISI wgre 40
ms the total duration of the target element would be 60.ms: |
the ISI plus the two 10 ms puises. In this case, the
distractor elements also would be dispiayed for 60 ms (Figure

5).

/
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Figure 5. Schematic repre§entationh9§ the temporaﬁ
rg}ationship between the fwo-pulse target and
'theJ@istractors. The dufation of each pulée'
in the two-pu]se.eiement was always. 10 nis.
The duration of the ISI varied, as did the
duration of the distractors. This figure
illustrates a case in which the durétion of
the 1S Was 40 ms and the duration of the
‘distractors was 60 ms. The~importanf point is
. ‘ ~ that the duration éf the distractors Was
| alwayé equal to the total durafion of the

%alus the duratibn of

two-pulse element: 20 ms
the 1SI. Note also that the integrated 1ight'
energy in the two-pulse element,and in the
distractorielement/is the same, indicating

equal brightness. @
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Displays were shown 28 a Hewlett- Packard 1333A
osc1l]oscop1c po1nt plotter equipped with fast P15 phosphor
Background luminance was maintained at a mesopic level (8.6

cd/m2 as measured with a Tektronix J16 photometer);

Controlling Baseé gj'dudghent.; Since the goal of the
exper iment was to éstimate the detectability f the double
flash, an effort was made to eliminate extraneous c:es, such
as duration and brightness whiéh,might idependently identify
the two-flash target (Kietzman and Sutton, 1968). If the

duration of the target and distractors were unmatched, or if

the target differed frem the distractors in terms of

brightnéss, observers could detect the target even if a
double pulse were not visjb]e.'ln either case, the results

would not reflect observers’@ébility to perceive a double

‘ flash, but would be ‘contaminated by responses based'on

irrelevant dimensions of,iheldisplay.’ In ohger to avoid this
problem the duration and brightness of target and distractor
e]éhents was matcﬁed, so that the target element did not
differ from the distractor elements in ierms of duration or

brightness. Matching duration was simple: as described -

‘above, on any given trial the duration of the d1stractors was

"""""" ——

set to the the total duration of the target element: ISI plys
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20 6:. MWatching brightness was Iess simple: the luminance
of the target and distractors was adjusted until their
brighﬁness appeared to match‘that of a standard element: The
standard was dispi;yed 2.5 log units apovg threshold for 100
ms with no ISI.’ The matching proce ure had a number of 4
,steps: Firsi,’the'two-pulse elements were matched in terms
of brightness with the standard. Second, the distra®®ors

were matcﬁed°in terms of brightness with their bespective

targets.

Next, to limit the effect of any residual mismatch in
brightnéss between target and distractors, a slight variation
was introduced in the‘brightness'of the distractors,
encompass ing the brightnesé of the target element. Fina]ly,
:the new matched values were validated in a separate procedure
where observers attempted to discra«ﬁnate the target from the

distractors on thHe basis of brightness alone.

The primary resU]t of the mafching procedure was that
targets and distractors were of approximatelyuequal'
brightness. However, an additional effect of the matching
procedure was that targets and distractors looked equally
bright regard]éss of their duraf%on. This aspect of the

equalization procedure was aimed at controlling brightness as -
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a variable which might affect performance on the two-pulse”:
task (Onley and Boynton, 1962).

Design and Procedures Observers sat facing the -

oscilloscope’ s screen in a sound-attenuated room. Background
luminance was maintained at adcgnstant value of 8.6 cd/me
measured by a Tektronix Ji16 photometer at the blank surface

of the oscilloscope’s screen.

There were two tasks in Experiment 1. Bofh used the

display described above, but used different ptocedures.

Task I: Position-bound task. ‘In this task observers

were required to name the position of the two-pulse element.
The sequence of events on each trial was as follows: The
observer ?ﬁgated the center of a square area defined by four
dets. ifgese were located a short distance beyond the corners
of the central element. Remember that no elements were
visible wh{Te1f1xat1on was on. When ready, the observer

| pressed a button The f1xat1on dots disappeared and the five
elements were displayed. The observer then responded by
naming thetlocatien of the two-flash target (top, bot tom,
left, right, or center). The exberimenter entered the

response on a Keyboard and the next trial commenced.
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Task I1: Posi¢1on free task. In the position free task

each trial consisted of two displ§9 intervals. A twofpulse
target was presented only in one interval and, as abovej only .
at one Jocation. The sequencijpf events on each trial was as
follows: The observer fixated the center of the area defined
by the four fixation dots. When ready, the observer pressed
a button te initiate the first display The fixation dots
- disappeared and five elements were displayed. Immediately
follow1ng this d1sp1ay, the fixation dots reappeared and the
observer pressed the button again to initiate the second’
disp]ay.\ After viewiﬁg both displays, the observer reeponded
by naming the display interval.(first or second) in which a
blink oe'double-flashowas~seen. Observers were not required
to name the position of the target. |
Pat1ents and controls were tested on- both pos1t1on free -
and pos1t1on bound tasks. On each task, three eccentr1c1t1es
were tested: 2, 3 and 4 degree. Note, -that on any g1ven
trial of either task, alquour,oUter elements were always
displayed at the same eccentricity. Since observers'’ abi[ity
to see a double flash could vary from one testing site to
another, a range of 1SIs was selected for each.observer at

each combination of task, positioh and eccentricity so that

level of performance epcompaSSed the 50% level. Within a
» ~
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given session, the type of tésk and_thé eccentricity was held
constant, while the position of the target and the durafion'
of the 1SI varied unpredictably. Each combination of
position and duration of ISI was tested 5 iimes wfthin a
session (125 - 175 tr1éls per session). Each subject served
for eight sess1ons at each comb1nat1on of task and
eccentricity, for a total of 40 observations per data point.
| A session lasted about 10 minutes. There ‘was a 3 - 5 m1nute
rest period between sessions, and a 10-minute rest period
every two- sess1ons ‘Sub jects completéd 4 - 6 sessions per
day. Tr1als were ran&om1zed w1th1n a session, and sessions @
were randqm1zed across days. A]l scqr1ng, t1m1ng and display -

functions were per foFmed by .a .PDP-11/34A computer.
; .



Figure 6. Percentage of correct responseé in the ,
position-bound task, separately for each
observer in Experiment 1. Dataﬁhave been
averaged over all three eccentricities and
over,ihe outer pésifions in the display. Open

1 symbols represent normal eyes. Filled symbols

represent glaycomatous eyes.



32

N

.. Position Bound

100

o [ TS § I TR L I ]

o

| | .,;m.:.,__ﬂ._.m‘.mm.:.w_ how v,.oaomu_.o‘uv 1901109 abejuaoiad

N
I

=

80

40 60

20

_ISI‘ (ms)



i 'FigUPé\?.b

LY

Percentage of correqt_responses,' the

-position-free task, separately for each

observer in Experiment 1. Data have been
averaged over all three eccentricities and

over the»outer’positions'in the display. Open

| symbo]s'represent normal eyes. Fﬁ1]ed symbols

represent glaucomatous eyes.



34

P’osi‘_‘tiOn Free

o

JMF 0—0

* <«
|l
* <«
= O
= <

80

60

1
o)
D

\Amc..mmm:mu .,:x nmuowtoov 1091109 wmm«:mohonv

100

40

20

,I»SI (ms)‘



Figure 8.

Peréentage'oﬁvcorrect responses shbwing the
diﬁgerence betWeen the poéition-bouhd'and'
position4free‘tasks in Experiment 1. Data
have been'ayéraged,over glaucomatous observers

¢

(open symbols) and over normal observers

(filled symbols).
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FigUre 9. Percentage of correct responses for observer
UMF separately at each of the four outer
disp]aQ’locapions at an eccentricity of 3

degrees.
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Figure 10. Percentage of éorrect responses for observer
VDL separately at each Qf-the four outer
display 1gcatipns at an eccentric%ty‘of 3

©

degrees.
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Figure 11. °~ Percentage, of correct responses for observer
WS separately at each of the four outer

d1sp1ay 1ocat1ons at an eccentricity of 3

degrees. g /7
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Figure 12. Percentage of correct responses for observer
AG separately at each of the four outer B

display locations at an eccentricity of 3

degrees.
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Figure 13. “Percentage of correct responseé for observer
| MT separately at.each of the four outer
display locations at an ecéentricity of 3
degrees. | |
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Results and Discussion

R%sultS‘of Experiment 1 are presented in detail in
Appendix A. Each tab1e in the appendixvshow resultS»of one
observer on one task Thus. there are two tables per

: observer,.and a total of 10 fab]es | The values in the body .
of each tab]e indicate the percentage of correct responses
adjusted for chance. In the position- bound task the '
probab111ty of mak1ng a correct response by chance a]one was
1/5, whereas in the pos1t1on free task it was 1/2
Observers’ scores were adJusted for chance to enable d1rect

,rcpmparisons between level of performance on both tasks.’(

s

uAdjusted scores reflect theidegree to'which per formance’

“exceeds chance- level respondingf o S o
5 The saiient aspects of the results arefpresented,_
graphically in Figures 6 through; 13.. Figures 6 and 7 show
the'results averaged qver aﬂl_pOSJttons 0f>the displayuwith
the excgption of'the eentra] position and~ayeraéed over a]l
thﬁééfeéce’tricities. Data arehshown“separately for each
’bbserVer'(open symbols for controls, f111ed symbo]s for
patientS)t The r1ghtward d1sp1acement of the f111ed symbols

47
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relative to the open symbo]s indicates that pat1ents PGQU]Ped
Tonger 1nterst1mu1us intervals (ISIs) between the two pulses
to atta1n the same level of performance as controls. This
pattern was ev1dent regardless of whether observers were
requ1red to identify the location of the pulsed target
(F1gure 6)_orvs1mply detect its presence (Figure 7). It 5
shoulo be noted that performance on the two tasks did not-
provide a basis for |

ddscriminating between patients and.controls and, thus, .
.d1sconf1rmed the hypothes1s that g]aucomatous patients can,
perceive a doublie pulse, but have d1ff1cu1ty 1oca11z1ng it.
Rather;'bothtgroups performed slightly better_jn the

position-free task than‘in the position-bound task. This is

shown in F1gure 8, where the data have been averaged across
observers. Th1s difference is discussed later in the prese}/
dtSsertation. |
: .
%Degree of 1mpatrment in temporal reso1Ution ewhibjted by -

e

.glaocomatoﬁsfpatients‘was not uniform at all retinal

o 1oc§t1ons F1gUres 9 through 13 111ustrate “for each observer

« - how level of performance varied from one 1ocat1on to the

& 7 g}%é K

,,'.‘»"' o .'{S R
néxt " The numbers (1-4) refer to the positions in the S B

d1sp1ay shown _,at top right of each f1gure Note the -
re]at1onsh1p between ‘the curves: w1th1n each figure. The

.,_\ L
Y
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clustering of the curves of the control observers (VDL, JMF
and”WS) contrasts marKedly with the wide spacing of the
curves of glaucomatous observers (AG and MT). This pattern
of results suggests that while control observers had

relatively uniform temporal sensitivity at all 1ocat1ons

o tested" the temporal sensitivity of g]aucomatous observers

These results are in

. ".‘;»,
»‘4‘,.

accord with the observat1on by Airaksinen, Drance, Doug]as,

- Mawson and Nieminen (1984) that the d1str1but1on of damage to.

the retinal nerve fiber ]ayer is not un1form Variations in
. the  degree of damage to the nerve f1bers in the ret1na m1ght
.acc%bnt for the var1ab111ty 1n temporal séns1t1v1ty across

-

the ret1na exh1b1ted-by AG and MT.

In Figures 8 through 13 the 1ntermed1ate eccentr1c1ty of
3 degrees was chosen for 111ustrat1ve purposes; however,
apart from an overall deterioration in performaé&é w1th
increasing eccentricity, the pattern of resﬂlts at an
eccentr1c1ty of 3 degrees is entirely represenatt1ve of the
rema1n1ng eccentr1c1t1es The rate of deter1orat1on in
performanbe w1th 1ncreas1ng eccentr1c1ty was s1m11ar for all
- observers except for AG whose performance deter1orate§ most

rap1d]y. This may be suggest1ve of a d1fference between

control and glaucomatous"observers, however , g1ven that MT

A
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did not show this effect, the resutts do not permit a
conclusive statement. 3 ] \g |

It should be noted that both MT mﬂ? AG were able to see
all stimuli in the display, yet were 1mpa1red in the1r
ability to resolve two successive flashes. ‘That is, at the
locations tested tﬂey had normal sensitivity to light, bdt"
abnormal tempora] resolut1on This Was.confirmed°in‘an>
anc111ary experiment,’ reported be Tow as‘;xpertment 3.
Experiment 3 showed that the duration of“the interpu]se ‘
v1nterva1 required to agta1n cr1ter1on level performance‘was
not correlated w1th perce1ved brightness. Of course. th1s
does not preclude the poss1b111ty\that ret1na1 1ocat1ons
| exh1b1t1ng a temporal process1ng deficit might have
| add1t1ona1 def1c1ts, say for example, in co]or or contrast
sens1t1v1ty Eﬁ -

In summary, resu]ts of Exper1mentwﬁ showed that the
two-pulse resolution test can d1scr1m1nate between pat1ents
with parafoveal field defects and controls. As well, the
results showed that visuel damage can eXtend_beyond retinal
areas where perimetric field.defects are Known to exist
, prov1d1ng evidence for d1ffuse damage of the retinal
receptors or nerve fiber layer. In the next experiment a

_modified version of the test was applied to larger samples of



glaucomatous patients, control. observers and a new ‘group of

ocUiar hyper tensive patients.
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o " - Experiment 2

Experiment 2 had two goalskk)The first was to extend the
results of‘Exoer1ment 1 to a larger sample of glaucomatous
and control subjects The second was to test a group‘bf
J.ocular hypertens1ve pat1ents These pat1ents run a risk of
develop1ng g]aucoma and it was hoped that the two- pulse test

might detect signs of early damage.

Extensive test1ng of each observer in Exper1ment 1

' perm1tted a thorough representation of the psychometr1c
funct1ons relat1ng level of performancezto interpulse
1nterval While it is acceptab1e in the context of research
.to use tests extend1ng over a per1od of 20 days, - .such. tests
have little pract1ca] value in a c11n1ca1 sett1n§ :In =
medical app11cat1ons the 1nformat1on prov1ded by a test must
be weighed against cons1derat1ons such as cost and _
convehience. With this in mind, the procedures of Exper1ment
1 -were scaTed'down'. Rather than produc1ng psychometr1c |
functions, the new procedures mere]y est1mated thresho]ds for
detection of g double flash. That is, they est1mated the
‘interpulse nterva] requ1red to attain a cr1ter1on level of

¢
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correct responses Furthermore, testing was restricted to an

eccentricity of 3 degrees\

Pos1tlon free and position-bound tasks did not
d1scr1m1nate between clinical and control subjects in
Exper1ment 1. Nevertheleé:? the difference in performance <
between the two tasks is interestingvin_itself. In order to

' <oonfirm-this effect both tasks were retained in Experiment 2.



‘Method -
4

Subjects. 16 contrel‘observers and 40 patients served in
the experiment. Of the 32 control eyes, 31 were normel. One
eye had suffered an arterial occlusion and was blind.
Control observers had no history of neurqlogical disorders, |
had nermal perimetric fields and were screened for any
opthalmological disorders. B |

of fheu80,¢11nica1'eyes, 2 were normal; 39 Had a history
of ocular‘hypertension withjhormal perimetric fields and
normal nerve heads; 39 were glaucomafous, having both ocular
.hypertens1on and perimetric f1eld defects. O0Of the 39
glaucomatous eyes, 12 were unable to see at least one of the.
elements 1n the d1splay and could not be tested. In sUmmary,
33 normal 39 hyper tensive and 27 glaucomatous eyes were |
‘tested. To reduce exper1menter bias, 1nformat1on regard1ng
the d1agnost1c class1f1cat1on of a given subject was revealed

only after data collection was completed.

Mean age ofleach group of eyes was 58 years. Median ages
‘were 58, 58 and 62 for normal, hypertensive and g1au¢omatous

eyes, Pupi 1lometry equipment became available during the
AN

- 54 )
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course of the experiment and pupil diameter was measured 1n
28 normal, 31 hyperten31ve and 26 glaucomatous eyes. Mean
pupil diameters of the three groups were: 4.1 mm, 4.4 mm and
2. 8 mm for normal, ocular hypertehsiQe and glaucomatous |
eyes. The 1. 3 mm difference in diameter between giaucomatous
and -normal pupiis was statisticaily 51gnif1cant (Mann-Whitney
U= 90, ni=15, n2:20, p<.05). A1l eyes that were tested had
unaided visual acuity or corrected visual acuity of no less .
than 6/8. lt‘is known that visual acuity as poor as 6/60 has
no significant effect on double flash resolution (Galvin et |

al., 1976) .

Display and Procedures. Display characteristics were

identical to those in Experiment 1, with the exception that
the eccentricity of the outer elements was held constant at 3
degreesi Thresholds for perception of a double flash were
estimated using PEST, a computerized parameter estimation
procedure developed by Taylor and Creelman (1968). The
procedure tracked observers’ responses at all five 1ocations
in the display simultaneouly. It automaticaliy adjusted the
duration of, the interpuise interval in order to converge on a
point where observers responded correctly approximateiy 50%

of the time, adjusted for chance.-
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A1l observers were tested on both position-free and
poéition-bound tasks. Only tho;e eyes were tested in which
all five elements in the display were visible. For each
observer, one threshold estimate was obtained at each
location on each task for each eye. Thé order of teéting was
randomized. However, in order td peduce the amount of
confusion both eyes were tested on one tasK’before proceeding
to the second task. BefPre each task, éb§ervers were |
familiarized with the procedures and were Shown.Fisplays with"
nelative1y long interpulge'intervals. During the course of
fami]iarizatipn therduratioﬁ of the interval was
progressively shortenedwuntil the observer started making
errors. The éhortest interpulse interval at whiéh
per formance was error-free was used .as the initial value in
the PEST procedure.‘ An entire testing sequence involving

both eyes lasted about 1 - 1 1/2 hours.



Results

P

Results of Experiment‘2 are presented graphically in
Figures 14 through 23. Figure 14 shows distributiong of
two-pulse resolution thresholds for normal and g} aucomatous
eyes. The histograms include all data collectéd for normal
and glaucomatous eyes on both tasks (pos1t1on free and |
position-bound) and from all five te§t1ng locations.

Figure 15 shows similar distributions for normal and
hypertensive eyes. A statistical treatment of the data is

described below where each task is cons1dered separately.

‘Results for each task are presented in Figures 16
through 19. Figures 16 and 17 show distributions for normal
and ga]ucnmatous eyes. Figures 18 and 19 show distributions
.yere analyzed

~(Siegel, 1956).

for normal and’nypertensive eyes. The d
.stétistiCEtly using the Mann-Whitney U T
_Thié,test,stipulates~that 51] observations must be

independent. That is, each onserver can contribute only one

score to the ana]ysts. .Cons@quent]y,' the statistical
analysis was perfonggd on a subset of therdata In order to
comply with the requ1rements of the stat1st1cal ana]ys1s,

observers were divided into 3 groups: normal,

57
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Figure 14. Histograms showing the relative frequency of
two-pulse resolution thresholds for normal -and
g1§ucomatous eyes. Each eye cbntributed ten
thresho]ds? five from the position-bound task

and five from the‘position-frée task.
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- Figure 15.

%~

" ?

| ~H1stograms show1ng the relative frequency of
- two- pu]se resolut1on thresho]ds for normal and(

"hypertens1ve eyes i Each eye contr1buted ten

thresholds f1ve from the. pos1t1on -bound task

and f1ve from the pos1t1on free task. -
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Figure'16.

Histograms show1ng ‘the relat1ve frequency of
two pulse resolution thresho]ds 1n the

y)
pos1t1on -bound task for normal and

~ .

g]aucomatous‘eyes. Each eye contributed five

~‘thresholds: one from each location in the

display. < |
1sp§y/ o -
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- Figure 17,

Histograms showing the relative frequency of

two- pu]se resolut1on thresholds 1n the

M

‘position-free ‘task for norma] and g]aucomatous

. eyes. Each eye contr1buted f1ve thresholds

one from each location in the d1sp1ay



—— N o
”" o -':

7
4.3

2 7|

g !
_E | 4 8
8 o ' — -
'z © | T
77 77 2
| i 7 ..'Oi-
,I,O)
Lo

AMlNNNNNNNNRRRRRNNhh.

\
o
™

T

1

LIS

] 1 L}

T |
Q S

(%) ADuanbai4 9AllelaY -

‘,r M | t&
0

o
™

Threshold (ms)

65



Figure 18.

-\,_‘

P

Histograms showing the relative frequency Qf

'two-pulse resolution thresholds in the

pos1t1on bound task for normal and
hypertenswve eyes .Each eye contr1buted f1ve
thresholds: one from each location-in the

displéy. o , ‘_'
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'Figure_19.

Histograms sho@ing the relative frequency of
two-pulse resolutiéh thresho]ds in the
position-?ree task for normal and hyper tensive
eyes. Each eye contributed five thresholds:

one from each location in the display.
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Figure 20.

Histograms showing the relative frequency of
two-pulse resolution thresholds in the
position-free and in the position-bound

3 -

tasks. Thresholds :for normal; hypertensive

and glaucomatous eyes have been combined.



71

(sw)ploysaiy L
oLL 01 oel Ol t 06

0L

0§

0¢

.

ay

9814 -U01}1SO0d m

punog - Uot}1sod @ |

~T
o
-

L LB
(%)(Xouenbeg aAlle|9Y

' N
o

|

_IOMw




Figure 21.

\
\

Histograms showing the average th-ﬁalse
thresholds in the position-bound task at each
position in, the display, separately for

normal, ocular hypertensive and glaucomatous

[

samples.
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L e RSN t:" i« o :
:'“Fqureggz;a_  Percentage of eyes that were Judged abnormal’i
B 9_on the pos1t1on bound task, separately fOP |

e

“‘;_'normal,_ocular hypertens1ve and g]aucomatous

‘samples.h
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 7F1gure 23. «.Peréeﬁtage of eyes that were judged ?bhorma]

. on fﬁevbositionrfree task, separately for
normaT,'ocularlhypeﬁfensjve and élaucomatdﬂé _

samples. =~
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ocular-hvpertensive (QHTt, and glaucomatous,‘according to the
fo1lowing criteria: in .the normal group neither eye was
‘hypertens1ve or g]aucomatous,.1n the hypertens1ve group both
eyes were hypertens1ve or one eye was hypertens1ve and the
‘other' had not been tested because of a scotoma w1th1n 3
:degrees of f1xation,3 in the g]aucomatous group at 1east one
eye had vwsual f1e1d defects, but there were no scotomata
within 3 degrees‘aﬁ f1xat1on Some eyes were excluded from
the analys1s normal eyes of observers in the OHT group and

'*normal or: hypertens1ve eyes of observers in the g]aucomatous
rvgﬁroup There were 16, 19 and 21 observers in the normaﬂ OHT
- aqﬁ@glaucomatous groups, respect1v§¥;¢ Th1s 1n1t1a1
segregat1on of- od$9rvers 1nto separate groups fac11vtated
extraot1on oﬁé1ndependent ggta po1nts “In the next step af .
' the ana]ys1s the data were Hgducedﬁﬁrom *ﬁvetobser ’é/s per
eye to a s1ng1e value per observer\gﬁ51nce there 15%%;0 a

gr1or1 rat1ona1e for choosing a dat reduct1dh method and 1t

o

ot obv ous wh1oh me thod would prOV1de the b.iﬂ : R

’

data po1nts from every eye were f11tered accord1ng to the
spec1f1ed a]gor1thm ye11d1ng general]y, two scores per .

observer, one for each eye: The worst ﬁcore of each “observer .

4

was entered into the ana]ys1s  The- f1ve data*reduot1on o

e v '

“ ' >* N Ce s e
v oW -
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| when there are more thgm 9

"Z-scores of the no~L

ks |

methods were: average all five data-points, average the two
" - worst scores,‘average the two best sq‘kes, select the worst

score, or select the best score.

.&ResUIts of the ana]ys1s are prgsented in Tab1e 1.

Mann Whitney U scores are- approx1mate1y normal]y d1str1buted

servers -per group (Parsons,

1978) consequentl;;:. s were transformed 1ntoﬁw L

&
‘Tl “

: but1on "The' s1gn1f1cance 1eve1sl

'poss1b1e to 1nterpret the Z scores in: Table 1 as
1n-ffk~.of sepérat1on between groups ach1eved by 3 gtven
data reduct1on method. Th1s is so because the Mann Wh1tney

test ranks all. data points pr1or to comput1ng the U

‘stat1st1c quently, the U stattst1c reflects he
degree to wh1q@ two. d1s¢r1but1ons~ove;}ap gﬂ!ﬂ Table 1 1arge

numer1ﬁgﬂ’va1ues of Z are assoc1ated with d1str1but1ons that

have 11tt1e-over1ap For each compar1son>}he largest and

,’

next largest Z scores have been under]1ned The best overa]l

sy LA -

y
. separat1on between control and 011n1cal d1str1but1ons was

el

obta1ned by .averaging the two worst thresholds Us1ng thls
method of data reductton al] compar1sons -were s1gn1f/;ant at .

1east at the .05 1eve1 ' G1ven the large number of “&"; .

. M . .
& . : B TP
‘ ) . . . ‘ : \ SRR SR 8
@ T ' i » B (‘\' S .
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Table 1. Z-scorés and probability levels for comparisons

n ‘listed in the left column for each-type of data-
B reduction algorithm listed along the top. "“The
R © largest and next largest scores for each . . .-
L comparison have been underlined. = - = Do
..... """"'""-"’"""‘ﬂ"‘,z"'""-""""'"‘V"”";:,:"“':""’"“".'-'".-"

A . averagé of’gwgps{u average of best average
two worst’ two best - S all

/.

Posit.-bound - ¥ " 3.89  3.65 o 3.28 1.9 3.9

Normal-Glauc. P<.0002 P<:0003 = . P<.0OT. N.S.. P<
o ‘ ‘ ; . SEE N ‘m 4 % L -:-Q%

' Posiﬂ}frele | 4,2
Normal-Glauc. P<.0001 .
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Normal-0HT .
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d . B

.comparisons, one may wish to regard some of the Z-scores as

. being only'margjnally significant.

e ’lv>. . : ‘ ) ) %

~ ,
F1gure 20 shows the data separately for the two tasks

collapsed over all groups M The data were analyzed with a

r:&y

;‘1Fr&edman Two- way Analys1s of Varlance for w1th1n subJect

factors.(51ege1 1956) The differerce between tasks was

-~ significant at the .01 1eve1 (chi squared was 9 w1th 1d.f. ) .

ah
: ' ' . . oo «-:"‘*

,W,F1gure 21 showefaverage twd-pu]se resolut1on thresholdsf

at each 1ocat16n in the d15p1ay F%r the pos1t1on3bddhd task

The 1psﬁt1on free “task y1e1ded a s1m11ar pattern

' A
Sens1t1v1ty of the present .method and its potent1a1 value
in a clinical sett1ng can be assessed from Figures- 22 and
23. These f1gures show the percentage of eyes that were%

gudged abnopmal in each group at different cr1ter1on va]ues

' for abnorma11ty The cr1ter1a, shown along the X-axis, can

be thought of as boundar1e§fbetween no@ma11ty and

abnonma]1ty They were app11ed to ‘the average of the two

worst scores which, as ment idned above prov1ded the best

.OVera11 separat1on between groups. Two- pulse thresholds

equal to or. greater than’ the boundary value were deemed to be

abnormal. The opt1ma1 cutoff between norma11ty and’

-
. .

)
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abnormality was in the range ‘between 85 and 95 ms. Within

this range, feéw eyes from the control éroup were judged

abnormal, whereas a substantial proportion of clinical eyes’

were abnormal. , ;??;

| group.

R

d.f. = 31 p<.01), but not for hypaptens1ve or glaucomgto“s;,

Two-pulse resolution thresholds were correlated -

ss1gn1f1cantly with age for control eyes- (r = 0.43,. to= 2 61

Y

tff‘eyes., Thresholds were not correlated with pupil- s1ze “for any

: : ' l‘;ﬁﬁftj
b B ' 3 A%‘)“u .
The s1gn1f1cant correlation w1th age in the control
Q,A

mple replicates results reported by Pearson and’ fbng

o «(1968) Absence of a correlat1on in .the cl1n1cal samples

cannot be ‘ascribed to differences in the range of the -

1ndependent var1able In fact the range of ages was greater

. in the clln1cal samples (the ranges were: 41-68, 27- 73 and

"38-71;for control ocular hypertens1ve and glaucomatous

r

samples,’respectively) Rather, lack of correlat1on in the

cl1n1cal samples is due to the greater variability amongst
i ' \
the threshold scores for pat1ent§ ‘at any given age. ‘
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u,greater var1ance of the cl1n1cal d1str1but10n 1s‘£ue,vin

Discussion

L4

. 4
L]

The goal of Experiment 2 was to examine how well the
two-pulse resolution method could separate between control
and glaucomatous eyes as well as to evaluate 1ts potenttal
use for detect1ng early damage assoc1ated W1th elevated

intaocular pressure. Judging from the d1str1but1ons of

. scores shown in Figures 14 throughslg it can be said that a

i
fa1r degree of séparat1on was ach1eved between the three

groups: control ‘ocular hypertens1ve and glaucomatous

Overall, glaucomatous eyes required the longest 1nterpulse
intervals to atta1n cr1terlon level performance on the
two-pulse resolution task, followed by hypertens1ve eyes and
control eyes. Both shape and central tendency dﬁst1ngu1shed ,‘

the dlstr1but1ons of cl1n1cal and normal samples " The

part to the var1ab1l1ty -of thresholds at d]éigrenttqgt1nal
locations (F1gure 21) and in part to the var1b1l1ty between
observers. o ‘ “ o s
A]](QPOUDS had shorter thresholds in the poslt1on free
task than in the p05111on bound task but agafn the tasks did

not differ in the1r capac1ty to separate cl1n1cal from\\

[ ‘*‘

a oW . J
.e ' : ’
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"
control populations. ‘Compaﬁe the displacement of the lightly
shaded bars relat1ve to the tpickly shaded bars in Figures 16
and 17, or inm Flgures 18 and 19. The sl1ght1y greater
displacement in the position-bound task whf@h is evident in

the graph1ca1 compar ison was not confirmed by the statistical

analxses Note that the Z scores in Table 1 show no -.

_cons1stent advantage of one task over the other.

o

Hypertensive eyes. An important aspect of Experiment 2

L J

concebns’the results from the Qroup of hypertensive eyes
(Figures 15, 18 and 18). It should be stressed that these

eyes had normal perimetric fields and normal optic nerve

heads Their‘on]y ical symptom was an elevated g
-~ intraocular pressurd 'etheless, their thresholds for

£
perce?v1ng a g%uble pu1se were 1engthened suggest1ng that

i

visual damage was already present. =7 im g

It may seem paradoxiCal that the same retihal locatioh is

able to detect a s1ng1e fiash of 11ght normally, yet be .

1mpa1red at detect1ng a gap between two flashes which follow
each.other in rapid 'succession. -The paradox rests on tbe
assumption that‘the same factors are ;eSponsfblevfob
detect§On bf both, events: single pulses and ‘gaps bgtween #~
pulses. Actually, the UTSerlying factors are.differeht. Ing

\ »
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the first case, accuracy of detectien depends on the
amplitude of the response producedlinuthe visual system, ¥
Provided the amplitude exceeds some minimél value, a‘single
flash can be perc1eved Howev;r tn the latter case, both
flashes must not only be visible, but aﬁﬁp be separab1e in
time. Here, response amp11tude does not . adequately L
character1ze the behav1our of the N1sua] s%item (Boynton, y
1872). The add1t1onal factor needed to explain the effects

of a two-pulse stimulus is the ratetof.recovery from
stimulation. If the second pulse is disp]ayed hefore the
system has had time to recover, it is likely‘that the percept'
will not reflect accurately the time- course ef the sttmulus
Under these c1rcumstances, both pulses may blend together and
an;observer will be more 11Ke19kto perce1ve one flash rather @
vthan two On this view, 1mpa1rement in tWO pulse resmqpt1on
observed in hyperten51ve eyes may be caused by a re]at1ve1y
slow rate of recovery from st1mu1at1on More generatlly, the

. impairment may arise from an attenuat1on of the high tempora]
frequencies of the ?ho-pulse target. Since these frequencies
produce the sharp ensete‘andeoffsets of each pulse, the |

&ffect of this attenuatiop would be to transform the two

square pulses of the»target 1nto two gent]y undulat1ng waves;

as well as to delay the. peaKs of the waves (see gure d)

Phenomenolpgical}y, th1s could prod ‘

‘a sengatﬁOn»ofd%
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"tempora smudg1ng or e]ongat1on of the percépt of eagh

pulse, resulting in poor resolution of the twn pu]ses

%

Impairement in two-pulse resolut:

glaucomatous eyes can be exp]ained i 1lar manner
A i ‘

However, in glaucomatous eyes it is Uible that both

. recovery rate and response amplit ; Wffre,abqprmal. This is

by k]
[Ewgd

suggested by/phehbmepological reﬂ!‘!% of four observers who
foted that some of tHé elements in the display appeared
dimmer than the others. Dimmer elements alsd had longer
two:pulse thresholds.. Nevertheless, it 1s.unliKely thet
iﬁpaired brightness perceptipn'is a prerequisite fpr '
two-pulse reeo1ut10n'deficits in glaucoma. A direct.
exam1nat1on of this poss1b111ty is descr1bed below in..
Exper1men9 3 where it is shown that br1ghtness percept1on of
glaucomatdus eyes is unrelated to abnormalnt1es in- temporal
“resolution. o
: Inh fol]ow up 1nvest1gatAons of the current samp]e of
‘Hpat1ents’1t would be 1nterest1ng to examine br1ghtness
‘pergeptwon of ret1na1 1ocat1ons wh1ch showed temporal /-
def1c1ts in the presegt work If the double pulse techn1que |

~is able to detect ‘retinal locatjons which have a high

j%grobab1l1ty of develop1ng per1metr1c f1e}d defects - the

"“ ‘-& «
#g.'ﬁ e ‘J R ‘* ¢ Doy

Fa v

g

- e SO - -e_‘ 4 L :g . L TR SR R
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r'technggue could be used 1n a clln1cal settlng to 1dentify
: those patients wh1ch need intensive therapy. Ideally. the -
techn1qu’ﬂh1ght 1dent1¢y visual damage at a stage where it. is

- &
still reversible. : . - N
- Physiological correlates Little is Know about : .

phys1ological correlates of psychophysical abnormal1tﬂes in
glaucoma espec1ally ,in the early stages of the dlseasa For
this reason it would be premature to suggest a physiological
account of the deficits obServed here What m1ght be said
with some degree of certainty 1s tl%t gtaucoma and OHT do not
share the phys1olog1Cal bas1§-for the two pulse def1c1t W1th
‘similar def1C1ts in multiple sclerosis. Amongl demyel1nag1on
which is a suspected cause .in mult1p{e scleros1s, is not a
prominent factor in glaucoma or OHT (Galvin et al., 1976).

In the latter, metabolic d1sturbances in rod and cone\

~ function or blockage of axonal tranSport might play a role
(Quigley, 1983) . ;\"' o -

At a coarser level of analysis; there is some

T -

- cgncordance “ between the present reSUlts and those reported

: "$Omlpbotograph1c studies of deten1orat1on of the nerve fiber

layer in OHT and glaucoma A1raks1aen et al. (1984)¢ reported

that a general1zed I!BS of nerve zﬁrers was more common in



eyee with'glahcoma than in'eyes with hypertension Our
.resu]ts show that two-pulse resolut1on def1c1ts were both
( AN

‘more commoh (see below) and more severe in: g]aucomatous

pat1ents It may- be that sever1ty of 1mpa1rment in twp pu]se

resolut1on is- corre]ated w1th the amount of diffuse damage to

jthe nerve f1ber 1ayer. Of course "diffuse damage does . not -

Har

1mp1y "uniform’ damage as - ev1denced by the var1ab111ty in’
degree of 1mpa1rment of glaucomatous eyes at d1fferent
locations in ‘the display (F1gure 219 14 would be
intere5t1ng to corre}ate point by po1ht”thefd1str1butién‘of'

damage‘toethe nerve fiber layer with'theLSeveqity of
. impairment in two-pu]seﬁne501utjonf | )

B
\.\‘ \

Attentional factors. "While an impaired~two-puT§e

threshold at a g1ven locat1on may reflect ear]y ret1na1
damage, it 15 p0531b1e that attent1ona1 biaseés may have 1ead
- to an overest1mate of the sever1ty of damage That' is, c
pat1ents may have become aware of. the1r 1mpa1rment at a g1ven
retjnal s1te and may have 1gnored at 1east to some'degree,sv
°~'.§timu11aatythat site, thus 1eadtng tQ pre]onged est1mates of
th—puls.e’thr‘eéhold. In future work this pd‘ssihility might e
be 1nvestigated with a validating procedurevthat'employedfafg
:d1sp1ay cons1st1ng of a s1ng1e st1mu1us JUnder these e :

cond1t1ons it would be less 11Ke1y that attent1ona1 b1ases



i

ﬂ“cou1d affect esttmates.of threshold because‘observersFWOuldj

be,1ess(1?kely to divert_their attention away from the singte
target. - ¢ o

I4 . N
¢ . Ry

il x.

,“,,

Position-free and pos1t1on bound tasks. A re1iab1e“

advantage qf the poS1t1on free ‘task over the pos1tion bound

- . task was found in Exper1ments 1 and 2. As ment1oned earlier,

the dtsplay character1st1cs of the two task were 1dent1ca1

but the response procedures d1ffered In the pos1t1onvbound
¢ .

task observers wene requ1red to 1dent1fy the locatton of ‘the

target, whereas 1n the pos1t1on free task they were: requ1red N

ﬁonly to 1dent1fy the d1sp1ay 1nterva1 in wh1ch the

-'double—pulse}occurred.

/

. /

. /
~

/,

'; W1lson and Sﬁnger (1981) report an, effect which may shed
some 11ght on. the difference between the two tasks. In the1r
exper1menb, two st1mu11 were presented separated by up to 25

degrees of v1sua1 ang]e One st1mu1us was des1gnated as the =

target and the other was des1gnated as the maskK.- In the

cond1t1ons of interest, the target was a sqng]e 30 \s pulse,

'5and tHe mask was a double pulse, or vice versa Orr about 1/3

to 1/2 of the trials, observers reported that the target

acqutred_the,appearance of the mask. That is, a s1ng1e pu]se

RN target looked like a doub]e?pulse and a double-pulse looked .
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11Ke a s1ngle pu]se S1m11ar 1nteract1ons m1ght have
‘1nf1uenced est1mates of the two pulsd’resolutron thresho]d
here. On the one hand the effect of the s1ngle pulse '
distractors would have been to d1m1n1sh the 11Ke11hood of
perce1v1ng the two-flash target In th1s instance, botb

N~
'pos1t1on free and position- bound tasks would have become more

$

difficult, resu1t1ng in 1onger est1mates of two-pulse .

| resqglution thresholds. On the other hand the effect of thev
two-pulse target -would have been to induce the appearance of
doub]e flash in the s1ngle pulse d1stractors - This, wou1d-
have 1mpa1red one s ab111ty to name the locat1on of the true
target, but not- to 1dent1fy the interval in which it
occurred A pattern of 1nteract1ons 11Ke this might exp1a1n\V"
‘the re]at1ve superior1ty of the pos1t1on free task. )
Parenthetically, " Wilson and S1nger ascribe the 1nteract1on
of sing]e-eulse and double-pu]se sttmu11;to relat1ve1y ‘

central processing centres in the visual system.

b3 4

Diagnostic yte]d. The level at‘which‘a.two-p01se .
‘threshold might be judged significantly abnormal can be taKen
as 2.3 Sample standard dev1at1ons above the mean of the |
distribgt1on for normal eyes. By this cr1ter1on about 1% of

~ normal eyes would show é spur1ous‘abnorma11ty. This level

corresponds to 94.5 ms and 82.3 ms for position-bound and

A
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position- free tasks, respect1vely Based on these limits,
about 26% of OHT eyes were abnormal on the position- bound
task and about 15% were abnormal on the posvt1on free task.
The.correspond1ng figures for«gjaucomatous.eygs were 70% and

63%. See Figure 22 and 23 for.a detailed breakdown.

At first g]ance diagnostic yield of the present
techn1que does«not compare favourably with the tempora]
v1suogram which class1f1ed about 90% of hypertens1ve eyes and
100% of g]aucomatous eyes as abnocmal (Tyler, 1981). There

"are dt least three reasons for this discrepancy.

As. the'ddratiop:of,ISI'of a twé-pulse target is
shorteneda its power épectrum shifts toward higher temporal
frequencies. As a resultf\the visual system’s Sensi;ivity to
“high temporal frequehciés hay set the threshold duration of
the ISI at which a double flash is visible. 'Unfortunéte]y,
the temporal frequenc1es at the extreme end of the visthle
range may not be the site of max1ma1 1mpa1rment in temporal-
‘functtoning.° In fact, in Tyler’'s study 20- 25% of

“»

hyperten51ve and glaucomatous eyes showing s1gn1f1cantv
1mpa1rment at “intermediate temporal frequenc1es (20-30hz)
would have been diagnosed as norma] at the highest visible

frequency. . s B N
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Te§&tng parafoveal as well as foveal 1o¢at1ons may also .
have contr1buted to the greater sens1t1v1ty of Tyler s
method. It 1s Known that in glaucoma the parafovea 1s more
suscept1b1e to damage than the fovea. Indeed, if we examine
only the foveal test s1te the sens1t1v1ty of Tyler's method
drops to about 75% for hypertens1ve eyes and to about 83% for
glaucomatous eyes. N
Temporal frequency ragég and placement Qf stiTuli,

accounts for abou't 35% - '45% of the dtscﬁepancy between the

‘sens1t1v1ty of the two methods. This is adequate to exp]ain~

[ 4
the d1fference between glaucomatous samples, but not between

ocular hypertensive samp?és. The greater magn1tude of the
dtScrepancy in the latter gfoup.may\depend.on differences in
the!composition of the samptes. .fn Tylerfs-study 75% of. \
_hypertensive eyes had feTtow eyes With field dbfects. "The
comparable figure in the present work was on]y 21%. It is

wel] known that a hypertens1ve eye with a glaucomatous fellow

eye is more 11Ke1y to develop perimetric f1e1d defects than a -
similar eye with a nong laucomatous fellow eye (Harbin, Podos,

KoJKer & Becker, 1976, Susanna, Drance & Douglas, 1978).. One |

might also expect that the likelihood of detecting early

damage would be higher when the fellow eye is‘gladcomatous:
AW : .

’
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'In part this may explain the greater d1agnost1c y1e1d 1n
Tyler s sample of hypertensive eyes. ﬂxIt wou]d be interesting
to examine th1s p0551b111ty d1rect1y by compar1ng the - _
sens1t1v1ty of the v1suogram in samp]es of hypertens1ve eyes
with and W1thout glaucomatogs fe1low eyes. In the present

" work there were to few hypertens1ve eyes with glaucomatous

fellow eyes to perm1t\mean1ngfu1 comparisens.

3

€



N , Exp_eriment 3

It is Known that témporql effects in vision are related
to the brightness of the stimulus (Onley and Boynton, 1962).
Specifically, it is Known that two-pulse thresholds aré
invefsely.related tO‘brightness.-'That 1s,.br1ght.st{muli
Wyie]d §horteﬂ\3wo—pulse fhresho]ds than dim stimuli .
(Kietzman, 1967; Lewis,‘1967). waever, this c]eérly does
-not imply that the iempora] threshold elevations in the
_glaucomatbus and‘hypértenSive samples wére artefacts
resdlting from diminished sensitivity to light. u
Nevertheless, it is. important to show that the severfty-éﬁ
impairment in two-pulse réso]ution at a given retinal
1ocatioh was not re]atedltohthe perceiVed br;ghtness at that

locat'ion. , ' L ' .

Perceived brightness was assessed using a matéhing
"technique. The technique provided an estimate of-the -

| Ium%nance ;tjwhfch a test stimulus had to be displayed ih
-,OPder to appeab as bright as a standard® In p;act%ce, a
given retfnal location could require more, less; or the same
level of luminance as the stafidard in order to match it in

terms of brightness. If a .location required more luminance,

94
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" sthis indicated that it=wds 1ess'sehsitive than the ]oeation
of the stdhdard. Requ1r1ng less 1u inance, or the same level

" of luminance 1nd1cated greater or ezqal sens1t1v1ty,

respect1ve\y A s1m11ar statement can be made regard1ng the A

two- pulse reso]ut1on thresholds at the var1ous locations: the

é?

durat1on of the interpulse 1nterva1 at threshold could be

duration at the.

"resodut1on, then we m1ght expect that retinal locations with-
longer two-pulsé thresholds than the standard would also
require. more luminance to match the brightness of the

standard.

. ‘ : Me t hod

Design and Procedures. With the exceptions noted below,

e

observers, display, design and procedures were the same as in

VExperiment 1.
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The central élement was designated as the standard and .
the éufeh»elgments were the test stimuli. All elements were
displgyed in a single puise for a duration of 100 ms. This
was the shortest duration which provided a sufficiently large
range of brightness values. The luminance of the central
element .was held constant at 3.5 cd/m2, whereas the
1um1nance of the surround1ng elements varied. At the
beginning of a session two of the surrounding elements,
chosen réndomly. were set 1.5 cd/m2 below that of the
central element. The reméining two were set 1.5 cd/m2
above that of the central element. At these settings, two of
the oufer elements looked distinctly brighter and twd-]ooked
distinctly dimmer than the central element. | |

On any given triél. only two elements were displayed:.the
central element and one outer element. The o?sebver’s task
was to.indicaté which element appeared brighter (central or
outer). PEST, a computerized paﬁameter estimation technique
- (Taylor and Creelman, 1967) tracked the observer’s response;
and adjusted the luminance qf the outer element unti] it was .
selected 50% of- the time. That is,.until the observer was Mo
longer able to discriminate. between the central element and
the outer element in terms of brightness., "It was assumed
that at this level of luminance the outer elemezt waé ma tched

" in terms of brightness with the central element.
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The outer elements webe displayed at three eccentricities
(2, 3, and 4 degrees). Within a.given session, eccentricity  
was held constant at one level, while ghe location at which
the outer element was displayed (top, bottom, right or left)
varied randomly from trigl to trdal. At ﬁhe'ena of a
"session, PEST reported the'luminahée values at which the
outer element§ matched the central element in terms of -
br}ghtness. Thé luminance\of the ‘Fntra] element (3.5 "
cd/m2) was subtracted from these values to reflect the
- amount by which the brightnegs at each test site differed
from taai at the,central location. In total; there were 12
téét sites defined by the combiéat}on of:four positions and,
three eccentricities. The matching procedure.was repeated
three times at each test site, and the averége value was u§ed
in the analysis. Each observer was tested over ‘a period of 1.
- 1/2 Rours. 5 ,v
) A | ’
/

Two-pulse resolution threholds (50% correct responses
,above chance) were estimated from the psychometric functions
obtained ;in the position-bound task in Expériment 1. The
threshold value of the central location was subtracted from
the values at each of the twelve test sites. The résu]t

reflects the amount by which the interpulse interval at each

_site deviated from threshold at the center.



Results

Results of Experiment 3 are shown in Figure.24. 'Each
square represents results from one test site of one
obéerver, Filled squares repregsent glaucomatous eyes, open
squares represent control eyes. Thé position of each square
along the X-axis was determined by the luminance at the
particular site that was required to match the brightness of
the standard. Negative values indicate that less: luminance
was required while positive values indicate than more was
required. ~Fdr example, if the matched luminance was 3.9
cd/m2 (nits), the point in Figure 24 would be located at
0.4 nits on-tHe X-axis which is 3.9 nits minus the ;tandard
luminance of 3.5 nits. The position of each :square along the

L

Y-axis was determined by the’interpulse interval at the
particularssite.that was required to achieve threshold on the‘
-position-bouné task. Positi&e';a]ués indicate that a longer
interpulse interval was required gt the given site than at

thé.centra] location. Negative values indicate the opposite;

On the hypothesis that brightness perception and
two-pulse resolution thresholds are related, we would expect

that a given location requiring a relatively high luminance

98



Figure 24.

.

. 1™
Scatter diagram showing the two-pulse

threshold at a given ;étiha1 location piotted
against the luminance required to match the
brightness at thé central location. Values
have been rescaled to reflect the deviation
from the value at the central Jocation.
Filled points represent glaucomatous eyes.

Open points represent control eyes.
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to match the br1ghtness at the center, should a]so requ1re a
relat1ve1y 1ong 1nterpulse 1nterva1 to’ Match the two- pulse

threshold at the center No such relat1onsh1p is evident in
F1gure 24 Overall the duratwon of the 1nterpulse 1nterva1

was unre]ated to the matched 1um1nance Thts suggests that

'ft‘the 1mpa1rment observed in glaucomatous eyes in Exper1ment 1

cannot be ascr1bed to def1c1ts in 11ght percept1on

)

One other aspect of the resu]ts is worthy of comment The

"fcluster1ng of po1nts in the 1eft half of Figure 24 1nd1cates

that the outer IOeatlons appeared as br1ght as the central

»

“1ocat1on at sl1ght1y lower levels of luminance. Th1s

hY

,’,: suggests that the sens1t1v1ty of the central pos1t1on may

'z'have been d1m1n1shed relative to the outer poswt1ons \
Desensitization may have resulted from an e1evated adaptat1on
Tlevel produced by ne1ghbor1ng f1xat1on dots as. we]] as from
the repet1t1ve stimulation by the standard" element
A1ternat1ve1y parafovea1 ret1na] areas may be 1nherent1y
'more sen§tt1ve to I1ght under the mesop1c 11ght levels of: the

: present work.
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Experiment 4 L

Experiment 4 set odt to. valldate~the‘presentatechnique
for measur1ng two- pulse resolut1on thresholds by test1ng a /
sample of pat1ents with mult1ple scleros1s Galvin et al ¢
‘(1976, 1977) have reported that thresholds of such pat1ents

§
S

- were signif1cantly 1mpa1red.

| Method -
Twelve patients w1th cl1n1cally def1n1te mUlt1ple
" gclerosis and six: age mateched control: subJects served in the
‘exper1ment B of the 24 clinical eyes,;s1x had exper1enced an
,ep1sode of retrobulbar neur1t1s of these six, three could
‘not see all the elements in the d1splay and were not tested
The remainig 18 clinical eyes had no’h1story of optic -
",neuritis A1 21 clinical eyes which were. tested had visual
T acurty of no less than 6/9 Control observers were
neurolog1cally and. ophthalmolog1cally sound. Al 12 control s
eyes werehtested. Display and procedures were identlcal‘to :

- those in Experiment 2..
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Results

Results of E;beriment 4are‘shown‘in Figures 25, 26and
27. Overall, eyes of patients with‘muTtiple sc]erosis;had
1onger two-pu]se resolution thresbolds than control eyes
(Figure 25). The 1mpa1rment was ev1dent ‘on both
pos1t1on free and position- bound tasks (Figure 26 and F1gure
27). The d1fferences were stat1st1ca11y s1gn1f1cant at the

: 4
.002 1level. Mann-Whitney U scores. were 60 and 63. 5 (n1 6,

'n2:=12) for pos1t1on free and pos1t1on bound tasks

respect1ve1y The analysis was based on the average of the

two worst scores for both groupsfof‘eyes Deta1ls of the

stat1st1ca1 procedures are descr1bed‘1n the Results sect1on'

Of EXper“lmen t\,2 e | ‘ ' ‘ ‘. ‘ .¢ o
:~ X |

» The 1imit of norma11ty was def1ned as 2.3 standard

-

deviat1ons above thefcontrol mean which corresponds to an

interpulse interval of about 81 ms. Based on .the aVerage of

‘the two worst scores, 38%’(8{21) of c]1n1caﬁ$%yes fell.

outside this limit., A1l three eyes w1th a history of optic

neur1t1s were classified as abnormal. Five eyes y1thout

~optic neur1t1s also had prolonged two- putse thresholds. This

| pattern:zf results agrees with the ma;or aspects of the work

. "‘\
. O
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Figure 25. Histograms showing the relative frequency'of.

i . two-pulse resolution thresholds for normal

eyes and eyes of’patients with mu%&iple
sclerosis. Each eye contributed ten .

thrésho]dé: five from thé position-bound, task

N~ and five from the position-free task.



4 a Norrhal

§ Multiple Sclerosis |

- 120

L

1

o,

///////////////E '

=80

//////////////////

Z

60

“% \\\\\

- ///////7///////

\\\\

Y

N \\\\\\\\\\\\\\ W\

40

a
INNNNNNNNNE

50

(%) Aouan DGJ:] aAne|dy

—1
O‘ ' (o] o
T- )

Threshold 4(ms)

105



Figure 26.

“

Histograms showing the relative frequency“of_
two-pulse reso]utioh thresholds in the
position-bound fgsk for normal,eyés and eyes
of patients with mUltiple sclerosis. Each eye

contributed five thresholds: one from each

~location in the display.
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Figure 27."

Histograms showing the relative Ffequency of
two-pulse resolution thresholds in the
position-free task for normal eyes and.eyes~of

patients with multiple sclerosis. Each eye

_ contributed five thresholds: one from each

,1ocafion in the display.
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reported by Glavin et al. (1976, 1977) and suggests that the

N -
present technique can be regarded as a valid measure of

two-pulse resolution thresholds. f&

L%

f’} ' " : " W



Experiment 5

A

‘—) o
| &t'should be e;ident that an abnormal tworpulse
resolution threshold does not specify the nature Bf the
under lyipng disorder. Without additional infofhéiion it is
imossible to know whether the cause éf the temporal
impairment is multiple sclerosis, glaucoma, or some other
disease. As’luck would have it, in the course‘bf the present
investigation one seemingly normal observer, (dRTY was found
to have abnofma] results. An examination of his medical
h?sgory did not reveal any possible causes for the deficits.
URT served in Experiment 1. Method, display and -
procedﬁres are described therein. -~ JRT was 56 years old. His
teft eye was tested. It had good visual aéuity (6/6), no
perimetri¢ field defec;s,-ndrma1 pressure and a normal optic
nerve headf His rightgéye had suffered an attack of closed

anglé glaucoma.

111
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Results

Figure 28 shows results for observer JRT on the

" position-bound task. The position-free task yielded a
similar’pattern,  Compare Figure 28 with Figures 9 througﬁ

13. Note tﬁe'eiMilarity between JRT's results andvthose of
'glaucomatous observers MT and AG. JRT required longer
1nterpulse 1ntervals to attain the same level of performance

as control observers VDL and JMF, and showed the same
-dfspersien amongst the curvés representing performance at
different locations in the display. Undeniably, his results .
be]ong.with the glaucomatous group, yet his medical history

belongs with the control observers.

>

-

It cannot be argued that the 1mpa1rment in JRT!'s left eye
is related to the c]osed angle glaucoma he suffered in the
right eye Closed ang]e glaucoma is a mechanical d1sorder of
~the eye where the sole cause of elevated intraocular pressure
1s.the apposition of the iris to the trabechu]ar meshwork.
When the angle is‘open IOP is normal (Sfmmons and Dallow,
1984). There is no evidence that JRT had closed angle
glaucoma- in his left eye, and thus there is no reason to
suspect glaucomatous damage.

& - | a
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Figure 28. Percentage of correct responses for observer
, JRT separately at each of the four outer

'disp1ay locations at an eccentricity of 3

degrees.
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“ o » . Conclusions

!’«’w _ ) S .
?%N ) - ! 5 N A : ! a “l"

eElevated 1ntraocu1ar pressure is an 1mportant r1sK factor
for develop1ng damage to the optic nerve. and for produc1ng
V1sua1 defects. However, not all eyes with e]evated 10P
fdeve]pp glaucoma.. ‘When 1ntraocu1ar p;éssure is below 23 mm
-Hg about 3% of the eyes deVelop fJeJd defects. Th1s rater
increases‘steadily‘untiW at pressures over 30 mm Hg it is g?

 about 41%7(Phé1ps, 1980; David, Livingston & Luntz, 1977).

Furthermore, it is d1ff1cu1t td predlct which patients will
remain ocular ‘hypertensive and wh1ch will become S e
glaucomatous Consequenfﬂy« 1n managlng pat1ents with
e]evated IOP one is a]ways faced with the quest1on "when
jshould treatnent be initiated? Treat1ng everyone. w1th sl1ght
pressure elevat1on is unnedgzéary,.but how can those pat1ents'
(\who will progress to develop g1aucoma be’ 1dent1f1ed° Th1s
. quest1on has led to great 1nterest in the descr1pt1on of
‘,early psychophys1ca1 abnorma]1t1es and other ea§1y s1gns of
" damage in patients w1th elevated 1ntraocu1ar pressure It is
. hoped that this information m1ght permlt a more accurate
:\assessment of tHKe r1sk factors for deve10p1ng g]aucoma

I
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In this ‘vein, the}present werK examined the diagnosfib
value -of a tWo;pulse'resb1ution task. The resultsawerea\\\
encouraging. Mbét patients who already had ‘glaucoma were
1mpa1red at. tempora] resolution. ' But also a certain
percentage of ocu]ar hypertens1ve pat1ents had prolonged
two- pulse thresho]ds It rema1ns to be seen whether these -
are the patients who will deve]op f1e1d defects.

With the except1on of ‘color vision 1osses (Drance and
| Eakowskr,~1883), the prognost1c value of most psychophysical: d'
- tests s still unknown. There is a similar lack of |
infOrmaiiOn about the correlation amongst various
'»rbsychophysiCal tests or about the‘probability‘of a patient
showing deficits-on more than one test. The'area of glaucoma
;’lrESearch is ripe for a longitudinalystudy-of prognostie

\ indicators.of giaucoma. Suehﬁa studyfmiqgt examine the
f’incidence of‘defibits on a set“of psyehophysical'tests in a
group of pat1ents w1th e]evated 1ntraocu1ar pressure ‘and,

after a number of- years, assess wh1ch patients have deve]oped'

'vglaucoma A study 11Ke th1s would be very va]uab]e and might

| perm1t the deve]opment of a battery of psychophys1ca1 tests

3

which cou]d identify those pat1ents who require early ‘
‘infensiVe therapy. Of course, in the absence of this
information it is 1mpossib1e to‘eva]uaie theddiagnostic.merit
of the two¥pu1se technique as compared,to'other'teehniques.;

7

t
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Ahother line of psychOphysical research might seek to

prov1de a better umderstanding of the disease process in

_glaucoma by 1dent1fy1ng aspects of visual function wh1ch are

not affected by the disorder. One example of this is given
in the. present d1ssertat1on desp1te an overa]] d1fference in
per formance be tween position-bound and position- free tasks,

the tasks did not d1scr1m1nate between normal and clinical

. samples. This is cons1sgent w1th the not1on that the

underly1ng processes that are respons1b1e for the overa]l
difference may be located at cortical levels (Wilson and
Singer,'198t).and that they are unaffected by glaucoma.

Masking is another’techniSQe/hhich may be particularly
well suited for distihguis 'ng‘aspects of visual function
which are affected by glaucoma from those which are

unaffected. Masking involves»the presentation of a target

“and as-mask in close temporal succession. The mask is

disptayed to the Same retinat location as the target, and can

e1ther preceed or follow the. target Typical]y, the mask

reduces the perceptab111ty of the target Masking effects

can be subd1v1ded into two broad categories: maskKing by
"integration” where the mask and target fuse 1nto one :
percept1 and masktng by ' 1nterrupt1on where the mask

rep]aces the percept of theﬁtarget It has been suggested

L

!
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(Scheerer, 1973) that masking is due to integration at
stimulus onset assypchhgnies (SOAs) of less ‘than about 150
ms, while at iongér SOAs it is due to interruption. . R
Furthermore, integration-type masking is believed to occur at
re]at1ve1y per1phera1 levels in the visual system wh1le !
interruption-type masking is believed to occur at re]at1ve1y
central levels. Given the pathophysiology of glaucoma, we
migh£ expect differences in maskiné effects to emerge'between

clinical and rmal. samples in integration-type masking, that

is at SOAS(%;]%g'bUt not above, about 150 ms.
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Percentage Correct Adjusted for Chance

JMF - Position Bound

2 degrees: ISI (msec)

30.0 40.0 50.0 60.0 70.0
-18.8 -3.1 71.9 193.8. 100.0
40.6 53.1 84.4 87.5 86.9 .
-9.4 3.1 37.5 87.5 100.0
3.1 40.6 84.4 96.9 100.0
-18.8 0.0 56.3 90.6 90.6
-0.6 18.8 66.9 91.3 '97.5
3.9 23.4 69.5 91.4 99.2
: ' 3 degrees: 1SI (msec
30.0 40.0 50.0 60.0 .0
6.3 21.9 77.9 - 100.0  100.0
31.3- '71.9 . 81.3 93.8 86.9
-9.4 37.5 75.0 83.8 93.8
3.1 28. 1 62.5 93.8 96.9
0.0 34.4 65.6 90.6 100.0
3.8 38.8 71.3 94.4 97.5
4.7 39.8 72.7 85.3 96.9
4 degrees: ISI (msec)
30.0 .40.0 50.0 60.0 20
-12.5 12;5 56.3 93.8 ' 90.6.
18.8 59.4 68.8 93.8 90.6
-6.3 34.4- 87.5 93.8 100.0
-9.4 -6.3 21.8 56.3. . 75.0
] 12.5 31.3 75.0 100.0 100.0
0.6 26.3 - 61.9 - 87.5 91.3
-2.3 25.0 58.6 84.4° 89.1
Averaged across eccentricities: ISI (msec)
30.0 40.0 50.9 60.0 -70.0
2.5 10.4 6567 35.8 36.5
30.2 61.5 78.1 91.7 94.8
-8.3 25.0 66.7 91.7 97.9
-1.0 20.8 56.3 82.3 390.6
-2.1 21.9 65.6 , 93.8 96.9
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Percentage Correct Adjusted for Chance
JMF - Position Free
2 degrees: ISI (msec) .
20.0 30.0 40.0 50.0 60.0
. 25.0 -25.0 55.0 90.0 5.0
5.0 0.0 _ 25.0 90.0 90.0
10.0 -10.0 60.0 75.0 95.0
-30.0 -5.0 40.0 85.0 95.0
15.0 0.0 60.0 90.0 95.0
5.0 -8.0 48.0 86.0 94.0
2.5 -10.0 45.0 85.0 93.8
3 degrees: ISI (msec)
20.0 30.0 - 40.0 50.0 60.0 -
15.0 10.0 55.0 85.0 100.0
-10.0 15.0 20.0 75.0 80,.0
25.0 15.0 75.0 95.0 95.0
5.0 " 0.0 35.0 85.0 100.0
-5.0 -20.0 BQ.O 85.0 95.0
6.0’ 4.0 439.0 85.0 94.0
8.8 10.0 46.3 85.0 93.8
.4 degrées: ISI (msec) )
20.0 30.0 ~40.0 50.0 50.0
. =5.0 40.0 85.0 95.0 100.0
. 10.0 25.0. 35.0 65.0 85.0
-15.0 40.0 55.0 90.0 100.0
-15.0 0.0 15.0 30.0 75.0
15.0 15.0 50.0 85.0 .90.0
-2.0 24.0 48.0 73.0 90.0
-6.3 , 26.3 47.5 70.0 s 90.0
‘ Averaged across eccentricities: ISI (msec)
20.0 30.0 .40.0 50.0 60.0
1.7 8.3 . 65.0 90.0 98.3
1.7 13.3 26.7 76.7 85.0
6.7 < 15.0 63.3 86.7 96.7
-13.3 -1.7 30.0 66.7 30.0
8.3 -1.7 56.7 86.7 93.3
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~. . Percentage Correct Adjusted for Chance
- VDL - Position Bound
| : 2 degrees: ISl (msec) i
30.0  40.0 . 50.0  60.0 0
Right 37.3 59.4 8T.3  90.6  B87.5
Lower 9.4 21.9 59.4  90.6  B87.5
Left -3.1 -37.5 =~ 81.3 100.0  100.0
Upper 9.4 40.6 - 68.8 93.8 “100.0
Centre  ° -9.4 46.9 - 96.9 93.8 100.0
RLLUC 7.5  41.3 77.5 93.8  95.0
RLLU 11.7 39.8 72.7 93.8 93.8
o 3 degrees: . 1S] (msec) ,
30.0 40,0~ 50.0 60.0 - 70.0
Right 0.0 _ 59.4 _ 90.6 9 7000
~ Lower - -6.3 18.8 53.1 65.6 90.6
“left 6.3 25.0 59.4 9.9  100.0
Upper 212.5 40.6 65.6 87.5 - 100.0
. Centre . -15.6 65.6 96.9 . 96.9 93.8
CRLLUC 3.1 - 41,9 73,1 88.8 96.9 .
RLLU 0.0 ~35.9  67.2 5 86.7 97.7
o 4 degrees: ISIQFmSec)V
R 30.0 ., 40.0  50.0  60.0  70.0.
Right ~—18.8  28.1  81.3 9.9 96.9
Lower 3.1 -3.1 - 15.8B 18.8 - 46.9
Left 2.5 28.1 -+ 81.3 96.9  100.0
“Upper - 15.6 . 34.4 34.4. 71.9 80.6
Centre  -12.5° 281"  87.5 93.8 30.6
RLLUC 7.5 23,1  80.0 5.6 85.0
RLLU 12.5 . 21.9 53.1 7141 83.6
Avéraged,across eccentricities: ISI ‘(msec)
~30. 0.0  50.0  60:0 70.0
_Right .~ 16.7 750 B84.4. 94.8 948
Lower 2.1 12,5 42.7 583 75.0
Left . 1.00 ° 30.2. 74.0 97.9  100.0 |
Upper - | 12.5 38.5 56.3 . 84.4  96.9
Centre -12.5 46.9 93.8 = 94.8  94.8
©RLLUC 4.0~ 35.4 - 70.2 86.0  92.3
RLLU 8.1 - 32.6  64.3  83.9 91.7
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Percentage Correct AdJusted for Chance
VDL - Pos1t1on Free '

- 2 degrees: ISf (msec)

20.0 '30.0 40.0 50.0 ~  60.0
Right - 0.0 500 85.0 90,0 + 100.0
Lower ©° -20.0 10.0 25.0 80.0 '85. 0
Left 5.0  35.0  50.0 75.0  100.0
Upper 0.0  -5.0 50.0  95.0  100.0
Centre 5.0 30.0 60.0  100.0  100.0
RLLUC - -4.0 18.0 54.00 88.0 . 97.0
RLLU . -6.3 15.0 52.5 85.0 96.3
| 3 degrees 1SI (msec) S
7 20.0 . 30.0 40.0 50.0 . 60.0,
‘Right — 5.0  15.0  50.0  90.0 é@'oo.o
Lower. - 20.0 20.0 10.0 . 50.0 % g5.0
‘i Left - -15.0 20.0 50.0 = 80.0  100.0
Upper - . 5.0 25.0 20.0  55.0 90.0
Centre  ~ 5.0 30.0 60.0  100.0  100.0
RLLUC 4.0 22.0  38.0  75.0 97.0 -
RLLU 3.8  20.0 32.5 68.8  96.3
4 degrees: ISI (msec) 1
20.0 30.0 40.0 ~ 50.0  80.0
Right 0.0 5.0 550 95.0  100.0
Lower 0.0 15,0 10.0 10.0 . 70.0
Left =~ 0.0 20.0 - 25.0 70.0  100.0
Upper 000 0.0 20.0 45.0 45.0
‘Centre -10.0 . -10.0 - 70.0 ~ 90.0 = 100.0
RLLUC -2.0 10.0 - "36.0 ©  62.0  83.0°
RLLU 0.0 15.0 27.5 55.0 78.8
- Averaged across eccentricities: ISI (msec)
o 2N 30.0 40.0  50.0 ~ 60.0 -
Right T 120.0 _ 63.3  91.7 100.0 .
Lower 0.0~ 15,0  15.0 46.7 - . 83.3
 Left 6.7 25°0-" 41.7 . 75.0  100.0
"~ Upper 1.7 6.7 30.0 65.0 '78.3
Centre 0.0 16.7 ~ 63.3 - . 96.7.  100.0
RLLUC. . -0.7 16.7  42.7 ® 750 92.3
0.8 - 16.7  37.5  69.6 90.4

. CRLLU .+ -0,
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Percentage Correct Adjusted for Chance
WS - Position Bound :

2 ded?eés: 1SI(msec)

30.0 40.0 50.0 60.0 70.0 80.0 90.0
right 6.3 43.8 90.6 90.6 100.0
lower 31.3 62.5 78.1 87.5 100.0
left 12.5 25.0 65.6.81.3 96.9
upper 21.9 81.3 81.3 96.9 100.0
center -3.1 25.0 71.9 .87.5 100.0
riluc ) 9.4 43.8 68.1 83.8 95.0 87.5 100.0
r1lu 13.5 50.0 67.2 82.8 93.8 87.5 100.0
' 3 degrees:, ISI(msec): e
30.0 40.0 50.0 60.0 70.0 80.0 90.0
right ~-3.1 56.3 71.9 93.8 100.0 —
lower 25.0 78.1 .790.6 96.9 100.0
‘left 6.3 25.0 53.1 81.3 93.8 i
upper 0.0 43.8 53.1 87.5 96.9 o
center 6.3 21.9 87.5 100.0 100.0
r11uc 2.3 36.7 58.1 88.1 ®-3 96.9 100.0
r1lu 1.0 41.7 50.8 85.2 .3 96.9 100.0
| . , 4 degrees: ISl(msec) E
130.0 - 40.0 50.0 60.0 70.0-.80.0 90.0
right 9.4 68,8 96.9 93.8 q00.0
 lower .. . 25%0 68.8 '96.9 87.5 96.9.
Jeft - - . 25.0 43.8 75.0 93.8 90.6 &} .7
upper ...21.9 40.6 59.4 - 84.4 87.5
center . ~56.3 '93.8 81.3 ~96.9 100.0 . - .
Pllue 70 2871 54.4: 76.3 93.1 931 968
rilu L 18.8 44.5 75.0 92.2 91.4 96.9

a AveragédTécrbss éccéntricitieSE»1514(mséc{g :

. 50.0-60.0 70.0

| .- right 77,1 93.8 97.9

. .. -4 lower 2741 .69.8 - 88.5

R ﬁggt._.5412*A79L21 ' 94.8
- ypber 58.3 81.3 93.8.

o center<84.4 89.6 ~ 99.0
Crliuc 60.2 82.7 94.8-

rllu 54,2 '81.0 93.8

i
Sap
""37 .
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P

o 2 degrees 'iISI(msec) S
30.0 -~ 40.0 - 50.0 . 60.0 70.0 - 80.0
S5 0800 90,0 700.0 100.0 .

. 15.0 -70.0 95.0 100.0 95.0

1570 - 40.0 © 75.0 - 95.0  100.0
-15.0 95.0 100.0  95.0 9%.0
©20.0- 50.0 85.0 100.0 9540
413 56.0 84.0 97.0 98.0  95.0
8.3 57.5 83.8 96.3 98.8 95.0
' 3 degrees: - ISI(msec)
30.0 - 40.0 50.0 60.0 = 70.0 ~ 80.0
350  55.0 05.0 100.0  100.0 i
245.0 65.0 75.0 85.0 100.0
5.0 . 35.0 85.0 85.0 10040 -
30.0 ' 85.0 95.0 100.0 100.0
40.0 30.0 100.0 90.0 90.0 J
30.0 500 88.0 90.0  95.0 100.0°
26.7 B55.0° 85.0 90.0  96.3  100.0
-4 degrees: 151 (msec)
30.0 40.0 50.0 60.0 70.0 80.0
50.0 70.0 70.0 100.0 100.0 '
25.0 80.0 65.0 90.0 95.0
50.0 50.0 75. 5.0  95.0 \
15.0 - 35.0 65. 5.0 85.0
15;0«%330.0 100.0 %400.0  100.0
25.0 %20 78.0 87.0 - 94:0 95.0
28.3 45.0 72.5 83.8 92.5 95,0,
 Averaged across eccentricities: ISI (msec)
© .0 40,0 50.0 60.0 70.0
right 58.3 85.0 100.0  100.0
lower 28.3 T71.7 78.3 91.7
left 41.7 78.3 88.3 98.3
upper 71.7 86.7 93.3 93.3
center 53.3 95.0 -96.7 95.0
r11dc 52.7 83.3  91.3  95.7
r11u 52.5 80.4 - 90.0 95.8
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Chance
AG - Position Bound ‘
2 degrees: 1Sl(msec)
30.0 40.0 50.0 60.0 70.0 80.0 90.0 100.0
right 775 500 84.4 083.8 100.0 96.9 100.0
lower -21'9 0.0 31.3 59.4 65.6 68.8 93.8
left .“9’'2a 40.6 81.3 93.8 100.0 100.0 100.0
upper 374 28.1 81.3 96.9 100.0 100.0 100.0
center 344 43.8 81.3 96.9 96.9 100.0 100.0
r11uc 9.4 32.5 71.9 88.1 92.5 93.1 gg.s
rllu 3.1 29.7 §9.5 85.9 91.4 91.4 98.4
3 degrees: ISI(msec)
30.0 40.0 50.0 60.0 .70.8” 80.0 0.0 100.0
right 550 344 65.6 96.9 100.0 96.9 100.0
lower 956 -6.3 15.6 21.9 25.0 71.9 71.9
Jeft 919 40.6 65.6 93.8 100.0 96.9 96.9
upper “3'1 21.9 53.1 90.6 100.0 100.0 100.0
center {88 59.4 96.9 96.9 96.9 100.0 100.0
r11uc 94 30.0 59.4 80.0 84.4 93.1 93.8
r1lu 2'0 22.7 50.0 75.8 81.3 91.4 92.2
Y ' ’
4 degrees: ISI{msec)
| 30.0 40.0 50.0 60.0 70.0 80.0 90.0 100.0
" pright 53 75.6 43.8 84.4 100.0 96.9 96.9
lower -18.8_-25.0 -9.4 -12.5 12,5 28.1 53.1
Teft 31.3 56.3 71.9 87.5 100.0 100.0 100.0
_upper 120’5 .3 25.0 56.3 78.1 87.5 90.6
center 00 84.4 90.6 100.0 100.0 100.0 93.8 -
rllue 1.3 27.5 44.4 63.1 78.1 82.5 86.9
r1iu 1’6 13.3 32.8 53.9- 72.7 78.1 85.2
Average across eccentricities: 1SI (wsec)
40.0 50.0 60.0 70.0 80.0 90.0 10Q.0
right 77.7 33.3 64.6 Q1.7 100.0 86.9 99.0
. lower-18.8 -10.4 12.5 22.9 34.4 56.3 72.9
left 20.8 45.8 72.9 91.7 100.0 99.0 99.0
upper -4.2 18.8 53.1 -81.3 92.7 95.8 96.9
cente 17.7 62.5 89.6 97.9 ~97.9 100.0 97.9
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Percentage Correct Adjusted for Chance
AG - Position Free ‘

/ ' ' 2 degrees: ISl(msec)

30.0 40.0 50.0 60.0 70.0 80.0

right -70.0 45.0 60.0 100.0 95.0 100.0

lower _ 40.0 30.0 40.0 35.0 55.0 '75.0

left 5.0 5.0 10:0 90.0 90.0 100.0

upper 10,0 10.0 70.0 80.0 85.0 100.0

center 20.0 5.0 90.0 95.0 95.0 95.0

r11uc 3.0 19.0 54.0 80.0 84.0 94.0

rllu 1.3 22.5  45.0 76.3. 81.3 93.8

3 degrees: ISI(msec) s

: 30.0 40.0 50.0 60.0 -~70.0 80.0
right 5.0 30.0 55.0 85.0 95.0 95.0 .

lower | 25.0 30.0 15.0 - 40.0 55.0" 50.0

left 5.0 200 70.0 75.0 90.0 95.0

upper - -15.0 35.0 45.0 65.0 80.0 85.0
center -10.0 40.0 85.0  95.0 100.0 95.0 -

rlluc ¥ 2.0 31.0° 54.0 72.0 84.0 86.0

r1lu 5.0 28.8° 46.3 66.3 B80~0 (83.8

- 4 degrees: ISI(msec)

30.0 40.0 50.0 60.0° 70.0 80.0

right 20,0 20.0 40,0 50.0 ~95.0 95.0

lower -5.0 20.0 - 0. 5.0 25.0 35.0

left 0.0 60.0 70.0f{ 75.0 95.0 95.0

_upper  20.0 10.0  30.0 .0 65.0 80.0

o center 0.0 3.0 80.0 108.0 100.0 100.0

“ r11uc ~1.0 29.0° 44.0 57.0 76.0 81.0

r1tu  -1.3 27.5 35.0  46.3 70.0 76.3

| VA o

Average across eccentricities: ISI (msec)

40.0 50.0 60.0 - 70.0 80.0

right 31.% b51.7 78.3 95.0 96.7

Tower 26.7 18.3 30.0 45.0 - 53.3

left 28.3 50.0 80.0 91.7 96.7

upper  18.3 48.3 63.3 76.7 91.7

0 96.7 98.3 96.7

center 26.7 © 85.

)
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Percentage Correct Adjusted for Chance
MT - Position Bound

60.0 70.0 80.0
right 39.6 82.3 88.5
fower 6.3 27.1 59.4
left 7.3 41.7 82.3 .
upper 5.2 .38.5 172.9
center 25.0 60.4 80.2

o 2 degrees: ISI(msec) )

0.0 40.0 50.0 60.0 70.0. 80.0 90.0 100.0
right - 756 6.3 37.5 81.3 93.8
lower .. 8.3 43.8 68.8 84.4 100.0
left -12.5 -6.3 15.6 50.0 93.8 :
upper -15.6 6.3 25.0 71.9 93.8
center -21.9 -12.5 18.8 75.0 96.9 ’
r1luc -16.4 -1.6 20.6 64.4 89.4 84.4 100.0
rllu -14.6 2.1 21.1 61.7 87.5 84.4 100.0

S . es: ISI(msec)

30.0 40.0 50 60.0 0.0 80.0 90.0 100.0
right ~ 0.0 12.5 34.4 50.0 81.3 87.5 __ -
lower -15.6 6.3 40.6 65.6 75.0 90.6
left -21.9 -15.6 3.1 31.3 68.8 78.1.
upper =~ 3.1 -9.4 281 68.8 78.1 80.6
center , -9.4 0.0 28.1 50.0 78.1 S86.9
~1luc 0.0 -6.3 1.3 15.6 46.3 73.8 82.0 90.6
rilu ) 0.0 =4.7 1.6 12.5 45.3 72.7 77.1 90.6

(N 4 degrees: 1SI(msec) ,

30.0 40.0 50.01 60.0 70.0 80.0 90.0 100.0
right 15.6 6.3 15.6 31.3 84.4 84.4 ' \
lower ) -12.5 6.3 -3.1 43.8 53.1 68.8
left -15.6 -9.4 3.1 43.8 84.4 90.6 -

. upper -3.1 0.0 15.6 56.3 53.1 68.8
center 0.0 3.1 28.1 56.3 65.6 90.6

- rlluc 15.6 =-3.1 -1.3 13.8 39.4 66.3 71.9 68.8

rilu 15.6 -4.7 -2.3 10.2 35.2 67.2 65,6‘ 68.8

Averaged across eccentr1c1t1es ISI4(msec)
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. 2 degrees: ” 1SI{msec) .
30.0 40.0 50.0 60.0 70.0--80.0 90.0 100.0.
5.0 20.0 60.0 100.0 100.0 ‘ _ .
30.0 45.0 85.0 75.0 '90.0
10.0 10.0 40.0 65.0 90.0
.25.0 15.0 70.0 95.0 90.0
50 -5.0 45.0 55.0 85.0
3.8 10.0 49.0 72.0 90.0 75.0 90.0
16.7 15.0 50.0 76.3 91.3 75.0 90.0
, 3 -degrees: I1SI(msec)
30.0 _40.0 50.0 60.0 70.0 80.0 90.0 100.0
T0.0 150 50.0 80.0, 90.0 100.0 '
- 0.0 5.0 45.0 80.0 65.0 80.0
30.0 0.0 30.0 55.0 80.0 95.0
10.0 60.0 25.0 90.0 90.0 100.0
-+ =-20.0 0.0 30.0 70.0 95.0 85.0
10.0 -1.7 " 12.0 41.0 57.0 89.0 83.8 90.0
10.0 7.5 15.0 .43.8 53.8 ‘87.5 83.3 90.0
: ‘4 degrees: ISI(msec) ° C
30:0 40.0 50.0 SO'Qf 70.0 80.0 90.0 100.0
i ' ' . ¢
15.0 -5.0 10.0 8b5.0 90.0 90.0
: 15.0 25.0 -10.0 15.0 65.0 55.0
-10.0 5.0 30.0 65.0 70.0 100.0
-20.0 25.0 60.0 50.0 70.0 70.0
° -5,0 20.0 40.0 65.0 65.0 ‘85.0
5.0 -6.7 6.0 41.0 54.0 58.0. 80.0 62.5
15.0 -7.5 2.5 41.3 '51.3 56.3 78.3 62.5
fAveraged across eccentricities: ISI (msec)
. 60.0 70.0 80.0 - -
_ right "75.0 93.3 96.7
lower 20.0 26.7 60.0
left 33.3 61.7 80.0
upper 51.7 60.0 76.7
center 38.3 63.3 81.7




