
INFORMATION TO USERS

The most advanced technology has been used to photo­
graph and reproduce th is manuscript from the microfilm  
master. UMI film s the original text directly from the copy 
submitted. Thus, some dissertation copies are in typewriter 
face, while others may be from a computer printer.

In the unlikely event that the author did not send UMI a 
complete manuscript and there are missing pages, these w ill 
be noted. Also, if  unauthorized copyrighted material had to 
be removed, a note will indicate the deletion.

Oversize m aterials (e.g., maps, drawings, charts) are re­
produced by sectioning the original, beginning at the upper 
left-hand comer and continuing from left to right in equal 
sections with small overlaps. Each oversize page is available 
as one exposure on a standard 35 mm slide or as a 17" x 23" 
black and white photographic print for an additional charge.

Photographs included in the original manuscript have been  
reproduced xerographically in  this copy. 35 mm slides or 
6" x 9" black and white photographic prints are available for 
any photographs or illustrations appearing in this copy for 
an additional charge. Contact UMI directly to order.

UMI
Accessing the World's Information since 1938  

300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA



Order Number 8801743

The effects of long term and short term adaptation on 
cone-mediated spatial vision

N aaren d o rp , F ran k lin , P h .D .

City University of New York, 1987

U M I
300 N. Zeeb Rd.
Ann Arbor, MI 48106



PLEASE NOTE:

In all cases this material has been filmed in the best possible way from the available copy. 
Problems encountered with this docum ent have been identified here with a  check mark V .

1. Glossy photographs or pages_____

2. Colored illustrations, paper or print______

3. Photographs with dark background_____

4. Illustrations are poor copy______

5. Pages with black marks, not original copy /

6. Print shows through as there is text on both sides of p a g e _______

7. Indistinct, broken or small print on several pages,

8. Print exceeds margin requirem ents______

9. Tightly bound copy with print lost in spine_______

10. Computer printout pages with indistinct print_______

11. Page(s)____________lacking when material received, and not available from school or
author.

12. Page(s)____________seem to be missing in numbering only as text follows.

13. Two pages num bered_______. Text follows.

14. Curling and wrinkled pages______

15. Dissertation contains pages with print at a  slant, filmed a s  received_________

16. Other______________________________________________________ ._________________

UMI



TH E EFFECTS O F LONG TERM  AND SHORT TERM  A D A PTA TIO N  

ON CONE-M EDIATED SPATIAL VISION

by

F ran k lin  N aarendorp

A d isserta tion  subm itted  to the G raduate  F acu lty  in 
Psychology in p a rtia l fu lf illm en t o f the requ irem ents 
fo r  the degree o f D octor o f Philosophy, The C ity 
U n iversity  o f New York.

1987



This m anuscrip t has been read and accepted fo r the G raduate Faculty  in 
Psychology in  satisfaction  of the d issertation requirem ent fo r the degree 
of Doctor of Philosophy.

9/ 2 / / /
date C hairm an of Exam ining Committee

Executive O fficer

Dr. R.J. Bodnar

Dr. R.N. Lanson

Dr. W.H. Seiple

Dr.. vT . F ■ fit-.n-rr

Supervisory Committee

The C ity U niversity  of New York



iii

A bstract

EFFECTS OF LONG TERM  AND SHORT TERM  ADAPTATION 

UPON CONE-MEDIATED SPATIAL VISION

by

F ranklin  N aarendorp 

Advisor: Professor Thomas E. Frum kes

P art One of the present study concerns the influence of 

selective long term  rod adap ta tion  on cone-m ediated spatial acuity. O n-off 

squarew ave gratings o f 6 ° diam eter and 600 ms duration  were presented to 

the parafovea by means of a projection system. Threshold G rating  Lum inance 

(TGL) was the index of spatial acuity. TGL was determ ined as a function  of 

background lum inance. With fine  gratings, TGL decreased (acuity  increased) 

as background lum inance increased up to -2 log cd/m*. This e ffec t was 

small fo r coarse gratings, bu t increased w ith spatial frequency up to one 

log u n it fo r a 21 cycle per degree (cpd) grating. Action spectra 

established th a t enhancem ent o f acu ity  was due to an influence by rods.

D uring the rod recovery stage o f long term  dark  adap tation , TGL 

increased. This e ffec t was small w ith coarse gratings but increased w ith 

spatial frequency. The results suggest th a t da rk  adapted  rods tonically  

in h ib it cone-m ediated spatial acuity.

P art Two concerns the in fluence o f short term  adap tation  of both rods 

and  cones upon cone-m ediated spatial acuity . A test stim ulus of 54’
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diam eter, 10 ms du ra tio n  and a concentric adap ting  flash  (AF) o f 20° 

d iam eter, 500 ms dura tion , variab le in  illum inance were presented in 

M axw ellian view to e ither the fovea or parafovea. The test was e ither a 

homogeneous flash  (TF) or an 18 cpd grating. T F  threshold  and Threshold 

G rating  Illum inance (TGI) were determ ined as a func tion  o f Stim ulus Onset 

A synchrony (SOA). R esults obtained  w ith  a  homogeneous TF resem bled 

C raw fo rd ’s (1947) early  ligh t and  dark  ad ap ta tio n  da ta , bu t TGI results 

were m uch d iffe ren t. AFs too dim  to in fluence cones decreased TGI. This 

e ffe c t g radually  reached a m axim um  at an SOA of 250 ms and  then  rem ained 

steady. Follow ing o ffse t of b righ t AFs, TG I decreased below control 

values. TG I was m inim al a t an SOA of 900 ms, b u t re tu rned  to control level 

by an SOA of 5000 ms. A ction spectra  show that: 1. the in fluence  o f dim  

and  b rig h t AFs w ere a ttrib u tab le  to rods and  cones, respectively; 2. TGI 

is alw ays cone-m ediated; 3. enhancem ent of g rating  acu ity  involves an 

increase in sensitiv ity  a t the red end o f the spectrum .
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PA R T ONE

C hap ter 1: G EN ERA L IN TRO D U C TIO N

Based upon com parative anatom ical studies o f d if fe re n t v e rteb ra te  

re tinae , Schultz o rig inally  proposed the D uplic ity  T heory  o f V ision in  the 

la tte r  p a rt o f the 19th century . As it is most o ften  sta ted , v e rteb ra te  

vision is m ediated  by two d if fe re n t types o f photoreceptors, the rods and  

the cones. In  general, the rod system  m ediates vision under scotopic 

(low) levels o f re tin a l illum ination  and  the cone system m ediates vision 

under photopic  (high) levels o f re tin a l illum ination .

Probably  the  best know n d a ta  p e rta in ing  to the  d u p lic ity  theo ry  are 

classical d a rk  ad ap ta tio n  d a ta  provided  by H echt (1937; H echt, H aig  & 

Chase, 1937; H echt, Peskin & P att, 1938; H echt & Sm ith, 1933). As d a rk  

ad ap ta tio n  is usually  s tud ied , the observer is presented w ith  a b rig h t 

b leaching ligh t, and absolute threshold  o f a test flash  is subsequently  

determ ined  du rin g  the tim e course o f recovery. A ccording to typ ica l 

results, the  upper lim b o f the duplex  curve is a ttr ib u te d  to cone fu n c tio n , 

the low er lim b to rod  fu nc tion . An a lte rn a te  w ay o f show ing th is 

d iffe ren c e  in rod and  cone fu n c tio n  is to determ ine "a ligh t adap ta tion" or 

"increm ent threshold" fu nc tion . A ccordingly , the th resho ld  o f the test 

stim ulus is de term ined  as a fu n c tio n  o f the lum inance o f a continuously  

presented background. Once again , the classical ligh t ad ap ta tio n  fu n c tio n  

consists o f  a low er rod  an d  an  upper cone lim b (e.g., C raw fo rd , 1947).

As used today, the term  "duplic ity  theory" is rea lly  a sum m ary o f



em pirical da ta  related to d ifferences in rod- versus cone-vision in 

vertebrates w ith heavy emphasis on the perform ance of the human 

psychophysical observer (for reviews see Hecht, 1937; Wyszecki & Stiles, 

1967; R ipps & Weale, 1976). In general, it can be said that scotopic 

vision is mediated by rhodopsin in rods, has low spatial and temporal 

resolution, has a relatively high Weber ratio , gives no sense of color, is 

best a few degrees from  the fovea, and has a spectral sensitivity  curve 

tha t peaks at about 500 nm. Photopic vision is m ediated by three types of 

cones tha t contain d iffe ren t photopigments. Photopic vision has a high 

spatial and tem poral resolution, is best in the fovea, m ediates color 

perception, has generally a lower Weber ratio , and its spectral sensitivity 

peaks at approxim ately 560 nm.

Mesopic Vision and Rod-Cone Interaction

Classical light adaptation  studies usually emphasize the d ifferences 

between rod and cone vision (e.g. see Stiles, 1959). In the dark-adapted 

state, the rod system is clearly more sensitive, and as retinal 

illum ination is gradually increased the rods become desensitized un til a 

transition  from  rod- to cone-m ediation of visual function is evidenced. 

U nder most common circumstances, this transition  occurs w ith a background 

re tina l illum inance of about 1 td. But although the cones are usually more 

sensitive at higher background illum inance levels, rods still function  

un til background levels exceed 1000 tds (A guilar & Stiles, 1954). Thus, 

there is a mesopic range of background illum ination over which both rods 

and cones function sim ultaneously and quite possibly interact. This



possibility is referred  to throughout this thesis as rod-cone interaction. 

Although physiologically this could conceivably involve a d irect 

in teraction between photoreceptors (Nelson, 1977; Nelson, Kolb, Robinson & 

M arianni, 1981), in this thesis this term implies an in teraction between 

neurons receiving photic inform ation from  the two d iffe ren t types of 

photoreceptors, not necessarily an in terreceptor interaction.

There is an ever growing body of lite ra tu re  indicating rod-cone 

interaction. Studies involving color mixing and add itiv ity  have shown that 

rod activ ity  contributes to hue and saturation  judgm ents, particu larly  when 

extrafoveal re tinal areas are stim ulated (Stabell & Stabell, 1971, 1973,

1977, 1979; Trezona, 1970, 1976). Results of dark  adaptation  experiments 

suggest that the rod and cone systems in teract during  the recovery from  

photopigm ent bleaching (Drum, 1981; Spillmann & Conlon, 1972). For 

example, Wooten and Butler (1976) reported a transien t elevation of the 

cone plateau (by a factor of 1.4) during the course of dark  adaptation  due 

to rod influence. Rod and cone signals can also engage in temporal 

summatory interactions (Frumkes, Sekular, Barris, Reiss & Chapula, 1973). 

Frumkes et al. reported tha t the d ifference in rod versus cone latency 

determ ines w hether sublim inal rod and cone signals will add together to 

produce a threshold sensation. Rod system responses are sluggish, cone 

system responses are faster. MacLeod (1972, 1974; see also van den Berg & 

Spekreijse, 1977) showed th a t fo r a constant latency difference, rod and 

cone related flicker signals would either enhance or cancel each other 

depending upon the response phase.



4

Suppressive Rod-Cone in teraction

Several recent studies describe a novel type o f rod-cone in teraction  

(Goldberg, Frum kes & N ygaard, 1983; A lexander & Fishm an, 1983; Coletta & 

Adams, 1984; A rden & Hogg, 1985) involving the suppression of cone-m ediated 

responses to high frequency flicker by rod dark  adap tation . Typically, cone 

sensitiv ity  to rapid  flicker m easured during  the course o f dark  adaptation  

is m axim al a t the time of the cone plateau but decreases progressively as 

the rod system gradually  reaches absolute threshold. Goldberg et al.

(1983) showed th a t selective rod light adap tation  enhances cone-m ediated 

responses to rapid  flicker. A most typical result is obtained when a 2° 

parafoveal test stim ulus is m odulated a t a frequency higher than  15 Hz in 

the presence of a background w ith an  illum inance near rod-saturation: 

flick er illum inance thresholds decrease by about 1 log unit. Frum kes and 

Eysteinsson (1987) have designated this e ffec t Suppressive Rod-Cone 

In teraction  (SRCI) and a ttribu ted  it to a tonic, probably inh ib ito ry  

in fluence of dark  adapted rods upon cone-related pathways: the enhancem ent 

of flicker produced by rod-light adap ta tion  is, hence, due to a removal of 

th is inhibition . SRCI can be dem onstrated over almost the en tire  re tina  

including the fovea (Coletta & Adams, 1984).
/ -

SRCI involves neural in teraction  in the distal re tin a  as it  is 

observed in  am phibians (Frum kes & Eysteinsson, 1987) and cat (Pflug & 

Nelson, 1986) by in tracellu lar recordings from  many d istal re tina l neurons 

including the cones, and by means o f electroretinogram  procedures in  a wide
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varie ty  o f species including hum ans (Arden & Frumkes, 1986; Goldberg & 

Frum kes, 1983; Hood, 1972; Loew & A rden, 1985). Psychophysical 

measurem ents on some hum an subjects w ith pathological conditions in  the 

distal re tina  show characteristic  abnorm alities in th is SR C I-effect 

(A lexander & Fishm an, 1984; A rden & Hogg, 1985). A dditionally , in 

indiv iduals w ith protanopic deficiencies cone-flicker sensitivity  is not 

suppressed by the dark  adapted state o f the rod system (Goldberg & Frum kes, 

1983). Collectively, these studies strongly suggest a distal re tinal 

mechanism fo r SRCI when flicker sensitiv ity  is used as a measure.

SRCI and spatial acuity

In all of the foregoing references, SRCI was studied using flicker 

sensitiv ity  as a measure of cone functioning. In the present thesis, I am 

concerned w ith the possibility tha t SRCI also involves a sim ilar in fluence 

of rod-adap tation  upon cone-m ediated spatial acuity. This possibility is 

suggested by three  d iffe ren t types of observations. F irst, SRCI cannot be 

observed w ith  a flickering  G anzfeld as a stim ulus (Arden & Hogg, 1985; 

Arden & Frum kes, 1986): as the size of the flickering  test probe increases 

the in fluence o f a rod-background fie ld  upon cone-m ediated flick er 

decreases (Frum kes, N aarendorp, Eysteinsson, Denny & Goldberg, 1986; but 

fo r negative results see A lexander & Fishm an, 1985). Secondly, such an 

influence o f rod adap tation  upon cone-m ediated spatial acuity  was 

ind irec tly  suggested by Brown and Woodward (1957; but also see Brown, Metz 

and Yohm an, 1969). T h ird ly , Arden and Hogg (1985) reported a much larger



than  norm al m agnitude o f SRCI in  th ree  ind iv idua ls  ( >2.5 log units as 

opposed to 1 log u n it in usual subjects) who were a ll c lin ically  norm al bu t 

they re fu sed  to  d riv e  a t n ight. It seemed unlikely  th a t the n igh t d riv in g  

d if f ic u lty  is to ta lly  a ttr ib u ta b le  to tem poral vision problem s. T herefo re , 

there  is a  strong a p rio ri reason fo r suspecting th a t rod ad ap ta tio n  has a 

fa c ilita to ry  in flu en ce  upon cone-m ediated spatial acu ity  w hich is s im ilar 

to its  in flu en ce  upon cone-m ediated flicker.

R ationale  fo r the present study 

T he p resen t s tudy  exam ines the in fluence  o f  rod-ligh t an d  d a rk  

ad ap ta tio n  upon cone-m ediated spatia l acuity . In P art One o f th is  thesis, 

the in flu en ce  o f long term  d a rk  ad ap ta tio n  (changes in  cone-m ediated 

spatia l acu ity  fo llow ing b leaching o f rod-photopigm ent) and  lig h t 

ad ap ta tio n  (in fluence  o f con tinua lly  exposed dim  adap ting  fie ld s  upon cone- 

m ediated  spatia l acu ity ) w ere explored. The lum inance of squarew ave test 

gratings (spatia l freq u en cy  betw een 1.75 and 21 cycles per degree) whose 

bars could ju s t be detected  served as an index o f spa tia l acu ity . These 

results showed th a t the in fluence  o f rod ad ap ta tio n  upon cone-m ediated  

spatia l acu ity  is s im ila r to its e ffe c t upon cone-m ediated flicker.

In the  course o f P a rt One, I noticed th a t upon ex tingu ish ing  a b rig h t 

adap ting  fie ld , cone-m ediated spatia l acu ity  was b rie fly  enhanced  ra th e r 

than  depressed. F o r th is reason i t  seemed w orthw hile  to study  the 

in fluence  o f  short term  rod- and cone-adap tation  upon cone-m ediated  spatia l 

acuity . T hus in  P a rt Two, I exam ined the in fluence  o f 500 ms d u ra tio n
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ad ap tin g  fie ld s o f various illum inance levels upon cone-m ediated  spatia l 

acu ity . The illum inance o f a 10 ms d u ra tio n  test g ra ting  o f 18 cycles per 

degree whose bars could ju s t be detected  served as an index  o f spatia l acuity .
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C hapter 2: METHODS

A pparatus - Two K odak carousel slide projectors were used to provide the 

test stim uli. Each projector was equipped w ith  a ELH (300 w att, 120 volt) 

tungsten halogen source and  a focussing lens. The projectors w ere placed 

in  a ligh t-tigh t box at a fixed  distance from  a w hite d iffu sin g  screen. A 

red light em itting diode attached  to the screen served as fixa tion  target.

The projectors were so arranged th a t when all apertures were removed the 

projected fields superimposed on the screen. Observers viewed all 

projected stim uli through a 2.5 mm diam eter a rtif ic ia l pupil.

Spatial fea tu res - The extent and shape o f the stim uli were determ ined by 

gratings, apertures or annuli placed in the slide m ounts o f the projectors.

Best possible focus was easily obtained by m anipulating the focussing lens. 

All gratings were on-off squarew ave gratings. The lower spatial frequency 

gratings (50 lines per inch or less on the slide) as well as the annuli 

were fab rica ted  photographically  using high contrast film . As determ ined 

w ith  the a id  of a U nited D etector Technology (UDT) radiom eter (model 263), 

the projected lum inance d ifference  between dark and ligh t bars or regions 

exceeded 2.5 log units. H igher spatial frequency  gratings were 2 x 2  inch 

R onchi gratings o f  between 50 and 300 lines per inch  obtained from  Edm und 

Scientific Corporation. A lthough no objective means were available to 

assess the projected grating contrast, both the qua lity  o f the optics and 

subjective impression suggested tha t contrast decreased w ith num ber of 

lines per inch  fo r gratings f in e r  than  100 lines per inch.
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Spatial ca lib ra tion  - The d istance betw een the view ing screen and  the 

observer was alw ays 2.5 meters. A t th is d istance, trigonom etry  shows th a t 

a 2.5 cm spatia l ex ten t on the screen produced a re tin a l im age o f l#of arc. 

The largest hom ogeneously illum inated  fie ld  was accordingly  determ ined  to 

be 24co f arc. A grating  o f 50 lines per inch  prov ided  a spatia l frequency  

o f 3.5 cycles per degree (cpd) on the re tina . F in e r g ra tings of 100, 200 

and  300 lines per inch prov ided  spatia l frequencies o f 7, 14 and  21 cpd, 

respectively.

The presen t study used a 6°c ircu lar test stim ulus o f v ariab le  spatial 

frequency  (1.75, 3.5, 7, 14, and  21 cpd) alw ays presented  3°from  fix a tio n .

I f  p resen t, the background was alw ays c ircu lar, concen tric  and  steady. 

B ackground sizes were e ith e r 17°or 6®in diam eter. T he background was 

e ith e r shaped as a homogeneous disc or as an  an nu lus w ith  an  o u te r d iam eter 

of 17° and  an  inner d iam eter o f 6°.

The observer’s view  o f the stim ulus co n fig u ra tio n  is illu s tra ted  in 

F igure  1. The observer, whose head  position  was fix ed  by a  fu ll m outh bite 

bar, view ed the stim ulus disp lay  th rough  an a r t if ic ia l  pup il o f 2.5 mm in 

d iam eter a t a d istance o f 2.5 meters.

D ura tion  con tro l - The tem poral properties o f a ll stim uli w ere contro lled  

by a s tan d a rd  physiological dual channel stim u la to r (Grass M odel S88).

This triggered  U n ib litz  shu tte rs  w hich w ere 25 mm in  d iam eter and placed 

at the  ou tp u t port o f the focussing lens. The test stim ulus was a 

squarew ave flash  600 ms in  d u ra tio n  p resented  once every  f iv e  seconds. The 

background was e ith e r "on" or "off".



Figure 1

Stimulus display. The test stim ulus was a 600 ms duration  flash  presented 

once every 5 seconds. It was a 6° diam eter, vertically  oriented squarew ave 

grating  centered 3 to the righ t of a red light em itting diode used for 

fixation . The background fie ld  used in the experim ents represented by 

figures 2-6 and 9 was continually  exposed and concentric to the test flash: 

fo r most experim ents, it was 17° in diam eter and 480 nm in wavelength.
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Lum inance control - The luminance of the test stimulus was controlled by 

balanced 4.0 log un it c ircu lar neutra l density wedges placed just a f te r  the 

shutter. An indica tor d ial governed the position of the wedge such that 

each dial tu rn  caused the wedge to make 1/40 of a wedge revolution. Thus a 

fu ll  tu rn  o f the dial ind ica tor resulted in a luminance change o f 0.1 log 

unit. A dditional f i l te r ing  could also be achieved by means of f ixed  

neutra l density filters. Placing any grating in the slide mount reduced 

the overall luminance o f  the display by 0.4 log units. This probably can 

be accounted fo r  by the 0.3 log units (i.e., 50% of the total area) 

occupied by the dark  bars of the grating, while the additional 0.1 log 

units probably is a t tr ibu tab le  to scatter and absorption.

Wavelength control - The spectral composition of the test stimulus was 

determ ined by either a 512 nm Baird- Atomic in terference  f i l te r  (with ha lf  

bandw id th  o f  12 nm) or a Kodak Wratten 29 filter. These were placed just 

a f te r  the shutters. The spectral composition o f  the background was 

determ ined by similar narrow band in terference filters  (Baird Atomic or 

D itric  Optics). In most experiments, the background field  was 480 nm but 

in  other cases, was e ither 450, 512, 540, 580, or 655 nm.

Lum inance calibration  - A Pritchard  photometer was used to measure the 

photopic lum inance of all stimuli. The scotopic luminance of a 512 nm 

stimulus was calculated with the form ula, log Ts = log Tp + log [2.567 (V^ 

/ ^ ) ]  which is taken from  Wyszecki and Stiles (1967, p. 226). Tp is the 

photopic lum inance value o f  the stimulus; and  Vĵ  are the scotopic and



photopic luminous e ff ic iency  coeffic ien ts  a t  512 nm, respectively. This 

fo rm u la  is accura te  fo r  all monochromatic stim uli bu t is inapp rop ria te  for 

use w ith  stimuli w ith  extended spectral properties (e.g., w hite  or Wratten 

29 stimuli). Therefore , the scotopic luminances o f  all o ther stimuli were 

ca lib ra ted  by equating  their absolute threshold values w ith  th a t  of a 512 

nm stimulus.

Since most spatial acu ity  l i te ra tu re  calibrates stim uli in terms of 

lum inance  expressed in c d /m \  most o f  the da ta  in  P a r t  I are presented  in 

such terms. R etinal illum inance could be readily  obtained from  the fo rm ula  

proposed by Wyszecki and Stiles (1967, p. 212): T  = L x p, where T is the 

tro land  value o f  a fie ld  w ith photopic lum inance L (cd/m 1) seen th rough a 

pupil; p is equal to pi x the pupil d iam eter raised to the power o f  2 and 

is expressed in mm . Since the d iam eter of the a r t if ic ia l  pupil was 2.5 

mm, 1 cd /m z  correspond to .6 tds.

For the da rk  adap ta tion  experim ents presented in Figures 7 th rough 9 

below, a b leaching light source was achieved by placing a N ikon microscope 

illum inato r d irec tly  behind the a r t if ic ia l  pupil. I had no way to d irec tly  

measure the illum inance provided by this source, bu t based upon comparison 

with the in fluence  o f  a bleaching stimulus provided  in M axwellian view, 

this source provided  a re tina l illum inance of about 30.000 trolands.

Ir rad iance  calib ration  - The rela tive  irrad iance  of the narrow  band 

chrom atic  stim uli was measured w ith  a U D T  rad iom eter (model 263). The log 

re la tive  ir rad ian ce  was converted into log re la tive  quan ta , Q, by the 

fo rm ula  Q = E x L/1243, where E is the re la tive  irrad iance , L is the peak
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wavelength of the filter, and 1243 is a constant.

EXPERIMENTAL METHOD 

The general goal of the experiments in Part One was to examine the 

influence of the adapted state o f  rods upon cone mediated spatial acuity.

Six experiments were undertaken to reach this general goal, generally 

following the procedures employed by Goldberg et al (1983). Experiments 1- 

4 were light adaptation experiments. The specific purpose of Experiment 1 

was to establish whether or not a dim background exerted any influence on 

spatial acuity. Experiments 2, 3 and 4 attempted to elucidate and localize 

the photoreceptor mechanism(s) responsible fo r the background effect, e.g., 

that in fac t  rod light adaptation is influencing cone-mediated spatial 

acuity. Experiments 5 and 6 were perform ed to determine d ifferen tia l 

effects of rod dark  adaptation  on spatial acuity.

Observers - Three observers were used in this study. FN, the author, was 

37 years old, is an experienced psychophysical observer and served in all 

aspects of this study. He is amblyopic in the right eye, but has 

uncorrected 20/20 vision in the le ft  eye. ND and MV, both 24 years old 

females with corrected Snellen acuities of 20/20, served as additional 

observers in key portions of the study. ND was a well-practiced 

psychophysical observer, MV was inexperienced. For observers ND and MV 

stimuli were presented to the right eye temporal field, but fo r FN to the 

le f t  eye nasal field.
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General procedure fo r da ta  collection - Prior to each experim ental session, 

the observer aligned his eye with a steady projected bright grating and the 

f ixa tion  target. To obtain a focussed image o f both targets, the observer 

could ad just the position of an a rt if ic ia l  pupil a ttached  to the  bite bar 

in three d if fe ren t  planes. Experiments 1-4 were light adaptation  

experiments. Data collection in these experiments followed an in itia l  25 

m inute  period of d a rk  adaptation. Except in Experim ent 2, the observer 

adjusted the position of the neutra l density wedge controlling grating 

lum inance until the bars of the grating just became visible. This 

threshold is re fe rred  to throughout the text of Part  One as the threshold 

grating luminance (TGL). It should be obvious tha t TGL is always higher 

than  absolute threshold, considerably so fo r high spatial frequency 

stimuli. A fte r  each determ ination of TGL, the  experim enter random ly turned  

the wedge to higher density levels. Thus, all thresholds are ascending.

For the action spectra in Experim ent 2, a grating of subliminal luminance 

was repetitively  presented. The observer increased the  rad iance  of the 

background until the bars o f  the grating became just visible.

Experim ents 5 and 6 were dark  adap ta tion  experiments. Following 10 minutes 

o f  d a rk  adap ta tion  the observer’s eye was bleached for one m inute  w ith  a 

w hite  light of 30.000 trolands. The observer’s task was to ad just fo r  TGL 

w ith  in tervals  of 30 seconds throughout the time course of da rk  adaptation. 

A fte r  each determ ination of TGL, the wedge was random ly tu rned  to higher 

density levels.

In general, data  collection proceeded according to a set o f  rules.

F irst, no experim ental session lasted more than 90 minutes a f te r  da rk
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adaptation was completed. Second, except fo r data obtained in dark 

adaptation  experiments, for each set of test gratings or background 

parameters, three threshold values were consecutively taken. If  the range 

of threshold values exceeded 0.1 log unit, a t least one additional 

threshold value was obtained. Third , except for data obtained in dark 

adaptation  experiments, every data  point plotted was based on observations 

in at least three experimental sessions, and consequently, involved a 

minimum of nine threshold determinations. Each plotted datum  obtained in 

dark  adaptation experiments is the median of three threshold determinations.
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Chapter 3: LIGHT ADAPTATION EXPERIMENTS 

Experim ent 1

The goal of Experiment 1 was to determine the influence of the ambient 

level of illumination upon grating acuity. To this end, TGL was determined 

as a function of the luminance of a steady 480 nm background field  using 

test gratings between 1.75 - 21 cpd. The test grating was either "green"

(512 nm) or "red" (Wratten 29 filter).

Results and discussion

Figure 2 plots TGL as a function of background luminance for observer 

FN. Both coordinates are expressed in photopic units. A control value, 

i.e., the TGL in the absence of the background, is indicated on the 

abscissa at the point labeled "minus infinity". Since TGL is inversely 

proportional to spatial sensitivity a lowering on the ordinate indicates an 

increase of acuity. Figure 2 shows that fo r  a 1.75 cpd grating, of 512 nm 

in wavelength (small open circles) TGL increases with background luminance 

as a two limbed function. This function  resembles a classical increment 

threshold function (e.g., Crawford, 1947) displaying a rod limb (low 

background intensity) and a subsequent cone limb (high background 

intensity). This seems quite reasonable since previous lite ra ture  (e.g.,

Brown & Woodward, 1957; Long, 1978) reported that spatial frequencies lower 

than 2.5 cpd are detected by rods at lower luminance levels, but by cones 

a t higher luminance levels.

According to a variety of sources in the literature (e.g., Long, 1978;
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F igure  2

Observer FN: Threshold gra ting  lum inance as a func tion  of the  lum inance of 

a 480 nm background field. In Figures 2-9, lum inance is expressed in  log 

photopic cd /m . The shapes o f  the symbols represent the d i f f e re n t  spatia l 

frequencies  of the gra ting  as ind ica ted  in cycles per degree. Open symbols 

represent da ta  obtained w ith 512 nm gratings, the  closed symbols w ith  red 

(Wratten 29 f i l te r )  gratings.
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F ig u re  3

Observer MY: Threshold grating luminance as a function of the luminance of 

a 480 nm background field. The shapes of the symbols represent the 

d iffe ren t spatial frequencies of the grating as indicated in cycles per 

degree. Open symbols represent data  obtained with 512 nm gratings, the 

closed symbols with red (Wratten 29 filter) gratings.
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Hess, Nordby & Pointer, 1987) spatial frequencies higher than 2.5 cpd are 

invisible to the rod-related visual system and hence, are always detected 

by cones. In Figure 2, the results obtained w ith  gratings of spatial 

frequencies equal to or higher than 3.5 cpd, are much d if fe ren t  from  those 

obtained with gratings of lower spatial frequencies. As background 

luminance increases to -2 log cd/mx, TGL gradually decreases. This effect, 

which is observed with "red" as well as "green" gratings, is hardly 

noticeable in  the case of a 3.5 cpd grating. But it increases in magnitude 

with grating frequency to more than a one log unit e ffec t  with the highest 

frequency used, 21 cpd. As background luminance increases from -2 to 0 log 

cd /ret, no clear change in grating visibility occurs. But as background 

luminance increases beyond 0 log cd/m4-, TGL begins to increase again.

Figure 3 shows results of a similar experiment with a second observer, 

MV. Although not as much data  were collected, the same essential trends 

are apparent.

Experiment 2

The results of Experiment 1 obtained with gratings higher than 3.5 cpd 

and background luminance levels <-2 log cd/m3, probably involve rod-cone 

interaction. Specifically, in Figures 2 and 3, the da ta  are plotted in 

photopic units which match d iffe ren t wavelengths fo r  cone sensitivity.

Notice tha t data  obtained with these higher spatial frequencies are 

essentially independent of grating wavelength. Thus, a cone-match of these 

gratings produces essentially similar data. In contrast, a plot of these 

data in scotopic units (which match d iffe ren t wavelengths fo r  rod
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sensitivity) would show that the "red" and "green" functions are vertically 

displaced by 1.6 log units with respect to each other. Thus, all the data  

in Figs. 2 and 3 obtained w ith higher spatial frequencies involve detection 

of TGL by cones.

The low luminance values themselves argue quite strongly that 

backgrounds dimmer than -2 log cd/n?'are producing their e ffec t by 

stimulating rods. In order to show this more clearly, an action spectrum 

for the adaptational influence of the background upon TGL was determined 

according to the following procedure. A 14 cpd grating was presented at a 

value 0.6 log units below the TGL obtained with no background present 

(i.e., -0.2 log cd/ni4). The observer adjusted the radiance of a variable 

wavelength background until the grating became just visible.

Figure 4 shows the resulting action spectrum for the only observer 

used, FN. Accordingly, the log relative quanta  provided by the background 

are plotted as a function of background wavelength. The solid curves 

labeled and indicate the CIE scotopic and photopic luminosity 

functions respectively (Wyszecki & Stiles, 1967). The relative ordinate 

values of the data  points in Figure 4 as well as those of the CIE 

luminosity functions were shifted such tha t their minima correspond a t the 

0 log relative quanta ordinate position. This is the only curve f it t ing  

manipulation. The plotted data points show good agreement w ith  the CIE 

scotopic luminosity function  indicating tha t rods and only rods are 

m ediating the  e ffec t of the background.
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Figure 4

Observer FN: Action spectrum for the in fluence  of a 17° diam eter adapting 

field upon the visibility  of a red (Wratten 29 f il ter)  grating o f  14 cycles 

per degree. For these experiments the test grating luminance was set at - 

0.2 log cd/m a and would be invisible i f  no background was present: the 

observer increased the radiance of the background fie ld  until the grating 

was just detected. These criterion values are plotted on the ord inate  as a 

func tion  of the background wavelength. The relative ord inate  values of 

these data  points as well as tha t of the CIE photopic and scotopic 

luminosity func tion  were shifted  such tha t their minima correspond a t  the 0 

log relative quanta  ord inate  position, but no other curve f i t t ing  

m anipulation was used.
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Experim ent 3

The action  spectrum  in F igure  4 only involves wavelengths shorter than  

580 nm. It was impossible to extend this action spectrum  to longer 

wavelengths, since such backgrounds e ither had  no in fluence  or im paired  the 

v is ib ility  o f  high spatial frequency  gratings. Classical l i te ra tu re  (e.g.,

Wald, 1945) suggests an obvious explanation. T h a t  is, cone sensitiv ity  fo r  

w avelengths longer than  610 nm is equal to or g reater than  th a t  o f  rods.

Thus, any  background of these longer wavelengths th a t  would adap t out rods 

w ould add itiona lly  d irec tly  adap t cones. T herefo re , any  change in grating 

acu ity  produced by a background would be likely to re f lec t  conflic ting  

tendencies  o f  rod and  cone adaptation .

In o rder to more d irec tly  s tudy the d i f f e re n t  influences of rod vs. 

cone s tim ula ting  background fie lds upon cone m edia ted  spatia l acuity , I 

com pared in Experim ent 3, the in fluence  o f  a 480 nm (rod stim ulating) 

background  and  a 655 nm  (cone s tim ulating) background  upon TGL.

Results and  discussion

A "red" 14 cpd grating  was used as test stimulus. In F igure  5, TGL is 

plotted  as a func tion  of background lum inance, again  in log photopic units. 

The fu n c tio n  labeled 480 nm (closed symbols) is in  fa c t  a rep lication  o f  

the  14 cpd func tion  displayed in  Figures 2 and  3, and  hence shows the same 

in i t ia l  decrease o f  TGL as background lum inance increases. This in itia l  

decrease is followed by a rise of TGL produced by background  lum inance 

levels h igh enough to have the observer apprecia te  the appearance  o f  the
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F ig u r e  5

Observer FN: Threshold luminance fo r detecting a  red (Wratten 29), 14 

cycles per degree grating as a function of the luminance of a 480 nm 

(closed circles) or 655 nm (open circles) background field. The labeled 

arrows indicate  the absolute threshold fo r  the 655 nm background field and 

the specific (color identification) threshold fo r  the 480 nm background.
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background as being blue in  color (noted by the a rrow  labeled "480 nm spec, 

th"). To the ex ten t th a t  color appearance necessitates cone activ ity , this 

suggests th a t  the increase in TGL at luminance levels exceeding specific 

thresholds is a t t r ib u ted  to a background influence  upon cones.

In F igure 5, the 655 nm  func tion  (open symbols) in it ia l ly  does not 

show any change in TGL as background lum inance increases. As ind ica ted  by 

the  a rrow  on the le f t  o f  F igure  5, absolute threshold o f  the  655 nm fie ld  

is only reached a t  an  abscissa value o f -1.8 cd/ma , w hich explains the 

negligible in fluence  o f  d im m er fie lds on TGL. Once visible, the  fie ld  

appears red in color to the  observer, probably d irec tly  s tim ula ting  cones. 

H igher lum inance levels of both wavelength backgrounds appear to elevate 

TGL. This elevation is in  both cases most likely due to cone-mediated 

background influence. However, the  da ta  obtained w ith  h igher background 

lum inance levels are  inconsistent w ith  the operation o f  only one cone 

mechanism. Despite the photopic m atch of background w avelength the  two 

sets of da ta  are displaced by more than  1 log un it w ith  respect to each 

other when f i t  by s tra igh t lines w ith  the  same slope. Also, the  "kink" 

occurring in  the 480 nm fu nc tion  cannot be ignored. Sim ilar "kinks" are 

also ap p aren t in Figures 2 and  3. Possibly these irregu la ri t ies  ind ica te  a 

sh if t  in detection from  one mechanism to ano ther or the  in te rac t ion  between 

several d if fe ren tly  tuned  spectral mechanisms.

Experim ent 4

In studies o f  SRCI using flicker, the adap ted  state  o f  rods influences 

cone sensitiv ity  a t  a considerable d istance from  a test probe (e.g.,
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Goldberg et al., 1983; Coletta and Adams, 1984; 1986). Experim ents 1-3 

clearly establish tha t  rods stim ulated by a large background influence 

cone-mediated spatial acuity. These rods could e ither be those in  the 

general area of the  test grating (e.g., those in  the "dark bar" region of 

the grating) or those ad jacent to the grating. Experim ent 4 a ttem pted to 

determine the population of rods involved. To tha t  end, I determ ined the 

influence of d if fe ren t  shaped backgrounds, all -2 log cd/af' in  luminance 

and 480 nm in  wavelength upon TGL. A "red" 14 cpd grating was used as a 

test stimulus. One of these backgrounds was again a homogeneous disc o f  17° 

which stim ulated rods w ith in  and  adjacent to the grating area. A second 

was a 6®diameter background which could only influence rods in the same 

general area o f  the test grating. The last background was an  annulus which 

only stim ulated rods adjacent to the grating, i.e., had an inner diam eter 

of 6° and  an outer diam eter o f  17.°

Results and  discussion

The results of Experim ent 4 are  plotted in Figure 6. TGL is plotted as a 

func tion  of the shape and size of the various background fields. The TGL 

values shown are mean values. The indicated  vertical line on top of each 

bar is the 95% confidence in terval fo r each TGL value; hence, a lack of 

overlap indicates extremely high statistical signficance. The f i r s t  bar 

represents TGL in the fu lly  da rk  adapted  eye, i.e., in  the absence of a 

background. The second bar shows da ta  obtained in the condition in  which 

background diam eter is equal to tha t  o f  the test grating. Such a 

background appears to have a small influence on TGL. The th ird  bar
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Figure  6

Observer FN: Mean threshold luminance fo r  detecting a red (Wratten 29), 14 

cycles per degree grating as a func tion  o f  the spatial param eters  of a 

concentric  continually  exposed, 480 nm background f ie ld  of -2 log c d /m a 

luminance. From  le f t  to righ t the fo u r  bars ind ica te  conditions in which 

the background fie ld  was absent, was a 6 °  d iam eter disc, was an annulus 

w ith  a 6cinner and  1 7 °o u te r  diam eter, or was a disc o f 17° diam eter. The 

vertical hashm arks  ind ica te  95% confidence in tervals  (+/- s tandard  error).
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represents data  obtained with an annular background. As illustrated, the 

annulus is almost as effective  as the usual solid background (fourth  bar), 

when they are o f  equal outer diameter. These experimental results strongly 

suggest tha t  the adaptational influence of the background is largely 

mediated by rods adjacent to the test grating and not by rods beneath the 

test grating. However, the presence of a greater number of rods adjacent 

to the test grating might oe prim arily  responsible fo r the observed effect. 

The present results are compatible with observations made by Coletta, 

Schefrin and Adams (1986) conducting similar experiments but used gratings 

restricted to the rod-free area of the fovea. They observed a similar 

la terally  mediated rod-adaptational influence upon TGL.
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DARK ADAPTATION EXPERIMENTS 

Experim ent 5

The previous experiments established that rod light adaptation  

increases the spatial sensitivity of the cone system. This is particularly  

obvious with higher spatial frequencies. To the extent tha t light and dark  

adaptation reflect opposite sides of the same coin, it logically follows 

tha t spatial acuity of the cone system should decrease during rod dark 

adaptation , and that this result should similarly depend on spatial 

frequency.

Experiment 5 examines the influence of dark  adaptation upon spatial 

sensitivity. Following 10 minutes of dark  adaptation, the observer’s eye 

was bleached for one minute with a white light of 30,000 trolands. The 

observer continually obtained TGL throughout the time course of dark  

adaptation. The gratings used had spatial frequencies of 1.75, 7, 14 and  21 

cpd and were either "red" (Wratten 29) or "green" (512 nm) in color.

Results and discussion

For observer FN, Figure 7 shows TGL as a function of time in the dark 

following the offset of the bleaching light. The open symbols represent 

data obtained with a "green" grating. Data obtained w ith a "red" grating 

are  represented by the closed symbols. The small open circles show tha t for 

the coarse gratings of short wavelength (1.75 cpd, 512 nm), TGL decreases 

throughout the course of dark  adaptation. In essence, such data  resemble



Figure 7

Observer FN: Threshold grating luminance (on the ordinate in log cd/miL) 

a function  of time in the dark. The d iffe ren t shaped symbols represent 

d if fe ren t  frequency gratings in cycles per degree as indicated. The open 

symbols represent data  obtained with green (512 nm) gratings.
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Figure 8

O bserver ND: Threshold grating  lum inance (on the ord inate  in log cd/m*) 

a function  of tim e in the dark . The d iffe ren t shaped symbols represent 

d iffe ren t frequency gratings in cycles per degree as indicated. The open 

symbols represent data  obtained w ith green (512 nm) gratings.
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more conventional dark adaptation curves (e.g., C raw ford, 1947) and display 

an in itia l cone and a subsequent rod limb. But w ith higher spatial 

frequencies, TGL increases during the rod recovery stage of dark 

adaptation. This tendency is relatively small w ith a 7 cpd grating, but 

increases w ith spatial frequency. With the highest frequency used, 21 cpd, 

the e ffec t exceeds 0.8 log units. As was the case fo r the light adaptation 

data o f Experim ent 1, these thresholds are largely independent of grating 

w avelength when plotted in photopic units, and thus represent changes in 

cone m ediated acuity concom itant w ith rod dark  adaptation , as illustrated  

fo r the 14 cpd grating. Thus, the results of Experim ent 5 show that cone 

m ediated spatial acuity is increasingly suppressed during the rod recovery 

stage of dark  adaptation. Similar results are shown fo r observer ND in 

F igure 8.

One highly significant, but unquantified  observation was made by both 

observers w hile obtaining the data represented by Figures 7 and 8. Shortly 

a f te r  extinguishing the bleaching field , both observers reported a 

transien t enhancem ent of visibility of the high spatial frequency gratings. 

A lthough the change in visibility  was apparently  large, the observers were 

asked to ignore them for the following reasons: 1) these changes did not 

in te rfe re  or coincide w ith critical observations to be made in this 

experim ent: tha t is, the effect of slow rod recovery from  a bleach on 

visual acuity; 2) these changes were too rapid  to be quan tified  reliably 

w ith the experim ental technique used (i.e. a quan tifiab le  threshold could 

not be obtained until 30 seconds a fte r bleach-offset). This subjective
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impression, however, provided the impetus fo r Part II o f the present study.

Experim ent 6

E xperim ent 6 was conducted to dem onstrate tha t the da ta  obtained 

during the "rod recovery stage" of dark  adap tation  in Figures 7 and 8, in 

fact, reflec t dark  adaptation. To this end, the dark  adap ta tion  experim ent 

involving the use of a "red" 14 cpd grating in Figure 7 was repeated using 

two slightly  d iffe ren t procedures. In one case, the data  were m erely a 

replication. In a second case, however, TGL was tracked following 

photopigm ent bleaching but in  the presence of a continually  exposed, 17° 

d iam eter background, 480 nm in  wavelength and -2 log c d / ntin  illum inance. 

By preventing rods from  dark  adapting, this procedure should elim inate the 

rise in  TGL associated w ith the "rod limb" of dark  adaptation.

R e su lts  a n d  d iscu sss io n

Figure 9 plots TGL as a function  of time in the dark  a f te r  bleach offset.

The closed symbol function  is a replication of the dark  adap ta tion  da ta  

obtained w ith a "red" grating  illustra ted  in F igure 7. The open symbols 

delineate the function  obtained w ith a "red" 14 cpd grating  in the 

continuous presence of the rod-light adapting background during  dark  

adaptation . The la tte r function  shows th a t throughout the cone lim b of 

adap tation , th is dim  fie ld  has little  influence upon TGL. This is not 

surprising as th is field  was quite  invisible to the observer during  this 

time period. But a fte r  five  m inutes in the dark , the rods have 

su ffic ien tly  recovered to respond to this dim  field . Thus the presence of



Figure  9

O bserver FN: Thresholds fo r  a red  (W ratten 29 f il te r) , 14 cycles per 

degree g ra ting  as a fu n c tio n  o f tim e in  the dark . The closed circles were 

ob ta ined  w ith  no ad ap ting  fie ld  present, and  are a rep lo t o f some o f the 

da ta  p resented  in  fig u re  8. The open circles were ob tained  in the presence 

o f a concentric , 17° diam eter, con tinually  exposed ad ap tin g  fie ld  o f -2 log 

cd /n?-lum inance and 480 nm w avelength.
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th is adap ting  fie ld  m aintains the rods in  a somewhat ligh t adap ted  state 

and  as such prevents any  fu r th e r  change in cone-m ediated grating  acu ity  

from  occurring. The rem arkable  d iffe ren ce  in  shape betw een these two 

functions c learly  indicates the in fluence  of the d a rk  adap ted  state  of rods 

upon cone-m ediated spatial acuity.

G EN ERA L DISCUSSION 

The present study has shown th a t cone-m ediated spatia l acu ity  is 

suppressed by rod d a rk  adap ta tion , and enhanced by selective rod ligh t 

adap ta tion . This e ffec t is barely apparen t w ith low spatia l frequencies 

(3.5 hz) bu t increases to a nearly  1 log u n it e ffec t w ith  the highest 

spatia l frequency  used, 21 cpd. The results o f the present study bear a 

s trik in g  resem blance to flick e r studies cited earlier in the In troduction  

w hich were re fe rred  to as SRCI. In those flick er studies, the m agnitude of 

the  in te rac tion  betw een rod and cone ac tiv ity  has been shown to depend upon 

tem poral frequency: as frequency  increases, the g rea ter the in fluence  of 

rod -adap ta tion  on cone-m ediated rap id  flick er (G oldberg et al., 1983; 

A lexander & Fishm an, 1984; C oletta & Adams, 1984).

T his s im ila rity  in  the in fluence  of spatial and tem poral frequency  upon the 

m agnitude o f rod-cone in te rac tion  is shown more clearly  by placing 

com parable da ta  on the same set of coordinates. F igure 10 plots log 

threshold  change (i.e., log control threshold - log experim ental threshold) 

as a fu n c tio n  of the illum inance of a background fie ld . The closed 

circles are  derived  from  the  21 cpd/W ratten  29 fu n c tio n  in  F igure  2. The 

open triangles plot da ta  obtained by Goldberg, Frum kes, and N ygaard  (1983,
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Figure 10

Change in threshold (expressed on the ord inate  as log deviation from  dark  

adapted  threshold) as a function  o f the retinal illum inance provided by a 

large, steady background field . The closed symbols are derived from  the 21 

cycles per degree, W ratten 29 data shown in Figure 2. The open triangles 

are 25 Hz flicker data derived from  Goldberg, Frum kes and N ygaard (1983; 

F igure 2).
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fig. 2) using a 25 hz red flicker and a large, 512 nm background. These 

p articu lar values, 21 cpd and 25 hz were chosen fo r comparison because both 

produced approxim ately the same maximal threshold change (i.e., 1.1 log 

unit). O rdinate  and abscissa values are p lotted in terms of re tinal 

illum inance (tds.) in  order to perm it more d irec t com parison of visual 

influence as obtained by the M axwellian view stim ulator of Goldberg et. al. 

(1983), and by the free  viewing system used in the present study. F inally , 

the ord inate  is plotted in photopic units since both grating and flicker 

are detected by cones; the abscicca is plotted in  term s of scotopic units, 

since the background influence is m ediated by rods. Notice in F igure 10 

th a t the range in  rod background illum inance effecting  cone spatial and 

tem poral acu ity  is quite  sim ilar. Both tem poral and spatial acuity  become 

maximal a t a very sim ilar value (approxim ately 0 log scotopic tds.), a 

value w hich is more than  3 log units below rod saturation  (A guilar and 

Stiles, 1954) but considerably above absolute threshold.

.T he sim ilarity  in frequency-dependency and the correspondence in  test 

threshold change w ith specific background lum inance levels may suggest that 

both tem poral and spatial effects reflect one common mechanism, SRCI. 

However, I am unaw are of any additional evidence to support this assertion. 

A t least one d ifference  between the cited flicker studies and the present 

study should be pointed out. This d ifference  relates to the stim ulus used.

In the flick er studies the test probe was sinusoidally m odulated, while 

squarew ave gratings were used in the present study. A pparatus lim itations 

made it  impossible to collect data w ith sinewave gratings and particu larly



the use o f co n trast thresholds.

The results ob tained  a t h igher spatia l frequencies w ere un like ly  to be 

a ffe c ted  by the  use o f squarew ave gratings. Specifically , fo r frequencies 

h igher th an  10 cpd, squarew ave and sine wave g ra ting  sensitiv ity  are 

in d istingu ishab le  (Cam pbell, C arpen ter, and  Levinson, 1969). A t low er 

sp a tia l frequencies, how ever, a squarew ave can be considered to be a sum of 

a num ber o f  sinew aves, its fo u rie r com ponents. These com ponents consist of 

the  fu n d am en ta l frequency  and its odd harm onics. F o r spatia l frequencies 

h igher th an  10 cpd, these odd harm onics are  p robab ly  inv isib ile , bu t fo r 

spa tia l frequencies low er than  10 cpd, these odd harm onics are  qu ite  

visib le  (e.g., K elly , 1969). T herefore , i t  is possible th a t, as was the 

case fo r  com parable flick e r studies, rod -in fluence  upon cone-m ediated 

spatia l sensitiv ity  would become neglig ible a t low spa tia l frequencies  by 

using sinew ave gratings. With more ap p ro p ria te  equipm ent, th is possib ility  

could read ily  be pu t to the  experim ental test.



48

PART TWO

Chapter 4: THE INFLUENCE OF SHORT TERM  VISUAL ADAPTATION
ON CONE-MEDIATED GRATING ACUITY

As indicated  in the results of P art One, removal o f a bleaching source 

transien tly  enhances the subjective v isibility  of high spatial frequency 

gratings. At the instan t when grating visibility  seems clearest, the 

grating appears colorless. These observations suggest tha t a num ber of 

critical changes in spatial vision accompany the earliest stages of visual 

adaptation.

Changes in visib ility  accompanying the earliest stages of light and 

dark  adaptation  were firs t form ally addressed by C raw ford (1947). The 

threshold of a small, b rief, Test Flash (TF) was determ ined as a function  

of the Stimulus Onset Asvnchronv (SOA) in respect to the onset of a 

concentric, larger and longer duration  Adapting Flash (AF). Results w ith 

three AF lum inance levels are shown in Figure 11. TF threshold is plotted 

on the ordinate as a function  of the SOA on the abscissa. With the 

convention used here, a negative abscissa value indicates th a t TF onset 

precedes AF onset, while positive values indicate tha t TF onset follows AF 

onset. In this particu lar figure, AF onset occurs at a value of 0 ms on 

the abscissa and its o ffset occurs at a value of 524 ms, i.e., the AF was 

524 ms in duration.

The data  plotted in Figure 11, as well as subsequent replications by 

many other investigators (Boynton & K andel, 1957; Boynton, 1961; Battersby
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Figure  11

C raw fo rd ’s m easurem ents of test flash  (TF) threshold  during  b rie f light 

ad ap ting  flashes (1947). The threshold o f a  10 ms dura tion , 30’ d iam eter 

TF  was determ ined  as a function  o f tim e (seconds) a f te r  s ta r t of 

conditioning  stim ulus (CS). The CS was always 524 ms in d u ra tio n  and 12°in 

d iam eter. The whole cycle of operations - exposure o f  T F  and o f CS - was 

repeated  every 7.2 sec. T hree lum inance levels o f the CS are shown here:

100, 30 and  10 cd/ft* . The CS was exposed a t zero tim e and cut o ff  524 ms 

la ter. The da ta  points ind ica te  the times a t which TF was exposed and the 

corresponding lum inance a t w hich it was just visible. N egative times 

ind ica te  exposure o f T F  before exposure o f the CS.
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& Wagman, 1959; Sperling, 1965), show th a t TF threshold begins to rise 

approxim ately  one hundred  m illiseconds before AF onset, is m axim al w hen the 

two flashes are sim ultaneous in onset, and  then gradually  decreases again 

to a p la teau  value a t an  SOA of about 400 ms. I w ill re fe r to th is portion 

o f C raw ford ’s da ta  as early  ligh t adap tation . F igure 11 also shows th a t TF 

begins to rise shortly  before AF o ffse t and then rap id ly  decreases to a 

value approaching  control levels. I w ill re fe r to this portion  of 

C raw fo rd ’s da ta  as early  dark  adap tation .

E a r ly  l ig h t  a d a p ta t io n

Figure 11 shows an in itia l rise o f TF threshold a t -100 ms and  a 

subsequent rap id  threshold increase up till an SOA of 0 ms. This 

p a rticu la r phase o f early  ligh t adap ta tion  has been re fe rred  to as 

"Backward Masking" or "The C raw ford  E ffect" (e.g, K ahnem an, 1968); 

"Forw ard Masking" re fe rs  to the change in TF threshold  follow ing AF onset. 

Following the onset o f the AF (at an SOA of 0 ms), T F  threshold  falls.

A lthough there  is no general agreem ent about all of the factors 

underly ing  early  light adap ta tion , a num ber o f re levan t considerations 

should be stated. F irst, most o f the changes occurring cannot be re la ted  

to photochem ical bleaching. T hat is, re tin a l densitom etry  data  show th a t 

the am ount o f photopigm ent bleached by an A F is d irec tly  p roportional to 

the I x T p roduct of the AF: th is v e rifica tion  o f Bloch’s Law holds true 

fo r AFs up to a t least several seconds in  du ra tion  (R ushton, 1965). Thus, 

i f  photopigm ent bleaching were to explain  early  ligh t adap ta tion , TF
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th resho ld  should  rise th roughou t the tim e period  an  A F is p resen ted .^  Since 

T F  th resho ld  rises p rio r to the  p resen ta tio n  o f the  A F and th en  decreases 

d u rin g  A F p resen ta tion , ad ap ta tio n  cannot m erely re fle c t the  am ount o f 

pho top igm ent av ailab le  fo r  bleach. The fa c t th a t  early  lig h t ad ap ta tio n  

involves a v a rie ty  o f n eu ra l fac to rs  is stressed by  several 

neurophysio log ical investigations inc lud ing  stud ies o f the  la te ra l eye o f 

the horseshoe crab  (R iggs and  G raham , 1940), the  B-wave o f  the  hum an ER G  

(B oynton & T riedm an , 1953), evoked po ten tia ls  a t m any loci th ro u g h o u t the 

cat v isual system  (S tu rr an d  B attersby , 1966), and  in tra c e llu la r  s tudy  in  

m ost types o f re tin a l neurons o f the  m udpuppy  (C openhagen, 1974).

A m uch w ider v a rie ty  o f  hum an psychophysical d a ta  also suggests th a t 

early  lig h t a d ap ta tio n  involves neura l processing. T he fo llow ing  rev iew  of 

th is  psychophysical lite ra tu re  is no t m eant to be all inclusive, b u t 

stresses fin d in g s  o f p a rtic u la r  re levance to the  p resen t in v estiga tion  o f 

a d ap ta tio n a l induced  changes in  v isual acuity .

The im portance  o f A F lum inance and  d u ra tio n  - In the  ty p ica l increm en t 

th resho ld  s itu a tio n , T F  th resho ld  is de term ined  as a fu n c tio n  o f  a  steady 

ad ap tin g  backg round  bu t v a riab le  in  lum inance. U n d er such  c ircum stances, 

T F  th resh o ld  is p ro p o rtio n a l to background  lum inance  as p red ic ted  by 

W eber’s law  over a w ide range o f background  lum inance  values (fo r review  

see B arlow , 1972; G eisler, 1978). In  fac t, using e ith e r 

electrophysio logical (D ow ling, 1963) or psychophysical (R ush ton , 1965) 

p rocedures, i t  is also possible to re la te  T F  th resho ld  to the am oun t o f
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bleached photopigment. Thus, the relationship between TF threshold and the 

lum inance of a steady background can be explained by photochemical 

bleaching.

A lthough TF threshold tends to increase as the lum inance of a flashed 

background increases (e.g., see Figure 11), s ignificant deviations from  

Weber’s law occur, particu larly  a t an SOA of 0. There could be several 

reasons fo r this result. B rief adapting flashes produce much less 

bleaching and no photochemical equilibrium  is likely to occur. But there 

is evidence that, depending upon the duration  of an AF, the TF is detected 

by d iffe ren t neural mechanisms. When a bright AF is continuously exposed, 

the increm ent threshold is m ediated by its in itia l image (Geisler, 1978).

When the AF is brief, TF is detected either by the late afterim age 

(Brindley, 1959; Sakitt, 1976) or by a short term  afterim age (Geisler,

1978).

Spatial Factors - A variety of experim ents have m anipulated the spatial 

properties of either the TF an d /o r the AF in early light adaptation  

experiments. These have shown that when the AF and TF stim ulate d iffe ren t 

areas of the retina, TF threshold still increases (Rushton and Westheimer, 

1962; A lpern, 1952) clearly indicating the im portance of neural factors.

The influence of AF size per se depends complexly upon its illum inance and 

re tinal position as well as TF size. U nder photopic conditions and using 

relatively  large TF diameters, the overall influence of an AF was reported 

to increase as its diam eter decreased (Battersby and Wagman, 1962; Frumkes 

& Sturr, 1968). But if  the test stim ulus is small in diam eter, an d /o r if



peripheral re tina l loci are stim ulated a t scotopic lum inance levels, the 

overall influence of the AF a t f irs t increases, then decreases again as AF 

diam eter increases (Frum kes & Sturr, 1968; Teller, 1973; Teller, M atter, 

Phillips & A lexander, 1971). W ithout exploring tem poral in terval per se, 

such size effects were well known from  p rio r studies (e.g., C raw ford, 1940; 

Westheimer, 1965). Most probably, these re la te  to the receptive fie ld  

properties o f re tina l ganglion cells as f irs t suggested by Teller, Andrews, 

and Barlow (1966) and Frum kes and S turr (1968). In fac t, Teller et. al. 

(1966; Teller, 1971) em phasized tha t short term  ligh t adap tation  produces a 

m arked change in spatial neural organization, a fin d in g  w hich preceded 

counterpart in tracellu lar study in m udpuppy re tina  (e.,g., Werblin, 1972,

1974; Copenhagen, 1974) by several years.

A num ber o f psychophysical studies (e.g. Green, 1981; Tolhurst, 1975) 

have used gratings as adap ting  and test stim uli. T he overall influence of 

the adap ting  grating was reported to increase w ith  spatial frequency and 

its greatest e ffec t to occur a t longer SOA’s (Rogowitz, 1977). The 

adapting  influence, however, decreases w ith increased d ifference  in spatial 

frequency between test- and adapting-grating (Watson & Nachm ias, 1980), 

w hile the largest threshold change obtains when the TF and AF are uniform  

fields (G reen, 1981). Several studies (e.g. K ulikow ski & Tolhurst, 1973; 

Keesey, 1971) using short and long term  adap ta tion  to gratings have 

provided evidence fo r the existence o f two visual sub-systems: a transien t 

and a sustained system. The transien t system has been shown to be most 

sensitive to low spatial frequencies (Tolhurst, 1975), the sustained system 

to high spatial frequencies (Keesey, 1971). In fac t, these sub-systems
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operate  over a broad  range o f spatia l frequencies and  m ay in te ra c t under 

conditions o f  short term  ad ap ta tio n  (Schenkein, 1982).

C hrom atic  variab les - E arly  exam inations o f the chrom atic  p roperties o f 

early  lig h t ad ap ta tio n  suggested little  in fluence  upon the tim e course of 

TF, or upon the  types o f  photoreceptors m ediating  T F  th resho ld  (Bush, 1955; 

Sperling, 1965, Frum kes & S tu rr, 1968). H ow ever, la te r studies have 

dem onstrated  s ig n ific an t in fluence  o f chrom atic  variables. F o r exam ple, 

F rum kes et al. (1973) have shown th a t the stim ulation  o f one pho torecep tor 

type by an A F can produce changes in  T F  threshold  m ediated  by an o th er type 

o f photoreceptor. Work by A ugenstein and  Pugh (1977) showed th a t the  tim e 

courses o f ad ap ta tio n  o f the  blue sensitive cone m echanism  to short 

w avelength  an d  long w avelength  ad ap ting  fie lds are very d istinc t: a large 

and re la tive ly  long-lasting tran s ien t threshold  e levation  occurs a t the 

onset o f the long w avelength , b u t not a t the onset o f the short w avelength , 

fields. The achrom atic  appearance near threshold  o f  sm all, b r ie f  lights 

w ith  spectra l sensitiv ities resem bling th a t o f the CIE photopic observer, 

has led to a hypothesis w hich links TF detec tion  to an  in d ep en d en t class of 

non-opponent cells (K ing-Sm ith & C arden, 1976). H ow ever, m ore recen t 

studies suggest th a t  A Fs change the  type of neural m echanism  m ed ia ting  TF. 

For exam ple, F inke lste in  an d  Hood (1982) using a v a ria tio n  o f the  Stiles 

two-color th resho ld  procedure  reported  th a t red /g reen  opponent cells can 

substan tia lly  in fluence  the  d e tec tab ility  o f sm all, b rie f  lights.

A few  studies (e.g. Frum kes & H olstein, 1979; Buck, S te fu rak , Moss, 

and  R egal, 1983) have  specifica lly  a ttem pted  to m easure the  tim e course o f
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d iffe ren t types o f rod-cone in teractions using a "Craw ford m asking 

paradigm". Frum kes and Holstein (1979) measured rod thresholds a t various 

times re la tive to the onset o f scotopically equated 512 nm and 655 nm AFs: 

when so equated, only the 655 nm AF stim ulus had an appreciable e ffec t upon 

cones. D epending upon spatial factors, this cone influence caused more 

extensive "backward masking" and an overall greater elevation o f TF 

threshold  was observed. The desensitizing was found  a t negative SOA’s and 

fo r most of the time of background presentation. N ear o ffse t of the 655 nm 

background cone stim ulation depressed rod threshold. Buck et al. (1983) 

using a technique o f rap id ly  exchanging scotopically m atched, equal sized 

490 nm and 630 nm background discs, found rod-cone in teraction  (as 

described by Frum kes et al., 1979) to rise and fa ll w ith various time 

courses depending upon the spatial dim ensions o f the test flash  and 

adap ting  flash.

In  sum m ary, the foregoing review suggests th a t a num ber of profound 

changes in  v isual-neural organization occur during  the earliest stages of 

ligh t adaptation . Most investigations emphasize the change in TF absolute 

threshold  produced by various AF param eters. However, these studies and 

those involving adaptation  w ith gratings suggest th a t profound, complex 

changes occur in the overall spatial and perhaps chrom atic organization of 

the visual system during  early ligh t adaptation . This suggests the 

possibility th a t changes in TF absolute threshold produced by an AF do not 

necessarily imply th a t a homogeneous AF will produce sim ilar changes when 

visual acu ity  is used as a measure of sensitivity . The present study
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exam ines the  in fluence  o f various AF illum inance levels upon grating  

acuity .

E arly  d a rk  ad ap ta tio n

F igu re  II shows th a t T F  threshold  rises slightly  before A F -offset, and 

then  rap id ly  declines. This rise near A F-offset has been sporad ically  

repo rted  th roughou t the  lite ra tu re , and  is believed to  re fle c t an 

in h ib ito ry  e ffe c t o f the changing A F reacting  upon the  test stim ulus 

(R a tlif f , 1965; R ina lducc i, 1968; Baker, 1963). H ow ever, th is small 

e levation  o f th resho ld  is not re liab ly  ob tained  across labora to ries, can 

only be ob tained  w ith  the psychophysical m ethod o f ad justm en t, and  is not 

observed w ith  a fo rced  choice psychophysical p rocedure  (T eller & Lindsey, 

1970). T hroughou t the  rest o f  th is  thesis, the  term  ’early  d a rk  

a d ap ta tio n ’ w ill ignore th is in tia l sm all increase in  th resho ld  and be used 

only to re fe r  to the subsequent sudden drop of T F  th resho ld  im m ediately 

a f te r  A F -o ffset (C raw ford , 1947; B aker, 1953; B attersby  & W agman, 1959).

The early  d rop  is surprising ly  large. In  the  top curve o f F igure 11 

the  th resho ld  fa lls  1.7 log un its  (a fac to r o f 50) in  200 ms; the 

subsequent change in  threshold  over the nex t h a lf  second or so is much 

sm aller. Because the changes in  sensitiv ity  are  so rap id , a neura l ra th e r 

th an  a photochem ical m echanism  underly ing  early  d a rk  ad ap ta tio n  was 

postu la ted  by early  psychophysical studies (B aker 1953, 1963, 1975;

B attersby  & Wagman, 1959). Such a conclusion has been en tire ly  v e rified  by 

m ore m odern neurophysiological studies (Pepperberg, Brown, L urie  & Dowling,



1978) w hich show the same phenom enon in re tina l p reparations in  w hich 

photopigm ent regeneration  follow ing a bleach cannot take place, yet a 

sim ilar recovery o f sensitiv ity  follow ing the rem oval o f an A F is observed.

As is the case fo r ligh t adap ta tion , a varie ty  o f param etric  studies 

exam ined the in fluence  o f A F illum inance (Baker, 1953), p re-adap ta tion  

(Baker, 1963; B attersby & Wagman, 1962) and the spatial con figu ra tion  

between T F  and AF (K itterle  & Leguire, 1975; Baker, 1973). Photopic as 

well as scotopic lum inance levels of the AF produce a sudden drop  o f test 

threshold fo r both cones and  rods, respectively. The ra te  o f the early  

fa ll seems to be specific  to the receptor systems, w ith  a fas t ra te  fo r 

cones and  a slower ra te  fo r  rods. Baker (1963) using p re-adap ta tion  

techniques argued th a t the ex ten t o f the early  fa ll is apparen tly  w ith in  

the receptor system: long early  fa lls  are associated w ith b rig h t photopic 

p re-adap tation , b u t long falls  are also associated w ith  b rig h t scotopic 

pre-adap tation . In  add ition , the early  drop may overshoot the term inal 

level and  rebound to it  w hen a w eak adapting  level is dim m ed to a low er 

level. It has been proposed th a t early  dark  adap ta tion  re flec ts  the decay 

o f the receptor po ten tia l to the adapting  light (Baker, 1963, 1982).

However, K itte rle  et. al. (1975; also B attersby & Wagman, 1962; R inalducci, 

1968) found  th a t the shape o f the early  d a rk  adap ta tion  curve is in fluenced  

by the presence of contours and  borders; they showed th a t conditions 

m axim izing la te ra l e ffec ts  increased the m agnitude of the  early  threshold  

drop. K itte rle  et al. (1975) using disc-shaped and contoured test s tim uli 

equal in size, reported  a  fac ilita tio n  o f detection o f contoured  stim uli a t
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high  photopic levels o f illum ination . It has been suggested (R inalducci,

1968; K itte rle  et. al. 1975) th a t in  ad d itio n  to the  decay o f la te ra l 

e ffec ts , a fu n c tio n a l reo rgan ization  o f the  v isual system  re la ted  to the 

sp a tia l in teg ra tio n  of ligh t should be im plicated  to explain  the  changes in  

sen sitiv ity  d u rin g  the course o f early  dark  adap ta tion .

T here  is, in  fac t, substan tia l neurophysiological evidence fo r  a 

change in  sp a tia l-re tin a l organ ization  w ith  dark  ad ap ta tio n . F o r exam ple, 

the  recep tive  fie ld  su rround  o f re tin a l ganglion cells is know n to decrease 

m arked ly  in  s treng th  w ith  da rk  ad ap ta tio n  (Barlow, F itzhugh , and  K u ff le r , 

1957; Enroth-C ugell and Shapley, 1973). This change in  n eu ra l o rgan ization  

is ap p aren t a t all levels o f the re tin a , from  photoreceptors th rough  

ganglion cells (Dowling, 1967; D ow ling & W erblin, 1969; W erblin & Dowling, 

1969; K le inschm id t & D ow ling, 1975; W erblin, 1973, 1974; D ow ling & R ipps, 

1970). These neurophysiological da ta  are  supported  by some psychophysical 

ev idence fo r  ad ap ta tio n a l induced  changes in  n eu ra l o rg an iza tion  (Barlow, 

1964; G lezer, 1965; K elly , 1974). Thus, fo r exam ple, spa tia l sum m ation 

increases d ram atica lly  w ith  da rk  ad ap ta tio n  (G lezer, 1965) an d  g ra ting  

acu ity  becomes considerably  reduced  (K elly , 1974). In fac t, th e re  are 

several psychophysical studies w hich have claim ed to show changes in hum an 

recep tive  f ie ld  o rgan ization  w ith  dark  ad ap ta tio n  (G lezer, 1965;

W estheim er, 1967). G lezer, in  p a rticu la r, showed changes in  spatia l 

sum m ation occurring  d u rin g  the f ir s t  (cone) stage o f d a rk  adap ta tion .

A lthough early  reports (e.g., Baker, 1963) stressed th a t early  d a rk



60

adaptation was specific to receptor class, more recent data suggest a 

possible change in chrom atic organization. Mollen and Polden (1975, 1977) 

found tha t the term ination o f a high in tensity  (but not higher than  100,000 

tds) yellow AF produced a large rise of the threshold o f a short wavelength 

TF. However, when very high adapting levels were used (of the order of 

1,000,000 tds or more), the anomalous rise d id  not occur. T heir 

in terp re ta tion  of the anomaly, which is referred  to as transien t 

tritanopia , is that the recovering green-sensitive mechanism exerts a 

strong inh ib ito ry  e ffec t on the blue sensitive mechanism. O ther studies 

(e.g., Augenstein & Pugh, 1977) dem onstrated that the time courses of 

recovery o f the blue-sensitive mechanism from  short and long wavelength AFs 

are very distinct: a large and relatively long-lasting transien t threshold 

elevation (transien t tritanopia) occurs a t the o ffse t of the long 

w avelength, but not o f the short wavelength AFs. Since adaptation 

transients are not observed in the green- and red-sensitive mechanisms, 

Augenstein et al. argue th a t the instantaneous signals stemming from  these 

cones following AF term ination, cannot be the cause of transien t 

tritanopia. They propose th a t the cause lies e ither in the path  by which 

red- an d /o r green-sensitive cones transm it their signals to the blue- 

sensitive mechanism, or in this mechanism itself.

To summarize, as is the case fo r early light adaptation , a 

considerable body of evidence suggests th a t the neural organization of the 

re tina  changes during the earliest stages o f dark  adaptation. However, 

most studies only examined the influence o f early  dark  adaptation  upon the
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absolute th resho ld  o f the TF. W ith the  exception o f the rep o rt on 

tran s ien t tritan o p ia , these studies d id  not fu r th e r  explore, a t least 

psychophysically , the  specific  m echanism s m ediating  th resho ld  d u rin g  early  

d a rk  adap ta tion .

R ationale  fo r the  present study

The foregoing  review  suggests th a t short term  visual ad ap ta tio n  may 

induce p ro found  changes in  v isual o rganization . These have never been 

d irec tly  m easured since, w ith  very  few  exceptions, previous stud ies used 

the  absolute th resho ld  o f a  T F  as th e ir  sole index  of v isual func tion .

Thus, changes in  visual o rgan ization  could only be in fe rred  from  one 

lim ited  m easure.

In the p resen t study , I exam ine changes in both absolute threshold , 

and  more im portan tly , the TG I o f a h igh  spa tia l frequency  (cone-detected) 

g ra ting  th roughou t the  tim e course o f  early  ligh t- and  d a rk -ad ap ta tio n .

Since the resu lts  o f P a rt One have suggested the possib ility  o f  rod-cone 

in te rac tio n , the  re tin a l position  o f stim uli was v a ried  as was the A F 

lum inance level. Spectral controls in d ica ted  w hich type o f spectrally  

tuned  m echanism  was d irec tly  in flu en ced  by the A F as well as the  m echanism  

detec ting  the TF. The presen t resu lts show th a t ad ap ta tio n  induced  changes 

in  g ra ting  acu ity  are  o ften  qu ite  d if fe re n t from  the changes in  T F  absolute 

threshold .
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C hapter 5: METHODS 

O ptical system

A four-channel M axw ellian view optical system, m odified  slightly  from  

th a t described by Frum kes and  S tu rr (1968), was used to present all 

stim uli. A schem atic d iagram  of the optical system, designed to provide 

e ith e r b inocular or m onocular stim uli appears in F igure 12. Only the beams 

of ligh t p ro jected  onto the rig h t eye are ind icated  (dotted  lines), since 

the present study was conducted m onocularly.

M ain beams - Two beams of ligh t proceeded from  source S. These beams were 

collim ated by lenses L ^ in to  two beams form ing sym m etrical m ain channels. 

The m ain channel proceeding horizontally  across F igure 12 provided the 

adap ting  stim uli, w hile the test stim uli were provided by the beam 

vertically  proceeding from  S. The beams were focused by lenses to form  

a filam en t image on the plane of the shu tters Sh. Precise lum inance 

control was obtained  by means o f two c ircu lar neu tra l density  wedges, W, 

w hich w ere balanced by fixed  wedges, b. recollim ated these beams and 

the prisms, , deflected  the ligh t beams 90°. N eutral density  filte rs  

interposed a t F  provided gross lum inance control o f test and  m asking 

stim uli. T he f il te r  racks of F also accom m odated chrom atic  f ilte rs  th a t 

determ ined the w avelengths o f the test and adap ting  stim uli. A pertures of 

various sizes could be placed a t A controlling  the spatial dim ensions o f 

the test and  the adap ting  stim ulus. The horizontal and vertical position 

o f the apertu res could be changed by means o f a m icrom anipulator. The



Figure 12

Schem atic diagram  of the four-channel M axwellian view optical system 

discussed in  the text.
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light beams were refocussed by lenses, L ^ ; they passed through 

beam splitter and were deflected 90° by prisms, . Beamsplitter, B^, 

recombined the test beam w ith the adapting beam. The combined beams were 

recollim ated by lenses, Ls , then passed through a rhomboid prism, RP, and 

focussed by to form  filam ent images a t the nodal point o f the observer’s 

eye, RE.

Background field and fixation target - Light beams collim ated by lenses Lj^ 

were deflected 90° by a partia lly  reflecting m irror, M. Since relatively  

little  light was needed fo r these subsidiary channels and as much light as 

possible was desirable fo r the m ain beams, this was a "mirror" which 

transm itted  as much light as possible, a microscope cover glass. These 

collim ated beams form ed symmetrical channels and provided a background 

fie ld  and fixation  target. R ight angle prism P3 , deflected the collim ated 

beams passing them through aperture A f + Fix or Fix which determ ined the 

spatial configuration of the background fie ld  and fixation  target 

respectively. N eutral density and chrom atic filters  placed into filte r 

racks F r and FI controlled the illum inance and wavelengths of these 

stim uli. Lenses L ^  , refocussed the background fie ld  and fixa tion  target 

beams passing them into beam splitter B^, where they were recombined w ith 

the adapting  and test channel beams.

Observer fixation  - The observer’s head was stabilized by means o f a bite 

bar, the position o f which could be adjusted in three planes. Focus was 

obtained w ith a d iopter adjustm ent on the fin a l eye lens L g . When the



observer was correctly  positioned, the filam en t image was form ed a t the 

nodal po in t of the righ t eye, and  the observer saw the f in a l eye lens, L ^ , 

filled  w ith  ligh t in M axw ellian view. The filam en t image o f the fin a l eye 

lens was 0.5 x 2.0 mm w hich was sm aller than  the d iam eter of the  observer’s 

pupil in any phase of the present study.

Spatial calib ration : stim ulus size, re tinal position and  spatia l frequency  

- When all apertu res w ere removed from  the optical system, any of the four 

channels p rovided  a 28<>of arc  fie ld  of view as determ ined  by a projection 

technique. An ap ertu re  of 1 mm in diam eter p laced a t A pro jected  a re tina l 

image o f 1.2°. With this knowledge, the spatia l dim ensions of all stim uli 

w ere determ ined.

The fix a tio n  ta rg e t consisted o f fo u r dots, each 15’ in  d iam eter and 

arranged  as a 3°x 3° square. The fix a tio n  target was centered  in the 

background fie ld . By changing apertu re  size, test or adap ting  stim uli 

could be a ltered  in size. The test stim ulus was 54’ in d iam eter, the 

ad ap ting  stim ulus 20° and  the background fie ld  28? By m oving an apertu re  

w ith  a m icrom anipulator, fie ld  position o f the stim uli could be changed 

w ith  respect to the fix a tio n  target. The test stim ulus was presented 

e ith e r to the fovea or to the nasal re tina , 5*from the fovea along the 

horizon tal m erid ian  of the righ t eye. One observer using the le ft eye but 

the  rig h t eye piece of the  optical system had  the test stim ulus presented 

to the tem poral re tin a , 5°from the fovea along the horizon tal m erid ian  of 

the le f t  eye.

The ad ap ting  stim ulus was always concentric  to the test stim ulus. The



Figure 13a

Stim ulus display. The test stim ulus is e ither a 54’ d iam eter homogeneous 

test flash  (TF) or a flashed 54’ d iam eter, 18 cpd squarew ave grating 

located in  the center o f a fixa tion  target. The adapting  flash  is a 20° 

d iam eter disc concentric w ith the test stimulus.

F i g u r e  13b

Stim ulus display. The test stim ulus is e ither a 54’ d iam eter homogeneous 

test flash  (TF) or a flashed 54’ diam eter, 18 cpd squarew ave grating 

located 5° from  the center of a fix a tio n  target along the horizontal 

m eridian in  the tem poral fie ld  of the righ t eye.

The adap ting  flash is a 20° diam eter disc concentric w ith  the test 

stimulus.

F ig u re  13c

The tem poral arrangem ent of the test flash  and adapting  flash. The 10 ms 

du ra tion  test flash is presented e ither before, during or a fte r  

presentation o f the 500 ms du ra tion  adap ting  flash.
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test and  ad ap tin g  stim ulus w ere alw ays c ircu la r in  shape. The test stim ulus 

was e ith e r a hom ogeneous disc or a g rating . The spatia l frequency  o f th is 

18 cycle per degree squarew ave g ra tin g  w as de term ined  by placing  a  2 x 2 

inch, 300 lines per inch  R onchi squarew ave g ra ting  (E dm und S cien tific  

C orpora tion) in the  ap e rtu re  ho lder a t A. No means w ere availab le  to 

assess g ra tin g  co n trast ob jectively , w hich  w ere supposed to be com pletely 

"on-off." The observer’s view  o f  the  spatia l co n fig u ra tio n  o f the stim u li 

is illu s tra ted  in  F igure  13a.

D u ra tio n  con tro l - T he fix a tio n  ta rg e t was continuously  exposed. The 

d u ra tio n s  o f  the  test and  ad ap tin g  s tim u li w ere con tro lled  by shu tte rs, Sh, 

w hich  w ere d riven  by e lectrom agnets m odified  from  a G rass polygraph. The 

sh u tte r system  and  a T ek tro n ix  5103N oscilloscope (CRO) w ere triggered  by a 

s tan d a rd  d u a l channel physiological s tim u la to r (Grass m odel S88). T he 

ad ap tin g  fla sh  (A F) was a 500 ms d u ra tio n  fla sh , and  the  test flash  (TF) 

was 10 ms. in d u ra tio n . By v ary in g  the  delay  in  onset o f e ith e r the test 

fla sh  or the  ad ap tin g  fla sh  (AF), the  test stim ulus could be presen ted  

befo re , d u rin g  or a f te r  p resen ta tio n  o f the AF. The tim e d iffe ren c e  

betw een test flash-onset an d  A F-onset has been designated  as S tim ulus O nset 

A svnchronv (SOA). D uring  a ll phases o f the presen t s tudy  the  recycling  ra te  

o f the stim uli was once every  ten  seconds. T he tem poral re la tionsh ip  

betw een the  test flash  and  A F is illu s tra te d  in  f ig u re  13b.

L igh t passing th ro u g h  an  open sh u tte r  was p a rtia lly  de flec ted  by 

m irro r M l in to  photocell c irc u it PC whose o u tp u t fed  in to  the  5103 N
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oscilloscope. T hus, flash ing  stim uli d u ra tio n , rise tim e and onset could 

be continuously  m onitored. The rise and  fa ll tim es o f the fla sh in g  stim uli 

were approx im ate ly  1.0 ms.

L ight source - The ligh t source was a tungsten filam en t incandescen t 

G eneral E lec tric  P ro jec to r lam p w hich was designed to fu n c tio n  a t 6-volts,

18 am ps (E lectro  Products M odel H). The o u tp u t o f  the  power supply  was 

regu la ted  w ith  a rheosta t and the cu rren t was m onitored by an am m eter. The 

lam p was in ten tio n a lly  underpow ered  a t approx im ately  16.5 am peres in order 

to increase its life tim e. Lum inous flux  was continuously  m onitored  by 

means o f a photocell, PC (see fig u re  12), w hich received in p u t from  

p a rtia lly  re flec tin g  m irrors, M^. The photocell ou tp u t was fed  in to  a 

m illiam m eter. Source in tensity  was ad justed  as necessary to achieve a 

constan t o u tp u t on th is m eter.

Illum inance con tro l - T he illum inance o f the test fla sh  and  A F w ere 

contro lled  by 4.0 log u n it c ircu la r and  balanced neu tra l density  wedges. 

A dd itiona l illum inance  con tro l was ob tained  by placing fix ed  n eu tra l 

density  f ilte rs  in  the  beam s a t F. When the 300 lines per inch  R onch i 

g ra ting  was placed in  the ap ertu re  holder, an ad d itiona l illum inance  change 

o f .4 log un its  in  the test channel had  to be taken  in to  account. C ontrol 

o f f ix a tio n  ta rg e t illum inance  was achieved  by p lacing  n e u tra l density  

filte rs  a t Fr.

W avelength con tro l - The w avelength  o f the test flash  and  ad ap tin g  stim uli
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were determ ined by Baird-A tom ic or D itric  O ptics in terfe rence  filte rs  

inserted  a t F  w ith  h a lf  bandw idths between 6 and 12 nm and  peak 

transm ittance  a t 450, 480, 512, 540, 558, 580, 620, 655, 680 and  700 nm.

The w avelength o f the fixa tion  target was determ ined  by a K odak W ratten 29 

broadband f ilte r  w hich passes w avelengths g reater than  630 nm.

Illum inance calib ration  - The photopic illum inance o f spectrally  filte red

channels was determ ined by a procedure outlined by N ygaard  and Frum kes

(1982) using a UDT S351C equipped w ith a photom etric f il te r  (model 1157)

and a d iffu se r (model 151). The detector head w ith  a ttached  photom etric

f i l te r  was placed norm al to the optical axis o f the fin a l eye lens , at

least 20 mm beyond the filam en t image and such th a t the to ta l f ilte r

su rface  was illum inated. M easurem ents o f spectrally  u n filte red  and

filte red  test, adap ting  and  background beams were read  out d irec tly  in

cd/m?" Thus, a d irec t m easure o f ligh t in term s o f photom etric  units, i.e.

the in fluence  of lig h t on the hum an cone system, was obtained. R etinal

illum inance expressed in photopic tro lands, Er, was determ ined by the 
& ^fo rm ula  E r = 10 E x d , w here E is the illum inance on the photom etric 

fil te r  su rface  expressed in Lum en/m m 2,, and d the distance between the 

filam en t image and the detector head expressed in  mm. T hroughout the 

rem ainder o f this thesis, the term  illum inance denotes re tina l illum inance.

The scotopic illum inance of a 512 nm stim ulus was calcu lated  w ith the 

fo rm ula  log Ts = log Tp + log [2.567 (V£ /  Vj,) fo r m onochrom atic stim uli 

(Wyszecki and  Stiles, 1967). Tp is the photopic illum inance value o f the 

stim ulus, Vĵ  and are the scotopic and photopic lum inous e ffic iency



co effic ien ts  a t 512 nm, respectively. The scotopic illum inance o f stim uli 

a t each w avelength  and  th a t o f a spectrally  u n filte red  stim ulus w ere 

ca lib ra ted  by equating  th e ir  absolute threshold  values w ith  th a t o f  a 512 

nm stim ulus. All stim uli w ere 1.2° in  d iam eter, 1 sec in  d u ra tio n  and  were 

successively p resented  a t 5° from  fix a tio n  along the horizon ta l m erid ian . 

U nder da rk  adap ted  conditions, the  observer ad justed  the illum inance  o f  the 

stim ulus u n til it  was just visible.

EX PER IM EN TA L METHOD

The general goal o f the  experim ents in  P art Two was to com pare the 

in fluence  o f short term  ad ap ta tio n  upon test flash  th resho ld  and  upon 

g ra ting  acuity . Four d if fe re n t experim ents a ttem pted  to achieve th is 

general goal. E xperim ent 7 m easured changes in th resho ld  th ro u g h o u t the 

en tire  tim e course o f short term  ligh t and  d a rk  ad ap ta tio n  accord ing  to the 

m ethod o f C raw ford  (1947). Since there  was good reason to  o b ta in  d a ta  

under conditions in  w hich rods or cones w ere adap ted , th is experim en t was 

done both in  the  ro d -free  fovea  as well as the parafovea , and  done under 

conditions in  w hich the A F was too dim  to have an e ffe c t on cones (-0.5 log 

tds) or c learly  b rig h t enough to in fluence  cones d irec tly  (2.5 log tds).

A ll stim uli used in  th is experim ent consisted o f spectra lly  u n filte red  

"w hite lig h t”.

E xperim ent 8 was designed to e lucidate  the photorecep tor m echanism (s) 

responsible fo r the e ffec ts  observed in  the results o f E xperim ent 7. To 

th a t end, action  spectra  fo r various AFs and test s tim uli w ere de term ined , 

in  the  fovea and  parafovea , using variab le  w avelength  stim uli (as produced
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by in te rfe rence  filters).

E xperim ent 9 exam ined, in  a m anner very sim ilar to th a t adopted in 

Experim ent 7, the changes in  visual acuity  (as m easured by threshold  

grating  illum inance, TGI) throughout the en tire  tim e course of short term  

light and dark  adap ta tion . The same re tina l positions and  AF lum inance 

values w ere used. All stim uli, consisted o f spectrally  u n filte red  "white 

light".

Experim ent 10 was conducted to id en tify  the photoreceptor mechanism(s) 

m ediating the e ffec ts  observed in the results o f Experim ent 9. Foveal 

action  spectra  d a ta  w ere collected fo r AFs and test stim uli using a 

techn ique sim ilar to the  one used in E xperim ent 8.

Observers - Three observers, all males w ere used in  this study. FN , who 

served in  all aspects o f th is study was 37 years old, was em m etropic and 

an experienced psychophysical observer. SL, who also served in all aspects 

o f this study  was 21 years old and  emmetropic. R R  was 22 years old, 

em m etropic and  was used to rep licate  key findings. For observers SL and RR 

parafovea l stim uli were presented to the righ t eye tem poral fie ld , bu t fo r 

FN  to the le ft eye nasal field .

G eneral procedure - P rio r to each experim ental session, the observer 

aligned  h is eye w ith  the  fu ll background fie ld  w hich was set a t an  

illum inance o f  2 log scotopic trolands. If  necessary, he ad justed  the 

position o f the f in a l eye lens un til the fix a tio n  target was seen in  sharp  

focus. When the  test stim ulus was a g rating , special checks w ere m ade to
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insure th a t the bars as well as the fixa tion  target were seen in sharp 

focus. The observer then d a rk  adapted  fo r 25 m inutes a f te r  w hich an 

experim ent was in itia ted . In  all experim ents to be reported , threshold 

illum inance values fo r  the homogeneous test flash , the test g rating  or the 

adap ting  stim ulus w ere m easured. The observer adjusted  the position o f the 

neu tra l density  wedge controlling  test or adapting  stim ulus illum inance.

A fte r each threshold  determ ination  the experim enter quasi-random ly tu rned  

the wedge to h igher density  levels. Hence, the psychophysical m ethod of 

ad justm ent was used throughout.

The general procedure follow ed in Experim ents 7 and 9 was to present 

the test stim ulus in itia lly  in the absence of the AF. In subsequent tria ls  

o f  a session the TF and  AF were presented in a series o f random ized SOA’s. 

Thus, E xperim ent 7 determ ined  the illum inance threshold o f the T F  as a 

fu n c tio n  of the  SO A; w hereas E xperim ent 9 determ ined the TGI as a function  

o f the SOA.

The general procedure follow ed to obtain an action spectrum  fo r  the 

in fluence  o f the AF upon the T F  a t a predeterm ined SOA, was to f ix  the 

illum inance o f a "white" T F  a t a suprathreshold  value. The observer’s task 

was to ad just the irrad iance  of a variab le  w avelength AF un til the 

v isib ility  o f the TF was ju s t canceled (Experim ent 8). Action spectra fo r 

the in fluence  o f AFs on TG I were determ ined w ith  a slightly  d iffe re n t 

procedure (E xperim ent 10). The illum inance of a "white" g rating  was fixed  

a t a subthreshold  value. The observer’s task was to  ad ju st the irrad ian ce  

o f a variab le  w avelength A F un til the bars o f the grating became just 

visible.
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A ction spectra  fo r TF detection as well as TGI were obtained by determ ining 

the irrad ian ce  necessary to ju s t detect a variab le w avelength T F  or grating  

presented a t a fixed  SOA in respect to a "white" AF w hich was preset in 

illum inance (Experim ents 8 and 10, respectively).

D ata collection proceeded according to a set o f rules. F irst, no 

experim ental session lasted more than  90 m inutes a f te r  da rk  ad ap ta tion  was 

completed. Second, fo r each set of test an d /o r adap ting  stim ulus 

param eters, three threshold  values were consecutively taken. I f  the range 

of threshold  values exceeded 0.1 log unit, a t least one add itiona l 

threshold value was taken. T h ird , every da ta  po in t p lotted  was based on 

observations in  a t least th ree  experim ental sessions and, consequently, 

involves a m inim um  of n ine threshold determ inations.
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Chapter 6: SHORT TERM ADAPTATION EXPERIMENTS 
AND ACTION SPECTRA

Experim ent 7

The overall aim  of Experim ent 7 was to examine the changes in  the absolute 

sensitivity o f both the cone and rod system during the early stages of 

light and dark  adaptation.

Procedure - The threshold illum inance of a homogeneous test flash 54’ in 

diam eter and 10 ms in duration was determ ined as a function  of the SOA in 

respect to a concentric AF of 20° diam eter and 500 ms duration. The test 

and AF were e ither presented to the fovea or 5° to the righ t of fixation: 

the AF was set a t -0.5 log tds (a value found to be below cone threshold) 

or at 2.5 log tds (a value clearly above cone threshold). In general, the 

test and AF were spectrally unfiltered  and "white."

In each experim ental session, one retinal position and one AF- 

illum inance value was used. Each session proceeded in the following 

manner. A fter 25 m inutes of pre-experim ental dark adaptation , the 

threshold of the test flash (TF) was determ ined in the absence of the AF.

Then, the test threshold was determ ined in the presence of an AF at a given 

SOA value and three more thresholds were sim ilarly determ ined. The SOA was 

then altered  (according to a quasi-random ized sequence) and the same 

procedure was followed. Every 30 minutes a test flash-A F sequence at an 

SOA of 5000 ms was presented to insure tha t the A F-induced light adaptation 

was o f a transien t nature.
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R esults and  discussion

F igure 14 shows the m ean threshold  illum inance  o f the hom ogeneous test 

f la sh  as a  fu n c tio n  o f the  SOA in respect to the  onset of the  AF fo r 

observer FN. T he upper coordinates rep resen t foveal d a ta , the lower 

coordinates parafovea l data. The symbol shape represents, as ind ica ted , 

the illum inance  o f the AF. The th resho ld  illum inance value o f the test 

stim ulus in  the absence o f the A F is in d ica ted  on the abscissa a t the po in t 

labeled "minus in fin ity". T he s tan d ard  erro rs  fo r these d a ta  poin ts w ere 

usually  about the size o f a p lo tted  datum . In general, the s tan d a rd  errors 

fo r  o ther da ta  poin ts th roughou t th is  study  are  less th an  p lu s/m in  0.1 log 

units. F igures 15 and  16 show sim ilar d a ta  fo r  observers SL and  R R .

In  F igures 14-16, the d a ta  ob ta ined  w ith  the b rig h te r A F in  the fovea 

(i.e., the  d a ta  ind ica ted  by the open circles in  the upper coordinates) 

rep resen t the  condition  most sim ilar to th a t o rig inally  em ployed by 

C raw ford  (1947). For observer FN  in  F igure  14, test fla sh  threshold  

begins to rise around  150 ms before  A F onset, is m axim al a t an SOA of 0, 

and  then  decreases slightly . P rio r to AF o ffse t, T F  th resho ld  rises 

s ligh tly  and  a t o ffse t, drops qu ite  rap id ly  (m ore th an  1 log u n it in  100 

ms). T F  th resho ld  then  m ore slowly recovers clearly  reach ing  contro l 

values by an  SOA of 5000 ms. These results com pare qu ite  fav o rab ly  w ith  

p rio r results (e.g., the d a ta  o f C raw ford , 1947, shown in  Fig. II ) . D ata 

from  observer SL (F igure  15) are qu ite  sim ilar, except th a t there  is no 

"off"-response n ear A F o ffse t. O bserver R R ’s d a ta  (F igure 16) also lack 

th is  "off"-response, and  show m axim al T F  th resho ld  value a t an SOA o f 50



Figure 14

Observer FN, upper coordinates: Threshold illum inance of a TF as a 

function  of SOA. AF illum inance value was e ither 2.5 log tds (open 

circles) or -0.5 log tds (open squares). The TF was "white", 54’ in 

d iam eter and 10 ms in  duration. The AF was "white", 20° in d iam eter and 

500 ms in  duration. The stim uli were presented to the fovea. Negative 

abscissa values indicate  tha t the test flash  preceded adapting  flash  onset; 

positive abscissa values indicate th a t the adapting  flash  occurred first; 

the "minus in fin ity "  condition indicates test flash  threshold when no 

adap ting  flash was present. Notice th a t the in terval (250 ms) of the scale 

on the abscissa changes a fte r  1250 ms. The broken line represents greater 

lapses of time.

O bserver FN, lower coordinates: The threshold illum inance fo r the TF as a 

function  of SOA. AF illum inance value was e ither 2.5 log tds (closed 

triangles) or -0.5 log tds (open diamonds). The TF was "white", 54’ in 

d iam eter and 10 ms in duration. The AF was "white", 20° in  d iam eter and 

500 ms in  duration . The stim uli were presented to the parafovea.
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Figure  IS

O bserver SL, upper coordinates: T hreshold  illum inance fo r the T F  as a 

fu n c tio n  o f SOA. The A F illum inance value was e ith e r 2.5 log tds (open 

circles) o r -0.5 log tds (open squares). The T F  was "white", 54’ in 

d iam eter and  10 ms in dura tion . The A F was "white", 20° in  d iam eter and  

500 ms in  du ra tion . The stim uli were presented to the fovea. See legend of 

F ig u re  14 fo r an exp lanation  o f the abscissa values.

O bserver SL, low er coordinates: T hreshold illum inance  fo r the  T F  as a 

fu n c tio n  o f SOA. The AF illum inance value was e ith e r 2.5 log tds (closed 

triang les) or -0.5 log tds (open diam onds). The T F  was "white", 54’ in 

d iam eter and 10 ms in  dura tion . The A F was "white", 20° in  d iam eter and 

500 ms in  d u ra tio n . The stim uli were presented  to  the  parafovea .
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Figure 16

Observer R R , upper coordinates: Threshold illum inance fo r the TF as a 

func tion  o f SOA. The AF illum inance value was e ither 2.5 log tds (open 

circles) or -0.5 log tds (open squares). The TF was "white", 54’ in 

d iam eter and  10 ms in duration . The AF was "white", 20° in  d iam eter and 

500 ms in duration . The stim uli w ere presented to the fovea. See legend of 

F igure 14 fo r an exp lanation  o f the abscissa values.

O bserver R R , lower coordinates: The threshold  illum inance value fo r the TF 

as a fu n c tio n  of SOA. The A F illum inance value was e ither 2.5 log tds 

(closed triangles) or -0.5 log tds (open diam onds). The TF was "white", 54’ 

in  d iam eter and 10 ms in duration . The AF was "white", 20° in d iam eter and 

500 ms in dura tion . The stim uli were presented to the parafovea.
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ms. Such ind iv idua l d ifferences, however, have been reported  previously 

(e.g., Boynton and K andel, 1957; Sperling, 1965; Frum kes & S turr, 1968).

In add ition  to these q u an tita tive  measurements, all observers reported tha t 

when the test flash  was noticeably presented before AF-onset or a fte r AF- 

o ffset, a t threshold, it  appeared clearly dim m er than the AF. D uring AF 

presentation , how ever, the TF always appeared a t threshold brigh ter than  

the AF. These subjective impressions might possibly be a ttrib u ted  to 

detection  upon the basis of a prim ary image vs. afterim age basis as 

suggested previously (Sakitt, 1976; G eisler, 1978).

Results in Figures 14-16 obtained in the fovea w ith  the dim m er AF 

(i.e., the d a ta  ind icated  by the open squares in the upper coordinates), 

are strik ing ly  d iffe ren t. Regardless of the SOA, TF threshold is 

un in fluenced  by AF presentation. This is not too surprising since the test 

flash  was presented to a rod-free re tinal area and  the AF illum inance was 

selected to be one which was d istinc tly  below cone threshold. These foveal 

da ta  suggest th a t cone threshold is influenced  by the adap ted  state  of 

cones and  not of rods.

The lower coordinates in  Figs. 14-16 show corresponding parafoveal 

data. The open diam onds and closed triangles represent da ta  points 

obtained w ith  a "white" test flash and a "white" AF w ith an illum inance 

value o f -0.5 log tds and 2.5 log tds, respectively. The 2.5 log tds AF 

data appear very sim ilar to the corresponding foveal function. Probably the 

qu an tita tiv e  d ifferences in  the  parafoveal data  represent a change from  rod
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to cone m ediation  o f vision. Thus, the in itia l rise  in T F  th resho ld  is 

som ew hat earlie r (a t an SOA of -200 ms), is m uch greater, and the  recovery 

o f sen sitiv ity  a f te r  A F o ffse t is not com plete by an  SOA value of 5000 ms.

In con trast to the situa tion  in the fovea, how ever, the  dim  AF 

presented to the p a ra fo v ea l re tin a  g reatly  in fluences test th reshold . As 

shown by previous investigators under these circum stances (Baker, 1953; 

F rum kes an d  S turr, 1968), a dim , pa ra fo v ea l A F in fluenc ing  only rods has a 

s im ilar in flu en ce  as th a t observed under conditions w here ju s t cone 

ad ap ta tio n  (b righ t AF in  the fovea) or m ixed rod-cone ad ap ta tio n  (b righ t AF 

in the  parafovea) is stud ied . Threshold changes as a fu n c tio n  o f  tim e a t 

both ligh t onset and o ffse t are s im ilar to those observed fo r  cone 

ad ap ta tio n , save th a t they re tu rn  slow er to control threshold.

In  sum m ary, the results o f E xperim ent 7 con firm  previous reports 

(C raw ford , 1947; B aker, 1953, 1963; F rum kes & S tu rr, 1968; Boynton & 

K andel, 1957) and  show th a t the  in fluence  o f early  lig h t and  d a rk  

ad ap ta tio n  depend upon re tin a l position and  A F lum inance.

In  o rd er to place the TG I experim ents reported  below in  E xperim ent 9 

in  the  best perspective, i t  was necessary to show th a t one o f these 

fu n c tions rep resen t early  lig h t and  dark  ad ap ta tio n  o f cones an d  cones 

alone, and  th a t ano ther fu n c tio n  described ad ap ta tio n  in  rods and  rods 

only. T herefo re , in  E xperim ent 8 below, I ob ta ined  action  spectra  fo r the 

two most like ly  cand idates fo r  pu re  cone and  pure rod conditions, these are 

the foveal high illum inance  and parafovea l low illum inance functions,
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respectively.

Experim ent 8

R ationale

The purpose of these experim ents was to id en tify  the photoreceptors 

detecting the test flash  in Experim ent 7, as well as those photoreceptors 

m ediating the influence o f the AF upon TF threshold. To obtain an action 

spectrum  fo r the mechanism detecting the test flash , the threshold 

irrad iance  fo r m any d iffe ren t w avelength TFs is determ ined in the continual 

presence o f some crite rion  value AF (e.g, o f fixed  illum inance and a t a 

fixed  SOA value). In a sim ilar vein, an AF action spectrum  should be 

determ ined by holding the illum inance level o f the TF a t some fixed  value 

representing some im portant criterion. For a large num ber of AF 

wavelengths, the AF illum inance w hich then just cancels the v isib ility  of 

this TF should be determ ined.

Ideally , these procedures should be repeated w ith  all the SOA values, 

and a t both re tina l positions and AF illum inance values used in collecting 

the data  in  Experim ent 7 above. Given real life  constraints, this 

procedure must be curtailed . It was, therefore, decided to study 

representative conditions involving thresholds obtained w ith the brigh t AF 

in  the fovea w hich as indicated  above, were believed a p riori to be 

ind ica tive  of cone function. To this end, TF action spectra were obtained 

in  the dark  adapted fovea and subsequently in the presence o f a bright AF



at an SOA value of 900 ms. This particu lar SOA (900 msl was chosen for 

purpose of comparison w ith the grating experiments reported below. At this 

same SOA value, the TF was held 0.6 log units above absolute threshold and 

I determ ined an AF action spectrum.

It was additionally  decided to study representative conditions 

involving thresholds obtained w ith the dim AF in the parafovea w hich as 

indicated above, were believed to be indicative of rod function. To this 

end, TF action spectra were obtained in the dark adapted parafoveal retina 

and in the presence of a dim AF a t an SOA value o f 250 ms. At this same 

SOA value, the TF was then fixed a t an illum inance 1.2 log units above 

absolute threshold and determ ined an AF action spectrum.

Results

Figures 17 (observer FN) and 18 (observer SL) show action spectra 

involving data obtained in the fovea using a brighter AF. The upper and 

lower coordinates represent, AF and TF action spectra obtained a t an SOA 

of 900 ms. In the upper coordinates, the log relative quanta necessary to 

just mask a TF fixed a t an illum inance of 0.6 log units above absolute 

threshold is plotted as a function of AF wavelength. Sim ilarly, the lower 

coordinates plot show the log relative quanta necessary to just detect a TF 

determ ined when no AF was present, or in the presence of a 2.5 log tds AF 

a t an SOA of 900 ms. In these and all other action spectra shown below (in 

Figures 24-27), the relative ordinate position of the indiv idual sets of 

data points and relevant spectra functions was sh ifted  such tha t their 

minima correspond at an ordinate value of 0.0. No other curve fittin g
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F igu re  17

O bserver FN, upper coordinates: Action spectrum  fo r the in fluence  of a 2 0 °  

d iam eter AF upon the v isib ility  o f a fovealy  detected 54’ d iam eter T F  a t an 

SOA o f 900 ms. The illum inance o f the "white" T F  was set a t a value 0.6 

log un its  above its absolute threshold. The observer increased the 

rad iance  of the variable w avelength AF u n til the v is ib ility  of the TF was 

canceled. These crite rion  values are p lotted  on the o rd in a te  as a function  

o f A F w avelength.* The CIE "^ fu n c tio n  is shown.

O bserver FN, lower coordinates: Action spectra fo r a fovealy  detected  TF 

ob tained , respectively, w ithout AF (open triangles) and  w ith  an AF, 2.5 log 

tds in illum inance a t an SOA of 900 ms (open squares). With no AF present, 

the observer increased the rad iance of the variab le  w avelength TF, un til 

the T F  was ju s t detected; he sim ilarly  increased T F -rad iance  in  the 

presence o f the "white" AF. All c rite rion  values are  p lo tted  on the 

o rd in a te  as a fu n c tio n  of the TF w avelength. Also shown are  the CIE V^and 

fu n c tio n  and, Stiles’ pi-4 and pi-5 mechanisms.

* The re la tiv e  o rd inate  values o f all action spectra  d a ta  
points reported  in  th is thesis as well as those o f the CIE lum inosity  
functions and  Stiles’ pi-4 and pi-5 m echanisms are  sh ifted  such th a t the ir 
m inim a correspond a t the 0.0 log rela tive  quan ta  position. No other curve 
f it tin g  m anipu la tion  was used.
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F ig u re  18

O bserver SL, upper coordinates: A ction spectrum  fo r the influence of a 20° 

d iam eter AF upon the  v isib ility  o f a fovealy detected 54’ d iam eter TF a t an 

SOA of 900 ms. The illum inance of the "white" TF was set a t a value 0.6 

log units above its absolute threshold. The observer increased the 

rad iance o f the variable wavelength AF un til the v isib ility  o f the TF was 

canceled. These crite rion  values are plotted on the o rd inate  as a function  

of AF w avelength. The CIE ^ f u n c t io n  is shown.

Observer SL, lower coordinates: Action spectra fo r a fovealy detected TF 

obtained, respectively, w ithout AF (open triangles) and w ith an AF, 2.5 log 

tds in  illum inance, a t an SOA of 900 ms (open squares). With no AF present, 

the observer increased the radiance of the variable w avelength TF un til it 

was just detected; he sim ilarly increased TF-radiance in the presence of 

the "white" AF. All criterion  values are plotted on the o rd inate  as a 

func tion  o f TF w avelength. Also shown are the CIE V^and function  and, 

Stiles’ pi-4 and pi-5 mechanisms.
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Figure 19

Observer FN, upper coordinates: A ction spectrum  fo r the influence of a 20° 

d iam eter AF upon the v isib ility  of a parafovealy  detected 54’ d iam eter TF 

a t an SOA o f 250 ms. The illum inance of the "white" TF was set a t a value

1.2 log units above its absolute threshold. The observer increased the 

rad iance  of the variable wavelength AF un til the v isib ility  of the TF was 

canceled. The criterion  values are plotted on the o rd inate as a function  

o f AF w avelength. The CIE function  is shown.

Observer FN, lower coordinates: Action spectra fo r the detection of a 

parafovealy  detected 54* diam eter TF obtained, respectively, w ithout AF and 

w ith  an AF, -0.5 log tds in illum inance, a t an SOA of 250 ms. With no AF 

present, the observer increased the radiance of the variab le w avelength AF 

u n til the TF was ju s t visible; he sim ilarly  increased T F-radiance in the 

presence o f the "white" AF. The crite rion  values are p lotted on the 

o rd ina te  as a function  of TF wavelength. The CIE Vĵ  function  is shown.
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Figure 20

Observer SL, upper coordinates: Action spectrum  for the influence of a 20° 

diam eter AF upon the visibility  o f a parafovealy detected 54’ d iam eter TF 

at an SOA of 250 ms. The illum inance of the "white" TF was set at a value

1.2 log units above its absolute threshold. The observer increased the 

radiance o f the variable wavelength AF until the visib ility  o f the TF was 

canceled. The criterion  values are plotted on the ordinate as a function 

o f AF wavelength. The CIE function is shown.

Observer SL, lower coordinates: Action spectra fo r the v isib ility  of a 

parafovealy  detected 54’ diam eter TF obtained, respectively, w ithout an AF 

and w ith  an AF, -0.5 log tds in illum inance, at an SOA of 250 ms. With no 

AF present the observer increased the radiance o f the variable wavelength 

TF un til the TF was just detected; he sim ilarly increased the TF-radiance 

in the presence of a "white" AF. The criterion values are plotted on the 

ordinate as a function  o f TF wavelength. The CIE Vj* function  is shown.
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m anipulation was used.

The results in Figures 17 and 18 are quite clear. All action spectra 

adhere quite closely to the function, the spectral sensitivity of the 

CIE photopic observer. Notice, these data adhere more closely to this 

function  than  to the presumed "red" and "green" cone functions (the 

indicated Pi-5 and Pi-4 functions of Stiles in the lower coordinates) and 

d iffe r  drastically  from  the human scotopic sensitivity function , the 

function. These data suggest quite strongly tha t cones and cones alone 

m ediate TF threshold and the influence of AF in the early light and dark 

adaptation function  plotted in Figures 14-16 involving foveal presentation 

of a high illum inance AF.

In a sim ilar vein, the upper and lower coordinates of Figures 19 and 

20 represent corresponding data obtained w ith the dimmer AF a t an SOA of 

250 ms. The upper coordinates show AF action spectra, the lower 

coordinates TF action spectra. Notice tha t all these data  points adhere 

quite closely to the spectral sensitivity o f V £, the spectral sensitivity 

of the hum an scotopic observer. These data  again indicate tha t in the 

parafovea using dimmer AFs, the early light and dark  adaptation  functions 

in Figures 14-16 involve rods and rods alone.

In summary, the results o f Experim ents 7 and 8 clearly indicate tha t 

early light and dark  adaptation follow the types of time courses suggested 

by previous investigators (Craw ford, 1947; Baker, 1953, 1963; Battersby &
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Wagman, 1959). A lthough the time course is faster under conditions where 

cones alone are involved (see Figures 14-16, open circles), and  somewhat 

slower when just rods are involved (see Figures 14-16 open diam onds), the 

overall changes in visual sensitiv ity  produced are quite sim ilar. This is 

also true  fo r conditions under which it is likely th a t both rod and cone 

adap tation  are studied (see Figures 14-16, closed triangles). This is not 

surprising since sim ilar functions have been obtained using a rod-cone 

in teraction  paradigm  (Frum kes, Sekular, Barris, Reiss & Chalupa, 1973).

Collectively, Experim ents 7 and 8 establish two baseline conditions 

describing the time course of early rod- and early  cone-adaptation: the 

low illum inance parafoveal condition and the high illum inance foveal 

condition as delineated  by the respective functions of Figures 14-16.

Experim ent 9

The goal o f Experim ent 9 was to exam ine the changes in spatial acuity 

occurring during  the early  stages o f light and dark  adap tation . To th a t 

end, TGI fo r a 54’ d iam eter, 10 ms duration , 18 cpd test flash were 

determ ined as a func tion  o f the SOA in respect to the onset o f an AF.

Based on studies review ed above, and on the results of P art I o f the 

present thesis, as well as on the action spectra described below, there is 

good reason to believe th a t this TGI m easure does represent a spatial 

acuity  measure w hich is m ediated by cones and cones alone.

The conditions o f Experim ent 9 were in all o ther aspects the same as



described fo r  E xperim ent 7 above.

R esults

F igures 21-23 plot TG I (threshold  g ra ting  illum inance, i.e., the 

m inim al T F  illum inance value a t w hich the g ra ting  lines could be detected) 

as a fu n c tio n  o f the  SOA in respect to the  onset o f the  "white" AF fo r 

observers FN , SL, and  R R , respectively. The upper set o f coordinates 

rep resen t d a ta  ob ta ined  in  the fovea, w hile the low er d a ta  w ere obtained  in 

the  parafovea . The d if fe re n t symbols represen t the  d if fe r in g  AF 

illum inance  values as ind ica ted .

F o r all observers, the  results obtained  are  largely  independen t of 

re tin a l location bu t depend qu ite  heavily  upon AF illum inance. With the 

b rig h t AF, TG I begins to rise 150-200 ms before  A F onset and is m axim al a t 

an SOA of e ith e r 0 or 50 ms, and then declines slightly  th roughou t the 

rem ain ing  p resen ta tion  o f the AF. In th is respect, resu lts a re  sim ilar to 

the  changes in  absolute sensitiv ity  occurring  du rin g  rap id  ligh t ad ap ta tio n  

using a cone-stim ulating  A F reported  in  E xperim ent 7 above (see F igures 14- 

16). H ow ever, the in fluence  o f rap id  d a rk  ad ap ta tio n  upon spatia l acu ity  

is m uch d if fe re n t th an  upon absolute sensitiv ity . F irs t, notice th a t TG I 

re tu rn s  to contro l value a t an SOA o f about 700 ms. (200 ms a f te r  AF 

offset). Then TG I continues to fa ll below control level represen ting  an 

enhancem ent o f visual acu ity . TGI reaches a n ad ir a t 900 ms. This 

m axim al enhancem ent o f  visual acu ity  is about 0.5 log in  the fovea, about 

0.7 log u n its  in  the  parafovea . TG I only then  g radua lly  increases again  to
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Figure 21

O bserver FN, upper coordinates: TGI as a func tion  of SOA. The illum inance 

o f the "white" AF was e ither 2.5 log tds (closed circles) or -0.5 log tds 

(open squares). AF diam eter was 20° and its du ra tion  500 ms. T F  was 

"white", had a spatial frequency  of 18 cpd, a du ra tion  o f 10 ms and a 

d iam eter of 54’. All s tim uli w ere presented to the fovea. See legend of 

F igure  14 fo r an explanation of the abscissa values.

O bserver FN, lower coordinates: TGI as a fu n c tion  o f SOA. A F-illum inance 

was e ither 2.5 log tds (closed inverted  triangles) or -0.5 log tds (open 

circles). AF was "white", 20° in  d iam eter and 500 ms in  du ra tion . TF was 

"white", had a spatial frequency  of 18 cpd, a du ra tion  o f 10 ms and a 

d iam eter of 54’. All stim uli were presented to the  parafovea.
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Figure  22

O bserver SL, upper coordinates: T G I as a fu n c tio n  o f SOA. The illum inance 

o f the  A F was e ith e r 2.5 log tds (closed circles) or -0.5 log tds (open 

squares). A F was "white", 20° in  d iam eter and  500 ms in  d u ra tio n . T F  had 

a spatia l frequency  o f 18 cpd, a d u ra tio n  of 10 ms and  a d iam eter o f 54’.

All s tim uli w ere presen ted  to the fovea. See legend o f F igure  14 fo r an 

exp lanation  of the  abscissa values.

O bserver SL, low er coordinates: TG I as a fu n c tio n  o f SOA. A F-illum inance 

was e ith e r 2.5 log tds (closed inverted  triang les) or -0.5 log tds (open 

circles). A F was "white", its d iam eter 20° and its d u ra tio n  500 ms. T F  

was "w hite, had  a spatia l frequency  of 18 cpd, a d u ra tio n  o f 10 ms an d  a 

d iam eter o f 54’. All s tim uli were presented to the  parafovea.
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Figure 23

O bserver R R , upper coordinates: TG I as a fu n c tio n  o f SOA. The illum inance 

o f the  A F was e ith e r 2.5 log tds (closed circles) or -0.5 log tds (open 

squares). AF was "white", 20° in  d iam eter and  500 ms in  du ra tion . T F  was 

"w hite”, had  a spatia l frequency  of 18 cpd, a d u ra tio n  o f 10 ms and a 

d iam eter o f 54’. All stim uli w ere presented to the fovea. See legend of 

F igure  14 fo r an exp lanation  o f the abscissa values.

O bserver SL, low er coordinates: TG I as a fu n c tio n  o f SOA. A F-illum inance 

was e ith e r 2.5 log tds (closed in v erted  triangles) or -0.5 log tds (open 

circles). AF was "white", its  d iam eter was 20° and  its d u ra tio n  500 ms.

T F  was "white", had a spatia l frequency  o f 18 cpd, a d u ra tio n  o f 10 ms and  

a d iam eter o f 54’. All s tim uli w ere presen ted  to the parafovea .
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its control value. At an SOA of 2000 ms the e ffec t is almost negligible; 

a t an SOA of 5000 ms TGI always appeared to be fu lly  recovered.

The influence of the dim  AF upon TGI was also much d iffe ren t than 

observed upon absolute sensitivity. For all observers and a t both re tinal 

positions, TGI values rem ained unaffected  until an SOA of 50 ms. Then TGI 

gradually decreased (visual acuity  became enhanced). This enhancem ent in 

acuity became maximal at an SOA of about 250 ms, and rem ained enhanced 

throughout the rem aining presentation of the AF. Following AF offset, TGI 

determ ined in the fovea, gradually  increased again reaching control values 

approxim ately 550-750 ms a fte r AF offset (SOA value o f between 1000-1250 

ms.). In the parafovea the situation was slightly d ifferen t. Full 

recovery was only reached at an SOA of about 4000 ms. For observer FN and 

SL one incidental observation should be noted. The m inim al TGI illum inance 

value observed either in the fovea or parafovea was approxim ately the  same 

in the presence of either lum inance AF. Thus, w hether enhanced during the 

presentation of the dim  AF or following the presentation of the b righ t AF, 

the maximal enhancem ent obtained was the same, suggesting th a t both types 

of enhancem ent of visual acuity  were m ediated by the same underlying 

mechanism or very sim ilar underlying mechanisms.

To summarize, a dim  AF so chosen to only influence rods enhances 

spatial acuity (lowers TGI) w ith a time course much d iffe ren t than  the 

depression in absolute rod sensitivity  induced by the same AF. In 

contrast, an AF clearly bright enough to influence cones as well as rods
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raises TG I p rio r to and during  A F onset, bu t enhances spatia l acu ity  

fo llow ing  A F o ffse t. In  o rder to place these results o f E xperim ent 9 in 

the  best possible perspective, I de term ined  re levan t action  spectra  to 

d e fin e  as c learly  as possible: 1) the m echanism s w hich de tec t the g ra ting  

in  the presence o f a dim  AF; 2) the m echanism s detec ting  the  g ra ting  

fo llow ing the o ffse t of a b rig h t AF; and 3) the m echanism s d irec tly  

in flu en ced  by the dim  A F or b righ t AF.

E xperim ent 10

R ationale  and  M ethods

The overall ra tiona le  fo r  these experim ents is iden tica l to th a t 

o u tlin ed  fo r E xperim ent 8 above, save th a t TG I and no t T F  th resho ld  was 

involved  an d  th a t all data  were obtained  w ith  foveal stim ulus presen tation .

In  one set o f  experim ents, the test g ra ting  was set 0.4 log u n its  below 

absolu te threshold . The irrad ian ce  o f a variab le  w avelength  A F w hich ju s t 

m ade th is g ra tin g  visible w ere determ ined . A lte rn a tiv e ly , fo r m any 

d if fe re n t  w avelength  gratings, the irrad ian ce  w hich ju s t m ade the  bars of 

the  g ra tin g  visible were determ ined. Such an action  spectrum  was ob tained  

w ith  no A F present, and  w ith  a -0.5 log tds A F presen t a t  an  SOA o f 450 ms.

In  the  second set o f experim ents, da ta  w ere collected a t an  SOA o f 900 

ms, th a t tim e in te rv a l provid ing  m axim al fa c ilita tio n  of g ra ting  acu ity  in  

F igures 21-23. The procedures are  as ou tlined  in  the previous parag raph ,
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save th a t test action  spectra w ere determ ined in the presence o f a "white"

AF fixed  a t 2.5 log tds.

Results

The enhancem ent o f TG I bv rod light adap ta tion  - F igures 24 and  25 show 

action  spectra  involving d a ta  obtained  w ith  foveal p resen ta tion  o f stim uli 

fo r observers FN  and SL, respectively. The upper and low er coordinates 

represent, AF and  test action spectra, respectively, ob tained  a t an SOA of 

450 ms. The A F action spectrum  on top shows the log re la tive  quanta  

necessary to m ake visible, a g ra ting  set 0.4 log units below control 

threshold. This action  spectrum  adheres to the CIE fu nc tion , ind ica ting  

th a t rods and rods alone are enhancing TGI a t th is and  probably  all o ther 

SOA in te rva ls  betw een +50 and +500 ms. As in d ica ted  in  the lower 

coordinates, TG I w ith no AF presen t as well as a t an SOA of 450 ms adheres 

to a cone-like action  spectrum . N either o f these sets o f d a ta  adhere 

precisely to any o f the th ree  cone functions ind ica ted , the lum inosity  

fu n c tio n  o f the  CIE photopic observer, the Pi-4 or Pi-5 fu n c tio n  o f Stiles 

(respectively, the function , the ’green’ or ’red’ cone m echanism  of 

Stiles). It is in teresting , how ever, th a t w hen enhanced by the AF, the TGI 

shows, fo r both observers, g rea ter sensitiv ity  in  the red end of the 

spectrum .

To sum m arize, the dim  AF d a ta  presented in F igures 24 and 25 represent 

the in fluence  o f rod  adap ta tion  upon cone m ediated  spatia l acu ity . This 

enhancem ent o f spatia l acuity , evident w hile the A F is present, involves 

some selective increase in  sensitiv ity  a t the red end of the visual
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Figure 24

O bserver FN, upper coordinates: A ction spectrum  fo r the in fluence  o f the 

20° d iam eter A F upon the v isib ility  o f a fovealy detected 18 cpd grating  a t 

an SOA of 450 ms. The illum inance o f the "white" test g ra ting  was set a t a 

value 0.4 log units below the TGI value obtained at the po in t labeled 

"minus in f in ity ” on the abscissa o f the upper coordinates in  F igure  21.

The observer increased the rad iance o f the variab le  w avelength AF u n til the 

bars o f the g ra ting  became ju st visible. The crite rion  values are plotted  

on the o rd ina te  as a fu n c tio n  o f AF w avelength.

O bserver FN, lower coordinates: A ction spectra fo r the v is ib ility  o f a 

fovealy  detected  18 cpd grating  obtained, respectively, w ithou t AF and w ith 

an AF, -0.5 log tds in  illum inance, a t an SOA of 450 ms. With no AF 

present, the observer increased the rad iance of the variab le w avelength TF 

u n til the bars o f the g rating  were just visible; he sim ilarly  increased 

test g ra ting -rad iance  in the presence o f the "white" AF. All c rite rion  

values are  plotted  on the o rd ina te  as a fu n c tion  o f test g ra ting  

w avelength.
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F igure  25

O bserver SL, upper coordinates: Action spectrum  fo r the  in flu en ce  o f a 2 0 °  

d iam eter A F upon the v isib ility  o f a fovealy  detected  18 cpd g ra tin g  a t an 

SOA o f 450 ms. The illum inance o f the "white" test g ra ting  was set a t a 

value 0.4 log un its  below the TG I value obtained  a t the  po in t labeled 

"m inus in fin ity "  on the  abscissa o f the upper coord inates in  F igu re  22.

The observer increased  the rad iance  o f the variab le  w avelength  A F u n til the 

bars o f the g ra ting  becam e ju st visible. The c rite rio n  values a re  p lo tted  

on the o rd in a te  as a fu n c tio n  o f A F w avelength.

O bserver SL, low er coordinates: A ction spectra fo r the  v is ib ility  o f a 

fovealy  detected  18 cpd g ra ting  obtained , respectively , w ith o u t an  A F and 

w ith  an  AF, -0.5 log tds in  illum inance, a t an SOA o f 450 ms. W ith no AF 

presen t, the observer increased the rad iance  o f the v a riab le  w avelength  T F  

u n til the bars o f the  g ra ting  were just visible. All c rite rio n  values are 

p lo tted  on the o rd in a te  as a fu n c tio n  of test g ra ting  w avelength .
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spectrum .

The enhancem ent o f  T G I bv cone ligh t ad ap ta tio n - F igures 26 an d  27 

rep resen t action  spectra  obtained  w ith  foveal p resen ta tion  o f stim uli a t an 

SOA of 900 ms fo r  observers FN  and  SL, respectively . T he upper an d  low er 

coord inates rep resen t, respectively , A F and  test action  spectra . T he upper 

coord inates show th a t it  is a cone-like m echanism  a t th is SOA w hich 

enhances spatia l acuity . C learly , th is action spectrum  adheres more 

closely to the lum inosity  fu n c tio n  o f the CIE photopic observer (V^) th an  

to the  o th er cone-functions plotted . The test action  spectra  below 

in d ica te  the  log re la tive  quan ta  necessary to d e tec t the g ra tin g  w ith  no AF 

present (closed circles) or in  the  presence o f a  2.5 log tds A F a t an SOA 

o f 900 ms. N otice th a t TG I is m ediated by a cone-like m echanism , w hether 

or not the A F is present. N e ith er contro l or experim ental d a ta  adh ere  too 

closely to  any  o f the cone m echanism s plotted . B ut w hen enhanced  by the 

A F, the ac tion  spectrum  sh ifts  to longer w avelengths.

To sum m arize, the  enhancem ent o f g ra ting  acu ity  fo llow ing the 

te rm in a tio n  o f a b righ t A F represents the in flu en ce  o f cone-dark  ad ap ta tio n  

upon cone m ediated  acu ity . The enhancem ent o f acu ity  involves some 

increase in  sensitiv ity  w hich is som ew hat selective to the red  end  o f the 

v isual spectrum .
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Figure 26

Observer FN, upper coordinates: Action spectrum fo r the influence o f a 20° 

diam eter AF upon the visibility  of a fovealy detected 18 cpd grating a t an 

SOA of 900 ms. The illum inance of the "white" test grating was set at a 

value 0.4 log units below the TGI value obtained at the point labeled 

"minus infin ity" on the abscissa of the upper coordinates in F igure 21.

The observer increased the radiance o f the variable wavelength AF until the 

bars o f the grating became just visible. The criterion  values are plotted 

on the ordinate as a  function of AF wavelength.

Observer FN, lower coordinates: Action spectra fo r the visibility  of a 

fovealy detected 18 cpd grating obtained, respectively, w ithout an AF and 

w ith an AF, 2.5 log tds in illum inance, a t an SOA of 900 ms. With no AF 

present, the observer increased the radiance of the variable wavelength 

test grating until the bars were just visible; he sim ilarly increased test 

grating-radiance in the presence of the "white" AF. All criterion  values 

are plotted on the ordinate as a function  of test grating wavelength.
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F ig u r e  27

O bserver SL, upper coordinates: A ction spectrum  fo r the  influence of a 20° 

d iam eter A F upon the v isib ility  o f a  fovealy  detected  18 cpd gra ting  a t  an 

SOA of 900 ms. The illum inance of the "white" test grating  was set at a 

value 0.4 log units below the TGI value obtained a t the po in t labeled 

"minus in fin ity "  on the abscissa o f the upper coordinates in F igure 22.

The observer increased the rad iance  o f the variab le  w avelength AF un til the 

bars o f the g ra ting  became ju st visible. The crite rion  values are p lotted  

on the o rd ina te  as a function  o f A F w avelength.

O bserver SL, lower coordinates: A ction spectra fo r the v isib ility  of a 

fovealy  detected  18 cpd grating  obtained, respectively, w ithout an AF and 

w ith  an AF, 2.5 log tds in illum inance, at an SOA of 900 ms. With no AF 

prsent, the observer increased the rad iance o f the variab le  w avelength test 

grating  u n til the bars w ere ju s t visible; he sim ilarly  increased test 

g ra ting -rad iance  in the presence o f the "white" AF. All c rite rion  values 

are p lo tted  on the o rd ina te  as a function  of test g ra ting  w avelength.
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DISCUSSION

The results of Part II of the present study show that the influence of 

early light and dark  adaptation upon absolute visual sensitivity depends 

upon TF retinal position and AF lum inance level. The influence of a dim  

parafoveal AF upon absolute threshold was shown to have a tim e course 

sim ilar to tha t o f e ither a bright foveal or parafoveal AF. However, much 

d iffe ren t results were obtained when grating acuity was measured during  the 

early stages of light and dark  adaptation. Dim AFs adapting rods only 

enhance spatial acuity w ith a time course much slower than  the depression 

in absolute rod sensitivity  induced by the same AF. The observed 

enhancem ent of spatial acuity  when rods are selectively light adapted is 

most apparent for gratings w ith a wavelength content derived from  the red 

end of the spectrum. Bright AFs following their term ination also enhance 

spatial acuity w ith a time course much d iffe ren t from  the changes in cone 

absolute threshold during early dark  adaptation. This enhancem ent of 

acuity  as cones rapidly dark  adapt also involves an increased sensitivity 

to the red end of the visible spectrum.

The d iffe rin g  influence o f short term  light and dark  adap ta tion  upon 

visual absolute sensitivity and TGI is probably best dem onstrated by 

several derived plots. In Figure 28 some of the data in Figures 14 and 21 

for observer FN are replotted. Log change in threshold (Log experim ental 

threshold - Log control threshold) is plotted on the ordinate as a function 

o f SOA. The upper plot shows data obtained w ith the dim AF in the 

parafovea. This derived plot clearly shows th a t the decrease in  rod
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Figure 28

U pper coordinates, parafovea : Change in threshold (expressed on the 

ordinate as log deviation from  dark  adapted threshold) as a function of 

SOA. The open diamonds and closed circles are derived from  the -0.5 log 

tds data plotted in the lower coordinates of Figures 14 and 21, 

respectively. The labeled arrows indicate rod threshold and TGI a t an SOA 

of 250 ms. Notice that rod light adaptation  produces a d irection of change 

in rod threshold opposite to th a t produced in TGI. Also, maximal change is 

faster produced in rod threshold than in TGI. The duration  of the AF is 

indicated by the rectangle on the abcissa.

Lower coordinates, fovea: Change in threshold (expressed on the ordinate 

as log deviation from  dark  adapted threshold) as a function  of SOA. The 

open and closed circles are derived from  the 2.5 log tds data  plotted in 

the upper coordinates of Figures 14 and 21, respectively. The labeled 

arrows indicate cone threshold and TGI a t an SOA of 900 ms. Notice tha t 

cone adaptation  elevates cone threshold w ith a t least 0.6 log units above 

absolute threshold, but produces a deviation o f TGI from  its dark  adapted 

value of at least 0.5 log units.
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sensitiv ity  produced by short term  light adap ta tion  largely  precedes any 

change in cone spatial acu ity , and  th a t the  change in  threshold  is much 

m ore rap id  then  the change in TGI. C learly, then, the  in fluence  o f rod- 

ad ap ta tion  upon rod-threshold  is not a t all ind ica tive  o f its in fluence  

upon cone-m ediated acuity . However, the tim e course o f changes in  absolute 

sensitiv ity  and visual acu ity  follow ing A F o ffse t are qu ite  sim ilar.

The lower plot in  F igure 28 show d a ta  obtained  w ith  the b righ ter AF in 

the fovea. N otice th a t changes in TF threshold  and TG I a t lig h t onset are 

qu ite  sim ilar, bu t changes a t light o ffse t are quite  d iffe ren t. Thus, 

du ring  rap id  dark  adap ta tion , absolute sensitiv ity  recovers m onotonically, 

w hile TG I a t f irs t decreases, then increases again.

As shown in P art One of the present thesis, steady backgrounds 

in fluenc ing  rods only produce a sustained enhancem ent o f cone-m ediated 

spatial acuity . To determ ine w hether the enhancem ent produced by a dim  

foveal or parafovea l AF was sim ilar to the e ffe c t reported  in P art One, I 

extended the d u ra tion  o f the AF from  500 ms up to 2000 ms bu t le ft all 

o ther aspects of Experim ent 8 unchanged. F igure 29 plots TG I as a fu n c tion  

of SOA in  respect to the onset and o ffse t o f a "white" -0.5 log tds AF fo r 

observers FN  (upper coordinates) and SL (lower coordinates). A ll data  

poin ts w ere obtained  a t 5®to the rig h t of fixa tion . N otice th a t, fo r both 

observers, TG I values rem ain u n affec ted  u n til an SOA of about 250 ms and  is 

m ain ta ined  a t th a t level fo r the rem ainder of the tim e o f A F presentation.

The d a ta  suggest th a t the enhancem ent o f visual acu ity  w ill be sustained 

du rin g  the presence o f the A F fo r any  A F-duration  longer th an  250 ms.
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Figure 29

Observers FN  and SL, upper and lower coordinates, respectively: TG I as a 

func tion  o f SOA. The illum inance of the "white" AF was -0.5 log tds, its 

d iam eter 20tf and  its du ra tion  2000 ms. The TF was "white", 54’ in  

diam eter and 10 ms in duration . All stim uli were presented to the 

parafovea. Notice th a t the in terval (500 ms) on the scale on the abcissa 

changes a f te r  2500 ms. The du ra tion  o f the AF is shown by the rectangle on 

the abcissa.
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T herefo re , the e ffe c t of short term  rod-adap ta tion  upon cone-m ediated 

spatia l acu ity  is, beyond 250 ms, no d if fe re n t from  the enhancem ent 

observed under conditions o f steady s ta te  rod-adap ta tion . Hence, the  tim e 

course fo r  the onset o f the in fluence  o f steady sta te  rod-ligh t ad ap ta tio n  

upon cone-m ediated spa tia l acu ity , as described in  P art One, is abou t 250 

ms.

As discussed in  P art One, the in fluence  o f rod ad ap ta tio n  upon cone- 

m ediated  spatia l acu ity  bears a s trik in g  resem blance to  SRCI.

Specifically , s im ila rity  in  in flu en ce  o f background lum inance levels upon 

cone-m ediated spatial and  tem poral e ffec ts  have been m entioned. T he 

techn ique used in  the present study has m ade it possible to m easure fa ir ly  

accura te  the  onset o f rod-cone in te rac tio n  as determ ined  w ith  gratings.

Most recen tly , F rum kes an d  Eysteinsson (1987) published  in trace llu la r 

records o f X enopus horizon ta l cell (see th e ir  fig u re  4) showing a tim e 

course o f  abou t 200 ms fo r  the onset o f  SRCI as de term ined  w ith  flicker. 

A lthough, such m easurem ents fo r the onset o f SRCI have never been m ade in 

hum ans, the  close correspondence o f the Frum kes and Eysteinsson d a ta  (1987) 

w ith  the  present spatia l d a ta  c learly  provides an o th er in te resting  para llel 

betw een the  spatia l and tem poral effects.

A resu lt o f  the  present study w hich also appears to  be ak in  to  those 

ob ta ined  in  f lick e r stud ies involves the m echanism  m ediating  the 

enhancem ent. The p resen t d a ta  suggest th a t w hen rods become lig h t adap ted , 

cone m ediated  enhancem ent o f acu ity  m ay be specific  fo r  a m echanism
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sensitive to the red end of the visible spectrum . Sim ilarly, Coletta and 

Adams (1984) reported  high frequency  flick e r to be m ediated by the long 

w avelength-sensitive cone type under conditions w hich favo r rod-cone 

in teraction . As was noted w ith flick e r (A lexander & Fishm an, 1983; 

G oldberg & Frum kes, 1983), protanopes who usually show a low lum inous 

e ffic ien cy  in the red end o f the spectrum , do not exh ib it the flick er 

threshold  rise during  dark  adap ta tion  w hich is evident fo r norm als and 

deuteranopes. On the basis of the present spatial data  it may then be 

expected th a t protanopes would show superior spatial acu ity  to norm als and  

deuteranopes w hile d a rk  adapting . Such a fin d in g  would undoubtedly  

re in fo rce  the idea o f a special physiological re la tionship  between rods and 

long w avelength-sensitive mechanisms.

The sim ilarities in  frequency  dependency, in  test threshold  change 

w ith  specific  background lum inance levels, in the m echanism  m ediating 

enhancem ent and  perhaps also correspondence in  tim e course fo r the onset of 

the enhancem ent strongly suggest th a t both tem poral and  spatial e ffec ts  may 

re flec t one common m echanism , SRCI.

Since, it has been argued (Frum kes & Eysteinsson, 1987) th a t SRCI 

involves p rim arily  re tin a l fac to rs the suggestion m ade above presupposes 

a t least th a t g ra ting  detection  is also p rim arily  lim ited  by re tina l 

facto rs. There is indeed evidence, obtained  under conditions using 

incoheren t ligh t (Cam pbell & G ubisch, 1967), w hich showed spatial acu ity  to 

be lim ited  p rim arily  by the size o f cones, the cone mosaic, and to a 

certa in  ex ten t by ligh t scatter. Williams (1985) using coherent ligh t
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suggested th a t the  upper lim it fo r the percep tion  o f h igher spatial 

frequencies is im posed p rim arily  by spa tia l sum m ation resu lting  from  

pho to recep to r coupling or n eu ra l convergence a t some h igher stage. Strong 

in d ica tio n s  fo r  a re tin a l site  o f  g ra ting  detec tion  also comes from  studies 

invo lv ing  p a tte rn -E R G ’s and single-unit record ing  from  ganglion cells in 

ca t (E nroth-C ugell, Robson, Schw eitzer-Tong & W atson, 1983). Thus, both  

g ra tin g  and  f lick e r perception  (van de G rind , G russer & Lukenheim er, 1972) 

a re  though t to be largely  lim ited  by re tin a l factors.

E vidence th a t SRCI involves specifica lly  in te rac tio n  o f d is ta l re tin a l 

neurons comes from  a v a rie ty  o f flicker-stud ies. F irs t, some hum an 

subjects w ith  d is ta l re tin a l pathology (A lexander & F ishm an, 1985; A rden & 

Hogg, 1985) and  w ith  common h e red ita ry  form s o f color defic iency  (A lexander 

& F ishm an, 1983; G oldberg, F rum kes & N ygaard , 1983) do no t show the  e ffec t. 

Second, analyses o f ER G  com ponents re fle c tin g  d ista l re tin a l fu n c tio n  have 

estab lished  the  presence o f SRCI in  d if fe re n t species in c lu d in g  m an (A rden 

& Frum kes, 1986), cat and  dog (Loew & A rden , 1985) an d  frog  (F atechand , 

1979; G oldberg & Frum kes, 1983; Hood, 1972). T h ird  an d  most recently , 

Frum kes and  Eysteinsson (1987), showed th a t rod  lig h t ad ap ta tio n  enhances 

cone-driven  responses to spatia lly  d iscrete  and  re la tiv e ly  h igh  frequency  

flick e r in  cones and  o ther d ista l re tin a l neurons, most no tab ly  horizon ta l 

cells and  b ipo lar cells lack ing  color opponency. They dem onstrated  like 

p o la rity  responses to the flick e rin g  test probe and  background  in 

h o rizon ta l cells; w hile  o ther cell types, inc lud ing  cones, show ed opposite 

p o la rity  responses to these stim uli re flec tin g  cen te r-su rround  antagonism  

in  th e ir  receptive  fie ld . Thus, only horizon ta l cells seem to have the
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requisite  spatial properties to m ediate SRCI. The authors suggest tha t 

SRCI is likely  to involve rod m odulation of horizontal cell in fluence  onto 

d ista l re tin a l neurons. Accordingly, the am bient level of rod adap ta tion  

determ ines the in fluence of these photoreceptors upon horizontal cells and  

hence, the horizontal cell in fluence upon cells to w hich they are 

presynaptic. Since horizontal cells feedback  onto cones but not onto rods 

(L asater, 1982; Pasino & M archiafava, 1976) it is not surprising  th a t SRCI 

is observed only in  cones and not in rods. The feed fo rw ard  in fluence  of 

horizontal cells onto b ipolar cells is re flec ted  in  the recorded presence 

o f SRCI in  b ipo lar cells and indirectly  in ganglion cells.

It is im possible to state  w ith  any  certa in ty , given the lack of 

in trace llu la r da ta  involving SRCI obtained  w ith  gratings, w hether or not 

the spatia l and  tem poral e ffec ts  are m ediated by the same re tina l pathw ay. 

H ow ever, the tem ptation  to speculate even m ore th a t they share a common 

pathw ay is instigated  by the physiological de term ination  th a t horizontal 

cell m odulation o f the in fluence  o f rod-adapting  backgrounds onto  cones 

depends upon background size. A sim ilar dependency has been observed 

psychophysically fo r the spatial effect. Thus, the horizontal cell m ight 

also be the key elem ent m ediating the in fluence  o f rods upon cone-m ediated 

spatial acuity .

A t least three types o f studies w ill be necessary in  order to id en tify  

conclusively the  underly ing  neura l m echanism  o f the  spatial e ffec t. F irst, 

as w ith  the flick er studies, it should be possible to obtain  psychophysical
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data  from  ophthalm ological patients w ith known distal re tina l pathology. 

Second, the e ffec t should be studied electrophysiologically in norm al hum an 

re tin a ’s and subsequently in well defined  clinical populations. T hird , 

again as w ith  the flicker studies, investigations by means of in tracellu lar 

recordings in  lower species combined w ith pharm acological procedures are 

necessary to id en tify  the re tinal neurons and the ir respective roles in 

this effect.

Cone-m ediated spatial acuity is not only enhanced during  early  rod- 

ligh t adap ta tion  but also during early  dark  adap tation  o f the cone system.

Both enhancem ents are of approxim ately the same m agnitude and m ediated by 

the same type of mechanism. There are however s trik ing  d ifferences between 

these two effects. There is the d ifference  regarding the spectral na tu re  

of the backgrounds responsible fo r inducing the effects. A nother 

d iffe ren ce  between these enhancem ents regards the response characteristic  

shown by the m ediating red sensitive-mechanism. When enhanced by a rod- 

adap ting  background the m ediating mechanism tends to show a sustained 

response. When enhanced a fte r  the term ination o f a cone-adapting 

background the m ediating mechanism shows a transien t response. A possible 

explanation fo r this d ifference  in response characteristic  is th a t the two 

effects  are m ediated by d iffe ren t re tinal pathways.

It has been argued above th a t in SRCI rods are thought to m odulate 

horizontal cell influence onto cone-m ediated flicker or spatial acu ity  for 

th a t m atter. T hat is, dark  adapted rods induce inh ib ition  of cones by 

horizontal cells by way o f a feedback mechanism. Conversely, rod light
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adap ta tion  removes horizontal cell inh ib ition . The mechanism by w hich 

horizontal cells exert th e ir in fluence  onto cones is largely unknown. A 

cen ter-surround  m echanism  fo r the rela tionsh ip  betw een cones and horizontal 

cells cannot explain  the enhancem ent, since the in fluence of rod light 

adap ta tion  is rem oval o f horizontal cell in h ib itio n  of cones. Hence, a 

more specific exam ination  o f the m em brane properties o f the neurons 

involved in  SRCI is indicated.

There is, to my knowledge, no parallel o f the enhancem ent o f visual 

acu ity  du ring  rap id  cone dark  adap ta tion  reported  in  the neurophysiological 

lite ra tu re . A lthough recently , P flug  and  Nelson (1987) dem onstrated a 

sim ilar tem poral e ffec t, bu t found  a rhodopsin action spectrum  fo r the 

background influence.

On the basis o f a v a rie ty  o f psychophysical and neurophysiological 

sources m entioned in the In troduction , I suspect th a t the enhancem ent of 

visual acu ity  during  early  d a rk  adap ta tion  is governed by a m echanism  

involving rap id  changes in re tin a l receptive fields.

I t has been suggested th a t short term  ligh t (Teller et. al., 1966) and 

dark  adap ta tion  (R inalducci, 1968) produce m arked changes in the spatial 

neura l o rganization  o f the re tina. Several neurophysiological studies 

(B urkhard t, 1974; Enroth-C ugell & Shapley, 1973; Barlow, F itzhugh & 

K u ffle r , 1957) have dem onstrated such changes to occur in the center- 

surround  m echanism s o f re tina l neurons, from  photoreceptors to ganglion 

cells, w ith ligh t and d ark  adap ta tion . In a study  o f short term  light 

adap ta tion , Copenhagen (1974) reported  th a t only o n -o ff ganglion cells 

showed a tran sien t elevation of threshold  when adapted  w ith decentered
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flashed backgrounds. I t  has been suggested (Copenhagen, 1974) tha t 

p rim arily  am acrine cells, conducting signals laterally  across the retina, 

contribute  to the transien t threshold elevation in the on-off ganglion 

cells.

I suspect th a t the changes in the on-off ganglion cell receptive fie ld  

during early dark  adaptation  may be of p a rticu la r relevance to the results 

o f the present study. A t least two events are possible. F irst, the 

enhancem ent of visual acu ity  may be due to increased sensitiv ity  of on-off 

ganglion cells w ith  small excitatory  centers (X cells) a t high photopic 

levels o f illum ination; while, a t lower illum inance levels the sensitiv ity  

of these cells may be equal to th a t o f cells w ith larger receptive fie ld  

centers (Q cells). R ecent evidence seems to support this in terp re ta tion  

(Enroth-Cugell & Shapley, 1973). Second, the surround signal concerning 

the photic stim ulation produced by the adapting flash  may be delayed 

relative to the central signal by a few  hundred milliseconds. As such, the 

surround may signal fo r a b rie f moment a higher state of ligh t adaptation , 

i.e., a condition fo r im proved visual acuity .

The d ifference  in  time course for TG I and TF threshold during  early 

dark  adaptation  is not self explanatory on the basis o f the present data. 

A lthough, TF threshold has been found to be a photoreceptor property  

(K leinschm idt & Dowling, 1975), TF threshold during  rap id  da rk  adap tation  

is w idely believed to be determ ined by post-receptor factors (Baker, 1953, 

1963; G raham , 1963; Geisler, 1983). C learly, both TGI and TF threshold 

represent under these condition post- receptor activ ity , e.g., rap id
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changes in  receptive  fie ld  o rgan ization  a t the level o f horizon ta l, 

b ipo lar, am acrine and ganglion cells. The source fo r  the  observed 

d iffe ren ce  in  tim e course m ay lay in the d if fe r in g  w ay in  w hich ligh t is 

d is trib u ted  w ith in  the borders o f  the stim uli and  th e re fo re  the  types o f 

cells m ediating  these stim uli. TG I m ay rep resen t the  ac tiv ity  o f ganglion 

cells w ith  sm all receptive  fie lds and, hence, reduced  spatia l sum m ation; 

w hereas T F  th resho ld  may represen t m ore sluggish responding ganglion cells 

w ith  la rger receptive fie ld  centers.

C learly , i t  is im possible to id e n tify  the underly ing  m echanism  o f the 

tran s ien t acu ity  enhancem ent du rin g  rap id  d a rk  ad ap ta tio n  on the basis of 

the d a ta  collected in  the present study. The use o f  d if f e re n t types o f 

research  in  the  fu tu re  m ay e lucidate  the  m echanism (s) govern ing  th is 

e ffec t. F irs t, more param etrica l d a ta  involv ing  lum inance, w avelength  and  

spa tia l frequency  need to  be collected w ith  psychophysical m eans in  the  

norm al eye. Second, i f  indeed th is e ffe c t p e rta in s  to the  in n e r re tin a , it  

should  be possible to study th is phenom enon by m eans o f  E R G  in  the same 

hum an subject investigated  behaviorally  and  in  oph thalm ological patien ts. 

F in a lly , ER G -studies an d  in trace llu la r investigations in  low er an im als m ay 

conclusively  id e n tify  the locus and  role, respectively , o f  the  re tin a l 

neurons involved in  the  tran s ien t enhancem ent o f spa tia l a cu ity  du ring  

early  d a rk  adap ta tion .
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