
ROD-CONE INDEPENDENCE IN DARK ADAPTATION 

MARY S1. HAYHOE and DONALD I. A. MXLEOD 

Department of Psychology. University of California at San Diego. 
La Jolla, CA 92093, U.S.A. 

and 

THOWS A. BRCCH 

Institute of blolecular Biophysics, Florida State University, 
Tallahassee. FL 32306. U.S.A. 

(Receiceti 50 May 1975; in redsed form 8 September 1975) 

Abstract-The afterimages visible after cones have recovered in dark adaptation fade against any steady 
background, but may be revived by a sudden change in the intensity or wavelength of the background. 
However, when a change of background wavelength is not detectable by rods, it does not revive 
such an afterimage. showing that sensitivity to cone stimuli has not been affected by bleaching the 
rods. To revive a rod afterimage, an increase of background intensity must exceed the increment 
threshold of the rods. 

To examine the effects of cone bleaching upon rod sensitivity, dark adaptation curves following 
red and green bleaching exposures equal for rods are compared. The curves are indistinguishable. 

Key Wortls-afterimages: dark adaptation. 

INTRODL’CTIOS 

Exposure to light, strong enough to bleach a signifi- 
cant amount of visual pi_ement, leaves the exposed 
part of the retina insensitive. The visual threshold for 
test flashes falling on the bleached retinal area may 
be greatly elevated, and an afterimage of the bleached 
area may appear when the observer views a uniform 
background. Rushton and Westheimer (1962) showed 
that this loss of sensitivity is not imposed by bleached 
receptors acting independently but is. in part at least, 
the result of processes involving lateral interaction, 
Nevertheless, there is evidence that the rod system 
and the cone systems may vary more or less indepen- 
dently in their sensitivity. For instance, cones may 
regain approximately full sensitiviy a few minutes 
after bleaching, while rods are still msensitive. 

The question of rod-cone independence in the re- 
covery of sensitivity after bleaching may merit a more 
exact investigation because of its implications for the 
functional organization of the visual system. Rod- 
cone independence would imply that the signals from 
rqds and cones are efficiently segregated in different 
channels as they are transmitted throu@ the afferent 
stages at which the sensitivity loss is unposed. This 
in turn would mean that the sensitivity loss ori@ates 
entirely within the retina, before the rod and cone 
signals are pooled at the ganglion cell, and is not 
to any extent the work of the gangl.ion cell or the 
brain. The well known pressure-bhndmg experiments 
of Craik (1940) and Craik and Vernon (1941) show 
that the loss of sensitivity depends upon a persistence 
of the effects of the bleaching light within the retina 
but these experiments do not exclude the possibility 

’ Stemheim and Glass (1975) compare thresholds for a 
5?0-nm test light against a 630-nm background (rod isola- 

that messages from the bleached retina may provoke 
a change within the brain. Alpern and Campbell 
(1962) showed that bleaching does generate signals 
which pass from eye to brain and which are used 
in the control of pupil size. Given that the brain is 
responsible for regulating visual sensitivity by adjust- 
ing pupil size, it is not unreasonable to entertain the 
hypothesis that the brain (or for that matter the re- 
tinal ganglion cell) also possesses afferent sensitivity 
regulating mechanisms. But if rod and cone systems 
recover their sensitivity independently, this hypothesis 
would have to be rejected. 

Leaving aside the possible involvement of central 
processes in the recovery of sensitivity, there is a need 
for more evidence on the interaction of rod and cone 
signals in the retina itself. Anatomical interconnec- 
tions between the rod and cone systems abound: in 
particular, the horizontal cells. which may have an 
important role in light and dark adaptation, connect 
cones to rods (Kolb, 1970); but it is not yet clear 
whether this pathway has any functional significance 
(Niemeyer and Gouras, 1973), and the question may 
be difficult to decide without the help of psychophysi- 
cal observations. 

Stiles (1939) and Flamant and Stiles (1948) showed 
rod-cone independence in the determination of rod 
increment thresholds. iMore recently, Makous and 
Boothe (1974) and Makous and Peeples (in prep 
aration) have found slight but consistent deviations 
from independence, in increment thresholds measured 
close to the fovea or with test flashes not much below 
cone threshold. Under these conditions, illumination 
of cones raises rod threshold: but illumination of 
cones does not noticeably affect the rod increment 
threshold in areas remote from the fovea, provided 
that the test flash is at an intensity well below cone 
threshold’ (Makous and Peeples, in preparation). Our 



own measurements of increment thresholds (reported 
below) support these conclusions. Our main concern. 
however. is not with increment thresholds but with 
dark adaptation. The first quantitative studv of rod- 
cone independence in the recovery of sensitivity after 
bleaching is that of Dodt and Jessen (1961) who found 
that independence was satisfied in the recovery of the 
frog ERG; clearly this need not imply independence 
at higher levels of the system. Rushton (1968) verified 
rod-cone independence psychoph~sicall~-, in regions 
remote from the fovea. On the other hand, in studies 
of cone vision it has been found that pre-exposure 
of one class of cones may profoundly affect the subse- 
quently measured threshold of another class of cones 
(Stiles, 1949; Das. 19&&f, and anaiogous rod-cone in- 
teractions might perhaps be expected. The symmetri- 
cal question whether bleaching the rods may affect 
an observer’s sensitivity to cone stimuli has not re- 
ceived much attention, but the observations of Brown, 
kfetz and Yohman (1969), Gosline, MacLeod and 
Rushton (1973) and MacLeod and Hayhoe (1974; and 
see below) strongly suggest that no such interaction 
occurred in their experiments. 

In this paper we begin by presenting more evidence 
that bleaching the rods is without effect on sensitivity 
to cone stimuli even in the presence of backgrounds 
easily visible to cones. The technique used to demon- 
strate this has already been briefly described (Mac- 
Leod and Hayhoe, 1974). A second experiment shows 
how this result may be applied to obtain approximate 
measurements of the rod increment threshold, up to 
saturation, in white light. The third and final exper- 
iment iilustrates the equivalence of differently colored 
but scotopically equal bleaching lights in determining 
the sensitivity of the rods in dark adaptation, inde- 
pendently-of the state of adaptation of the cones. This 
is the same result previously obtained by Rushton 
(1968). 

tion conditions) with thresholds for the same test light 
against scotopically equivalent backgrounds ofshorter wave- 
length. They attribute the large differences they observe 
to an effect of ‘cones upon rod threshold. However, it is 
likely that the thresholds measured against the shorter wave- 
length backgrounds represent detection not by rods but 
by the green-sensitive cones. Given the sdectral sensitivities 
of these cones and of the rods (Vos and Walraven, 1971; 
Wyszecki and Stiles, 1967, pp. 219 and 378). Stiles’ concept 
of rod-cone independence implies that cones would sur- 
pass rods in sensitivity to the test flash under any condition 
where the ratio of threshold to background for rods was 
more than about four times what it was for cones. Since 
the experiment of Stemheim and Glass may have included 
many such conditions, their dii%mttces in threshold may 
result from rod-cone differences rather than from a break- 
down of rod-cone independence. 

As evidence that their thresholds represent rod detection, 
Sternheim and Glass show that they could obtain single- 
branched dark adaptation curves for detection of the test 
flash after the background had been extinguished. But 
these thresholds, measured in the dark, are all enormously 
less than the increment thresholds of interest (perhaps even 
below cone absolute threshold). Consequently, even if these 
dark adaptation thresholds were rod thresholds, this exper- 
iment does not show that the increment thresholds were 
rod thresholds. 

The results of a11 three experiments support the no- 
tion of independent jensiti~itl-regulating processes 
for rod and cone systems. Under some conditions, 
however (described belovv). we have observed after- 
image phenomena best explained by invoking a slight 
breakdown of rod-cone independence. These are the 
subject of a subsequent paper (Hayhoe and MacLeod. 
in preparation). 

ROD BLWCHING .4ZD CONE SESSITIVKTY: 
ISTERCH.\.UCEABLE BACIGROUSDS FOR ROD 

.4FTERISI.%GES 

It is clear that the effects of rod bleaching upon 
cone sensitivity, if they exist at all. are not very pro- 
nounced. Parafoveal cone dark adaptation curves 
may be measured by the use of a deep red test light; 
the rod branch is then absent or vestigiat and the 
measured threshold remains nearly constant through- 
out the rod phase of dark adaptation. while thresh- 
olds for shorter wavelengths seen by rods may change 
over many log units (Chapanis. 1947: Baumgardt and 
ferlampin, 1969). Likewise, the threshold for resolu- 
tion of a fine grating in white light recovers rapidly 
and then stays constant during rod recovery (Brown, 
Metz and Yohman, 1969). However, vve have ob- 
served (as base Wooten. 1973. and H. D. Baker and 
I. J. Lanum. pers. comm.) that for some observers 
at least, parafoveai cone dark adaptation curves tend 
to float upwards gradually (typically by less than 0.2 
log units) during rod recovery. If this observation rep- 
resents a real change in cone sensitiv-it) rather than 
some change in the criterion of threshold. then a rod- 
cone interaction may be the cause of it. 

We have performed experiments which constitute 
a sensitive test for rod-cone interaction in this sense 
(MacLeod and Hayhoe, 1974). The technique is based 
on the principle of silent substitution. Typically, an 
afterimage will fade in a few set when viewed against 
any unchanging background, but it can then be re- 
vived by any sudden change in the background inten- 
sity. Dimming the background disdoses a bright 
“positive” afterimage of the bleached area. Making 
the background brighter creates a “negative” after- 
image in which the bleached area appears less bright 
than the unbleached surround. The observations of 
Gassendi. Franklin, R. Darwin and others on this as- 
pect of the behaviour of afterimages are summarized 
by Plateau (1878). In general, a change of background 
color is likewise able to revive a faded afterimage, 
but under some conditions important exceptions can 
be found: after the cones have recovered their sensi- 
tivity, a change of background color wiI1 revive a 
faded afterimage only if the exchanged backgrounds 
are distin~ishabie by the rods CMacLeod and Hay- 
hoe, 1974). The importance of this for the hypothesis 
of rod-cone independence lies in the fact that revival 
of an afterimage demonstrates that the bleached and 
unbteached areas are differentially sensitive to the 
change of background. When the exchanged back- 
grounds differ in color but are arranged to be indist- 
inguishable by rods, the stimulus provided is detected 
only by cones and so the experiment monitors cone 
sensitivity without interference from rods. The obser- 
vation that such backgrounds may be interchanged 
without reviving the afterimages means that the ob- 
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server’s sensitivity to cone stirnufation is the same in 
the bleached and unbleached regions. Under the con- 
ditions when this happens, the observer is therefore 
non-uniformly sensitive to rod stimuli yet uniformly 
sensitive to cone stimuli, a state existing for the du- 
ration of rod recovery. Rod-cone independence is 
therefore satisfied: bleaching the rods in one region 
does not affect cone sensitivtty in that region. 

We have already shown that the intensities of 
monochromatic backgrounds interchangeable with a 
fixed standard background of mesopic intensity, when 
plotted as a function of background wavelength, trace 
out the spectral sensitivity of the rods {MacLeod and 
Hayhoe, 1974). Here we describe the technique in 
more detail and investigate the range of background 
intensities over which “interchangeable backgrounds” 
exist. 

‘Method 

Ekfore the experiment the observer dark adapted for ap 
prox 30min. To provide him with an afterimage. a Max- 
wellian view optical system supplied a white bleaching 
beam giving 6.34 log td of retinal illumination in a circular 
area subtending 10’ dia. The observer took up his position 
at the apparatus by biting on a dental impression and 
directing his gaze at a feeble red fixation spot. A 30.set 
exposure to the beam bleached nearly all the visual pig- 
ment in a retinal area centered IO” above the line of sight. 
The observer next waited for at least Smin in the dark 
to allow the bleached cones to recover their sensitivity. 
He then went to a second Maxwellian view optical system, 
which supplied background fields against which he could 
view the rod afterimage. The background field subtended 
21’ of visual angle and the observer directed his gaze at 
a dim red fixation spot near the bottom of the fietd, so 
that the background encircled the bleached area (see inset 
to Fig. la). To permit changes of background color, the 
apparatus incorporated two orthogonally polarized beams 
of light, one of which included a blue interference filter 
(460 St 8 nm at half height), and the other a red one 
(620nm). The background color was determined by the 
orientation of a piece of polarizer just in front of the eye; 
in one orientation it passed only the red light, in the other 
o&y the blue. By depressing or releasing a lever which 
changed the orientation, the observer could switch from 
red to blue or from blue to red. 

In order to ensure that retinal illumination was unaf- 
fected by changes in pupil size, the Maxwellian images 
were made very small (less than 1 mm dia) and care was 
taken to place them accurately in the plane of the pupil. 
As an additional precaution, the pupil was dilated with 
Mydriacif for some of the conditions. The retinal illumina- 
tion from the red or “standard” background was fixed by 
the experimenter but could be altered by inserting neutral 
filters into the relevant beam. (Filters used in this exper- 
iment and those following were all spectrophotometrically 
calibrated except where noted.) The intensity of the blue 
or “substituted” background could be varied by the ob- 
server by means of a graded neutral filter, the position 
of which was continuousfy monitored by a chart recorder. 
Energy measurements were taken with a Tektronix photo- 
diode that had been calibrated against a thermopile, and 
the measurements were expressed in scotopic td by refer- 
ring to the standard CIE scotopic luminosity curve. The 
wedge was calibrated in the system with the appropriate 
color filters in place, using a photomult~plier tube. 

The observer began by viewing the afterimage against 
the red “standard” background. The task was to find some 
blue background which could be substituted for the stan- 
dard red background without reviving the afterimage. On 
first looking at the red background, the afterimage ap 
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Fig. 1. Vertical bars show the range of blue (440 nm) back- 
grounds (in scotopic td) ~nterchang~bIe with various levels 
of the fixed red (620 nm) background (also in scotopic 
td). The filled circle on each graph plots the intensity of 
red just sufficient to expose a negative afterimage against 
that of blue. The arrows marked 0, show the intensities 
above which the backgrounds were visible to cones. The 
open circles plot pairs of red and blue background in- 
tensities which raise rod threshold for a 4’. 430 nm test 
Rash by the same amount (see text). The measurements 
in Fig. ta are for a IO” white bleach centered 10’ from 
the fovea as shown in the inset. Figure 1 b is for a 4” bleach 

centered on the fovea. Observer MfxIH. 

peared as a dark circular patch in the center of the back- 
ground, but in the course of a few seconds it gradually. 
faded, leaving the background subjectively uniform. Upon 
completion of this fading process, the observer depressed 
the lever and abruptly replaced the red background with 
the blue. Generally, this action revived the afterimage, the 
bleached area appearing dark if the blue background was 
bright, or brighter than the surround if the blue back- 
ground was very dim. The observer kept the blue field 
in view for less than a second-just long enough to note 
the appearance of the revived afterimage--and then res- 
tored the red standard background, once again waiting 
for the afterimage to fade against the red before repeating 
the brief exposure of the blue. In between these self-paced 
exposures of the blue the observer adjusted its intensity 
using the graded neutral filter. with the aim of finding some 



intsnsit) at uhlch the jubjtltution would i;i~i to wile the 
afterimage. 

RtWflfS 

For as long as cones remained insensitive. an> 
change of background color (whatever the relative in- 
tensities) revealed an afterimage: after about 73 min. 
ho\vsvsr. it \vas usually possible to find a narro\\ 
range of intensities of the blue that Lvere interchange- 
able with the red. allowing the afterimage to remain 
invisible during the exchange. Only a narrow range 
of blue backgrounds were interchangeable in this 
sense: after a few hours of practice. mismatches of 
less than 0.05 logarithmic units in intensity could be 
detected by the weak positive or negative afterimages 
which the>- caused to appear against the blue back- 
ground. 

X subjectively striking aspect of the phenomenon 
of interchangeable backgrounds is that the red back- 
ground may be dramatically different from its inter- 
changeable blue. both in color and brightness. the 
blue appearing very much dimmer than the red. It 
is difficult for the observer to believ-e that anything 
in his Gual system stays constant during the ex- 
change of backgrounds. In fact. however. interchange- 
able backgrounds are accurately equal for rods: for 
four observers tested, the interchangeable back- 
grounds were always within 0.1 log units of rod equa- 
lity as defined by the CIE scotopic luminosity func- 
tion. 

Figure la shows the results obtained by practised 
observer MMH when the experiment kvas repeated 
for diKerent intensities of the standard background. 
The abscissa shows the intensity of the red standard 
background in scotopic trolands. and the vertical bars 
span the range of blue background intensities that 
were interchangeable with the red standard. The filled 
circle plots the intensities of red and of blue that were 
just sufficient to expose a negative afterimage after 
fading in the dark. These are approximately the dark- 
adapted absolute thresholds for the red and blue 
backgrounds (which appeared colorless at these le- 
vels). and so they provide a criterion of rod equality 
between the red and the blue for this observer. 

All these data are well fitted in Fig. la by a straight 
line of slope one. This means that interchangeable 
backgrounds are equal i‘or rods’ not only at scotopic 
levels but throu&out the intensity range shown. To 
find the intensity at which the backgrounds could be 
detected by cones, we measured thresholds during the 
cone plateau of dark adaptation. To do this we closed 
down the background field stop to 10~ and opened 
out the bleaching beam’s aperture so as to bleach 
an area covering and surrounding the 10’ field. The 
thresholds for 2OOmsec exposures of the red or the 
blue background were measured in the dark after a 
full bleach. The cone plateau threshold intensities for 
red and for blue are marked by arrows on the hori- 
zontal and vertical axes in Fig. la. It can be seen 
that backgrounds equal for rods are interchangeable 

’ In terms of scotopic luminance as defined by the CIE. 
the interchangeable blues for IMMH were 0.065 log units 
dimmer than the standard reds. This is within the range 
of observer variation in the rod spectral sensitivity (Craw- 
ford. 19491. 

e\en at Intensities more than 100 times cone thresh- 
old. In addition to MMH. one other observer found 
interchangeable backgrounds over a range of different 
intensities of the standard I - 2.9 log scotopic td to 
0.1 log scotopic td). A straight line of slope one 
through these points (as in Fig. la) deviated from CIE 
jcotopic equality by 0.02 log units. (Si!vlH deviated 
by 0.065 log umts in the opposite direction.) 

The highest intensity of standard background shown in 
Fig. la is about JO photopic rd. i\t higher intensities than 
this, the phenomena encountered were more complex in 
character. At first. the replacement of a bright (say 120 td) 
red standard bq a scotopically equated blue would produce 
a negative afterimage on the blue; but if the observations 
were continued nith repeated exposures of the blue. a time 
would come when this afterimage could no lon_fer be ob- 
tained, and then a wide range of blue intensities could 
be interchanged with the red without exposing any after- 
image. Similarly. if the afterimage was allowed to fade 
against a blue background brighter than those in Fig. la 
and this background was then replaced by the scotopically 
equivalent red. a positive afterimage would appear against 
the red. These afterimages and related phenomena are the 
subject of a subsequent paper (Hayhoe and MacLeod. in 
preparation) where it is shown that they betoken a slight 
breakdown of rod-cone independence: strong cone stimuli 
are more effectike in a region where the rods have been 
bleached. It is remarkable that no such deviation from 
rod-cone independence is observable at the moderate lu- 
minances of Fig. la. despite the sensiticit) of the afterimage 
technique. 

The open circles in Fig. la represent measurements 
by a different technique. not involving afterimages. 
Flamant and Stiles (1948) measured rod threshold 
against differently colored backgrounds. and found it 
to be independent of background wavelength pro- 
vided that the backgrounds were equal for rods. It 
has become common practice to use the Flamant and 
Stiles technique as a method for determining whether 
differently colored backgrounds are equal for rods. 
To apply this technique we measured thresholds for 
a 4’. 480nm test spot centered in the usual red or 
blue background. and exposed for 2OOmsec. Thresh- 
olds were measured by a staircase procedure, with 
step size OQ6 log units. The background intensities 
used covered a wide range in steps of @6 log units. 
To ensure that the thresholds measured were those 
of rods, the highest test flash intensit! used was 0.25 
log units below the cone plateau threshold for detec- 
tion of the test flash during dark adaptation. By inter- 
polating in the “threshold versus background inten- 
sity” curves for blue and for red backgrounds, blue 
and red backgrounds could be found which would 
raise rod threshold to any given level. The four open 
circles in Fig. la show the intensities of red (horizon- 
tal axis) and of blue (vertical axis) required for four 
different levels of threshold: 0.25. 0.73. 1.33 and 1.8 
log units below the cone plateau threshold. A slight 
but measurable deviation of the open circles from the 
line of scotopic equality at high background intensit- 
ies is apparent. This could be a consequence of the 
rod-cone interaction observed by Makous and 
Boothe (1974). but in the present experiments the al- 
ternative possibility of cone-aided detection of the 
brighter test fashes has not been excluded. Whether 
or not rod-cone interaction is responsible. it appears 
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that application of the Flamant and Stiles technique 
may give inaccurate results under conditions in which 
the interchangeable background test for rod equality 
remains valid. 

Figure lb shows results similar to those of Fig. 
la but obtained in a region close to the fovea. Certain 
changes in procedure were necessary. The bleaching 
stimulus subtended only 4’ and was centered on the 
line of sight. The observer then fixated the center of 
the background. which for this experiment was 
marked by dark cross hairs (Fig. lb. inset). After cone 
recovery, a disc-shaped afterimage could still be ob- 
tained, owing to the bleaching of the rods in the fo- 
veal fringe up to 2’ from the line of sight (cf. Alpem 
and Barr, 1962). In just the same way as before, we 
determined which backgrounds could be interchanged 
without exposing this afterimage. (Maxwell’s spot did 
not obtrude at the luminances used here.) The inter- 
changeable blues (vertical bars, Fig. lb) are now O-09 
log units brighter than in the parafovea, a difference 
that can plausibly be ascribed to the influence of ma- 
cular pi_g,entation in this retinal region; similar dif- 
ferences m scotopic spectral sensitivity were observed 
by Rushton (1968) and by Makous and Boothe (1974). 
Also. the limiting background intensity, abov-e which 
interchangeable backgrounds could not be found, is 
now about @6 log units lower than in the remoter 
parafovea. The reason for this is not yet clear. What 
is clear is that here just as in the remoter parafovea, 
the interchangeable background technique provides a 
valid test of rod equality at intensities at which the 
Flamant and Stiles technique breaks down. The open 
circles in Fig. 1 b represent red and blue backgrounds 
equally effective in raising the threshold for the 4’ 
test flash, centrally fixated but detected by rods. The 
three levels of threshold involved were approximately 
at the cone plateau threshold and @57 and 097 log 
units below it.’ The way that the open circles, ob- 
tained by the Flamant and Stiles technique. deviate 
from scotopic equality is reminiscent of the results 
of iMakous and Boothe (1974), though once again the 
present experiments do not show whether the devi- 
ations are due to some influence of cones on rod sen- 
sitivity or, alternatively, to cone-aided detection of the 
test flashes. 

Finally, two aspects of the time dependence of these 
phenomena are worth noting. First it is surprising that 
as long a period as 7.5 min must be allowed for cone reco- 
very-dark adaptation curves obtained under these condi- 
tions appear to reach the cone plateau asymptote after 
only about 5 min. Probably the cones at 7 min retain only 
a very slight sensitivity loss. enough to generate an after- 
image but not enough to be detectable in threshold 
measurements. Second, sooner or later (but not before 
20min have elapsed). the afterimage becomes faint and 
then vanishes irretrievably, as the rods approach complete 
recovery. The effect of this on the determination of inter- 
changeable backgrounds is to widen the range about the 
point of scotopic equality. But the widening is asymmetri- 
cal. The positive afterimage is for some reason less durable 
than the negative. and quite large deviations from scotopic 
equality may be required in order to visualize the positive 
afterimage toward the end of dark adaptation. This tends 

’ When determining the cone plateau thresholds, the 
bleached area was not in total darkness but was illu- 
minated by a very dim fixation field with cross-hairs. 

to bias the estimate of scotopic equality. but the problem 
can be handled by using the negative afterimage to deter- 
mine both of the limits of the range of intcrchangeabfe 
intensities. Thus to determine the dimmest blue back- 
ground that is interchangeable with a standard red. the 
afterimage can be allowed to fade on the blue and the 
observer can try to find the dimmest blue which can be 
replaced by the standard background without evoking a 
negative afterimage. 

To summarize: during the cone plateau and rod 
phases of dark adaptation, backgrounds of ditferent 
color that are equal for rods may be interchanged 
without reviving the afterimage of the bleached area. 
This means that cone stimuli are equally- effective 
whether applied to the bleached area or to its sur- 
round. Under the conditions dealt with here, then. 
bleaching the rods is without effect on cone sensi- 
tivity. 

SEXSIllVITY OF THE AFTERIMAGE TO CH.KiGES 
IN BACKGROUND LC>IINAKCE 

The previous experiments showed that a faded rod 
afterimage can be revived only by a change in the 
background as seen by rods. How sensitive is the af- 
terimage to a change of background intensity? It 
turns out that to revive a rod afterimage. the change 
need only be enough to be detected by the sensitive 
rods surrounding the bleached area. The threshold 
stimulus that is just sufficient to revive the afterimage 
is the threshold stimulus for those rods. First reported 
at absolute threshold by Rushton (197lab!_ this pro- 
perty of afterimages was applied by Gosline, Mac- 
Leod and Rushton (1973; MacLeod, in preparation) 
to follow the rod dark adaptation curve above the 
cone plateau. Here we use it to investigate the in- 
cremental sensitivity of the rods, at background in- 
tensities up to rod saturation, using white light and 
without obvious interference from cones. 

Method 

The same bleaching beam used in the previous exper- 
iment generated an afterimage centered 10’ from the line 
of sight, just as in Fig. la. After bleaching. the observer 
waited about 7 min in the dark to allow for cone recovery. 
and then viewed the 21’ background. For this experiment 
the background was white, bemg illuminated bl; unfiltered 
light from the quartz-iodine source. Once the afterimage 
had faded to leave the background looking uniform. the 
observer triggered a 2-set flash coincident with the back- 
gound. ThLs flash was supplied by the second optical 
channel and was added as an increment to the steady back- 
ground. The observer adjusted the flash intensiry and tried 
to find the intensity that was just sufficient to reveal a 
negative afterimage. 

Results 

This “afterimage incremental threshold- was found 
for each of a range of background luminances, and 
it is plotted in Fig. 2 as a function of background 
intensity. Filled squares show the results with a white 
test flash, and open squares show results with a blue 
(46Onn-1) test flash. both on a white background. The 
filled and open squares agree reasonably well (though 
the deviations may be significant) when the test flash 
intensities are expressed in scotopic td, showing that 
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Fio =,. 2. Squares plot the increment (in scotopic td) to a 
steady white background (horizontal axis) which is just 
sufficient to reveal a negative afterimage of a 10’ bleached 
area, 10’ parafoveal. Filled squares are for blue (460 nm) 
increments, open squares for white. Triangles show incre- 
ment thresholds for detection of a IO“ black hoie in a 

21’ white Bash added to the same background. 

biue and white Rashes that were just sufficient to ex- 
pose the afterimage were approximately equal for 
K&S. 

To permit comparison between the afterimage 
threshold and the ordinary incremental threshold, we 
also measured strai~tForw~d detection thresholds 
for the white test flash. These measurements involved 
no bleaching-instead the eye was in steady state 
adaptation to the background. The afterimage detec- 
tion situation was simulated by making the test flash 
non-uniform, with an opaque disc occluding the lo” 
area that would have been bleached in the corre- 
sponding afterimage experiment. The test Aash du- 
ration was 500msec. The observer tried to tind the 
lowest flash intensity that would allow him to detect 
the 10’ black hole. These thresholds are shown in 
Fig. 2 by triangles. Notice in Fig. 2 that at scotopic 
intensities, where the test flashes are seen only by 
rods, the afterimage thresholds and the ordinary 
thresholds agree quite well: if the flash is detected, so 
too is the afterimage. But at higher background in- 
tensities-conditions in which cones should be more 
sensitive than rods-the detection threshold lies be- 
low the afterimage threshold. A flash whose intensity 
lies between these thresholds is reliably detected but 
it appears uniform and does not revive the afterimage. 
In fact. the afterimage thresholds against these bright 
backgounds follow a plausible extrapolation of the 
rod threshold-vs-intensity curve, until on back- 
grounds of 100 td or more the afterimage threshold 
begins to increase steeply with the onset of rod satu- 
ration. Evidently the afterimage is exposed only if the 
incremental flash is visible to rods. The range of in- 
tensities associated with the inception of rod satu- 
ration is in reasonable agreement with previous ob- 
servations. In Fig. 2 the threhsoid has risen 0.3 log 
units (a factor 2) above the Weber line at a back- 
ground intensity of 2.0 log scotopic td. We will com- 

pare the various studies using this measure of “sa&- 
ration.” Fuortss. Gunkel and Rushton (1961) 
measured the increment thresholds of a subject “defi- 
cient in cone vision”. and Biakemore and Rushton 
(196%. those of a rod monochromat. The saturating 
background luminances were 2.0 log scotopic td in 
the former case and 2.15 log scotopic td in the latter. 
Aguilar and Stiles (195-Q and Hallett (1969) measured 
rod thresholds in the normal eye. isolating rods by 
choosing suitable wavelengths and pupil entry points 
of the test liz&t and background. Their values were 
2-A and 7.2 log scotopic td respectiveI>-. Other studies 
have sometimes yielded higher or ioaer values. but 
the values quoted here seem representative of psycho- 
physical data. Recording photocurrent responses of 
rat rods. Penn and Hagins (1972) found that the back- 
ground intensity which reduced the incremental gain 
by 0.3 log units was 350 Iir: SO (SE.) quanta absorbed/ 
rod sec. Our value of 100 scotopic td at the cornea 
should be equivalent to about 420 quanta absorbed. 
rod set-a value within the range of Penn and Ha- 
gins’ measurements. 

Afterimage thresholds of two other observers were 
measured. The thresholds were similar to those of 
MXIH, and exhibited saturation at about the same 
background in tensi ty. 

For further confirmation that the afterimage 
thresholds of Fig. :! are rod detection thresholds. we 
measured the detection thresholds oi a rod mono- 
chromat under the same experimental conditions that 
yielded the triangles in Fig. 2. The results appear as 
filled circles in Fig. 3. The rod monochromat detrc- 
tion thresholds. unlike the detection thresholds of the 
normal observer. are fitted by the same curve as the 
normal observer’s afterimage thresholds. This curve 
has been transferred from Fig. 2 to Fig. 3 without 
displacement. The agreement between the detecrion 
thresholds of the rod monochromat and the after- 
image thresholds of the normal observer supports the 
interpretation that the afterimage thresh&d is simply 
the threshold of the (unbleached) rods. This is ad- 

so , / I I / / 
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Fig. 3. Filled circles plot the increment rhrssholds for a 
rod monochromat. measured in the same manner as those 
of the normal observer (crossss. Fig. 21. The CUP+C has 
been transferred from Fig. 2 with neither horizontal nor 

vertical displacement. 
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ditional evidence that bleached rods do not affect sen- 
sitivity to stimuli seen by cones. 

C’nfortunately this afterimage experiment cannot be 
recommended as a precise technique for measuring 
rod incremental thresholds. At high intensities the 
measurementsare difficult and time consuming and the 
results are variable even after some practice. Besides, 
with test flashes or backgrounds more intense than 
those of Fig. 2. interesting complications set in which 
resemble the complications encountered at high in- 
tensities in the “interchangeable background” exper- 
iment. For example, if the background is intense 
enough to fully saturate the rods, a superimposed in- 
tense gash may revive an afterimage even after cones 
have recovered from the bleaching light. Remarkably 
enough, however, the revived afterimage is positive 
rather than negative. The origin of such “anomalous 
polarity afterimages” will be discussed elsewhere 
(Hayhoe and MacLeod, in preparation]. . 

CONE BLEACHISG AND ROD SENSITIVITY 

After a full bleach, the rod phase of dark adap- 
tation does not begin until many minutes after the 
cones have recovered. Nevertheless, the time course 
of rod recovery may depend somewhat on the extent 
to which cones were initially bleached (Rushton, 
1968); the basis of this effect, according to Rushton, 
is that regenerating cones take up 114s retinal, a 
necessary ingredient for rod recovery. Rushton’s effect 
was apparent only near the fovea where the cone po- 
pulation was high; in the remoter parafovea Rushton 
found that spectrally different bleaching lights 
equated for rods gave equal dark adaptation curves. 
Though Rushton regarded it only as a control exper- 
iment. this second result is an interesting demon- 
stration of rod-cone independence in dark adaptation. 
The following experiment is similar to Rushton’s con- 
trol experiment; it asks whether bleaching the cones 
affects rod recovery, in particular when rod recovery 
is measured soon after bleaching while cones are still 
insensitive. The principle of the experiment is to 
measure rod thresholds from the iirst few minutes of 
dark adaptation, and compare the time course of rod 
recovery from red and from green bleaching tights 
that are equally absorbed in rhodopsin. If rod-cone 
independence holds, the two curves should coincide. 

Apparatus 

The bleaching device was a Maxwellian view system, 
with a 200-W quartz-iodine source powered from a regu- 
lated ac. supply. The bleached area t&s a 9’ circle centered 
11’ above the line of sight. Red (Schott 0G3. 590 nrn 
cutoff) and green (501 + 9 nm at haff height) filters were 
attached to the aperture defining the bleaching field, so that 
the circular bleached area was verticafIy divided into red 
and green halves, separated by a thin (09’) dark strip. 
The red and green lights were orthogonally polarized and 
the ratio of their intensities could be varied by rotating 
a polarizer in the common path. In half of the runs, the 
red haif-field was on the left and in half it was on the 
right. 

The image of the bleaching source in the plane of the 
pupil measured 10 x 12mm. The pupil was kept dilated 
with Mydriacyl throughout the experiment, and the ob- 
server’s head was kept steady by a dental impression. 

Test flashes for threshold measurements were supplied 
by another channel of the same apparatus. The source for 

this channel was a 6-V car headlamp bulb. in order to 
facilitate rod detection of the test flashes. a blue 
(460 2 8 nm) interference filter was placed in the beam. 
and the small Maxwellian image entered the eye 3.5 mm 
from the pupil center so as to take advantage of the cones’ 
insensitivity to obliquely incident light. The test Bash lasted 
O-5 set, illuminating simuIt~eously two spots 38’ in dia- 
meter, each spot being centered within one half-field of 
the bleached area. This made it possible to measure the 
thresholds on the red- and green-bleached areas during 
a single run without changing fixation. The observer set 
thresholds for the two flashes alternately; each setting took 
10-30 sec. The test spots, like the bleaching half-fields, were 
orthogonally polarized so that their relative intensities 
could be adjusted. They were initially adjusted by the ob- 
server for equality of threshold in the dark-adapted eye. 
and the two thresholds were likewise found to agree 
toward the end of each dark adaptation run. 

The criterion of rod equality between the red and green 
bleaching lights was initially the brightness matches made 
by the observer at scotopic intensities, where no color dif- 
ference obstructed the me~u~ment. U~o~unately the 
matches were made with uncalibrated filters and conse- 
quently served only as a rough guide to rod equality. Two 
other criteria of rod equality were used. namely the bright- 
ness matches made by a rod monochromat at relatively 
high intensities. and the technique of Flamant and Stiles 
mentioned above in connection with the interchangeable 
background experiment. 

The experiment requires that cones be differently 
bleached by the red and green bleaching lights equated 
for rods. The intensity and duration of the bleaching expo- 
sure had to be chosen with this in mind, since too strong 
a bleaching exposure would have bleached nearly all of 
the pigment in both the red and green half-fields. The sco- 
topic td value for the green half-field was obtained from 
ener_e measurements made with the Tektronb cell (a 
9-n-m artificia1 pupil was used for these measurements): 
an approximate photopic td value for the red was obtained 
by projecting the field on to a diffusing screen and measur- 
ing the luminance of the screen using an SE1 photometer. 
This agreed with the photopic td value calculated by as- 
suming the red to have the same scotopic td value as the 
green at the point found to be rod equality, and then find- 
ing the ratios of the scotopic to the photopic td values 
by integrating the products of the spectral transmittance 
of the filter and the CIE scotopic and photopic luminosity 
factors. With the fields set to approximate rod equality. 
the scotopic luminances were 521 log scotopic td, and the 
photopic luminances were 4.32 log photopic td for the 
green and 6.12 log photopic td for the red The exposure 
duration was therefore set at Zsec. At this duration, the 
green field would have bleached roughly In, and the red 
field 48% of erythrolabe, and each field would have 
bleached about 37; rhodopsin. These values are based on 
the photosensitivity constants of Rushton and Wenry 
(1968) and Alpem and Pugh (1974); for simplicity, the spec- 
tral sensitivity of the SE1 observer has been identified with 
that of erythrolabe. 

Results 

For the initia1 scotopic matches, neutral filters were 
inserted into the bleaching beam so as to make both 
half-fields appear quite cobrless. We then selected for 
investigation a range of ratios of red to green bleach- 
ing energy of about 06 log units, spanning the region 
of scotopic equality in small steps. 

It seemed desirable to check the scotopic equality 
of green and red at the actual bleaching intensities 
used, since filter calibration errors could seriously af- 
fect the estimates made from the scotopic matches. 
This was done with the help of a rod monochromat. 
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Fig. 4. Dark adaptation curves following red and green 
bipartite bleaches of about 5.2 log scotopic td. Open circles 
plot threshold for a 37’. 460~nm test spot on the red- 
bleached area. filled circles for an identical test spot on 
the green-bleached area. Five separate runs have been plot- 
ted, with red.‘green bleaching ratios about 0.1 log units 
less than that required by the rod monochromat for a 
brightness match. The arrow marks the time by which 

cones have recovered from the bleach. Observer TB. 

In Maxwellian view he naturally found the lights into- 
lerably dazzling and could not make matches, so the 
fields were projected on to a white (paper) diffusing 
screen placed 31.5 cm from the plane of the pupil. 
A single spectrally calibrated filter of 0.6 neutral den- 
sity was placed in the beam to further reduce the 
luminance of the display. The rod monochromat then 
viewed the two half-fields, fixating so that they fell 
about 11’ from his line of sight, well .clear of the 
macular area, and adjusted thiir relative intensities 
until they seemed to him to match exactly. This he 
had no difficulty in doing; the standard error of his 
average setting was O-025 log units. The Flamant and 
Stiles technique, with a test flash 2.03 log units or 
more below the cone plateau (i.e. 164 log units or 
less above absolute threshold) supported the rod 
monochromat’s matches (with an experimental error 
of about 0.1 log units). 

The rod dark adaptation curves measured for the 
red-bleached and green-bleached regions coincided 
over a range of red/green ratios of about 0.2 log units 
(Fig. 4). The mid-point of this range differed from 
the rod monochromat’s average setting by only 0% 
log units. The dark adaptation curves are thus en- 
tirely consistent with the hypothesis that rod dark 
adaptation depends only on the extent to which rho- 
dopsin has been bleached. 

As a check that cones were differently affected by 
the red and green bleaches, dark adaptation curves 

A Stabell and Stabell’s experiments have generally em- 
ployed a test stimulus smaller than, or the same size as. ’ 
the adapting stimulus. Since it is possible to observe an 
“afterimage” of the red field with a larger test Bash it ap- 
pears that the effect is confined to the adapting region 
and is not an effect on the whole visual field. 

5 The subject was able to apply pressure to the eye in 
such a way that (a) dislocation of the eyeball was small, 
and(b)vis wascompletelyaboIishedonIy in the peripheral 
retina, allowing the fixation light to remain just visible 
during the IO-see exposure to the red. This ensured that 
the adapting stimulus felt on the area of retina it was in- 
tended for. 

were also taken with a deep red (656nm) test light. 
The red-bleached area. as expected. appeared initially 
much less sensitive than the green-bleached area. and 
it was not until almost 5 min had elapsed (arrowhead. 
Fig. -!I that the two areas became equal in sensitivity 
to the red flashes. We conclude that an insensitivity 
of cones, induced by bleaching. may be without effect 
on rod threshold. 

In other runs. the bleaching energy was increased. 
by increasing the intensity to 5.74 log scotopic td and 
the exposure duration to 10 sec. These exposures 
would have bleached about 7-L”,, of the rhodopsin. 
Here just as with the weaker bleaches the results con- 
lirm those of Rushton (1968) in showing that similar 
dark adaptation curves are obtained after red and 
green bleaches that are equal for rods. \lore precisely, 
the most similar curves were obtained by setting the 
ratio of red to green about 0.08 log units higher than 
the ratio required at the lower bleaching level: but 
the dark-adaptation curves are not \ery sensitive to 
variations in the r&green ratio, and we cannot be 
certain that this deviation is a real one. 

Adaptation to a stimulus which aflects mainly 
cones may change the appearance of a subsequent 
light seen only by rods (Stabell and Stabell, 1965). 
In particular, the scotopic test will appear colored 
in the region where cones have been adapted, an effect 
which, according to Stabell and Stabell (1971a). may 
last an hour or more. What sort of a breakdown of 
rod-cone independence does this remarkable effect 
denote’? Stabell (1968) and Stabell and Stabell (1971b) 
suggest that the disposition for these ‘-scotopic con- 
trast hues” is set up during adaptation at a location 
central to the receptors. The follow-ing observations 
support this suggestion. We find that a scotopic hue 
can be abolished by pressure blinding the eye during 
adaptation. A 5.4’, 4.2 log td red (U’ratten No. 92) 
adapting stimulus was superimposed on a 12’ blue 
(469 nm) background of 3.6 log scotopic td for the 
last 10 set of a 40 set exposure to the blue. The center 
of the display was located 6.8’ above the fixation 
point. The blue stimulus was used to ensure that rods 
would be uniformly (to within lo;) adapted in the 
12’ patch. so that any subsequent inhomogeneity of 
appearance must be due to the effect of the smaller 
red field on the cones. In the next _5-1Omin the sub- 
ject viewed alternately a dim 456 nm test patch ( - 2.7 
log scotopic td) coincident with the red-adapted area 
or a 469 nm test (- 1.9 log scotopic td) the same size 
as the blue adapting stimulus. Each test stimulus was 
presented for 1 set every 4 sec. The small test stimulus 
was clearly colored blue during the 5min following 
adaptation, and the large test appeared to have an 
ill-defined blue patch (corresponding to the red- 
adapted area) in the center,” though this was not as 
readily observable as the color of the small test. The 
experiment was repeated with the difference that the 
eye was pressure blinded during the 1Osec exposure 
to the red. Identical test conditions then failed to re- 
veal the scotopic contrast hue.j Four runs of each 
type (pressure-blinded and control) gave the same re- 
sult on the one subject (414IH) in the experiment. 
It follows that scotopic contrast hues are of centra! 
origin. and that the central imbalance is built up dur- 
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ing the adapting exposure. rather than from signals 
persisting after the offset of the adapting field. Be- 
cause of this imbalance, identical retinal signals from 
the adapted and unadapted regions will have different 
central effects. 

If spatially uniform signals from the eye are to have 
such an inhomogeneity imposed upon them at a later 
stage of transmission, how, then. was it possible to 
fmd the interchangeable backgrounds of Fig. l? Back- 
grounds interchangeable at early stages of the visual 
system should fail to be so later on. It is difficult 
to explain away this contradiction. but it is possible 
that the effect IS simply too smafl to show up in the 
interchangeable background experiment. Some ob- 
servers (3 out of 6 tested by us) did not see any scoto- 
pit colors at all. 

DISCUSSION 

All of, the results described above are consistent 
with the view that the loss of sensitivity after exposure 
to strong light. and its subsequent recovery, are 
brought about independently within the rod and cone 
systems. Central sensitivity-modifying mechanisms 
are thereby excluded, but with the following provisos. 
(I) First, any global modifications of sensitivity, oper- 
ating more or less unifo~ly over the whole field of 

view, might escape notice in our experiments, which 
all rely on simultaneous comparisons between the 
sensitivities of neighboring retinal areas. (2) Second, 
we have no satisfactory answer to reconcile the inter- 
changeable background results of Fig. 1 with the 
existence of scotopic contrast hues. (3) Third, we have 
equated loss of sensitivity with attenuation of some 
physiofogical signal, and we have attributed revival 
of afterimages to a difference between two signals 
emanating from the bleached and unbleached areas. 
Threshold measurements may depend on other fac- 
tors as well as on signal strength, however; in particu- 
lar on the variability of the baseline against which 
the threshold signal has to be detected. The observa- 
tions of Lansford and Baker (1969) and of Makous, 
Teller and Boothe (1976) that light adapting 
one eye makes the other eye more sensitive have as 
one interpretation that the dark-adapted eye sends 
a variable small signal (eigengrau) to the brain which 
may be abolished by bleaching (compare Tschermak- 
Seysenegg, 1952, p. 172). Such a reduction of “back- 
ground noise” may explain the observation that cone 
threshold may be slightly lowered by bleaching the 
rods. This lowering of cone threshold as a result of 
rod bleaching is suggested by the upward-drifting 
dark adaptation curves mentioned in the Introduc- 
tion, and has been established by Latch and Lennie 
(in preparation) in experiments designed to test for 
effects of rod signals on cone thresholds. The present 
experiments favor the conclusion that this rod-cone 
interaction is peculiar to threshold measurements and 
does not involve a differential attenuation of signals 
generated by cones. (4) Fourth, the use of adapting 
conditions that introduce contours into the vicinity 
of the test spot certainly allows cones to influence 
rod threshold (Frumkes, Sekuler and Reiss, 1972; 
Lennie and IMacLeod, 1973: Blick and MacLeod, in 
preparation), and these effects may last for minutes 
after extinction of the adapting stimulus (Latch and 

Lennie, in preparation). If as seems likely these 
phenomena are the result of contour-sensitive pro- 
cesses, they could hardly be conspicuous in our exper- 
imental situations, where the observer’s settings de- 
pend on detection of events against a subjectively uni- 
form field. (5) Finally, merely by the use of sut%ciently 
intense rest stimuli in our first two experiments (the 
“interchangeable backgrounds” experiment and the 
increment threshold experiment), phenomena could 
be observed which we argue elsewhere (Hayhoe and 
MacLeod, in preparation) are due to an effect of rod 
bleaching upon cone sensitivity. Intriguing though 
they are, these high-intensity interactions are quanti- 
tatively unimpressive and probabIy have no signifi- 
cant role in visual adaptation. The notion that the 
rod and cone signals are segregated in separate chaa- 
nels at the stages of the visual system that introduce 
the sensitivity modifications investigated here appears 
to be essentially correct, this slight crosstalk at high 
intensities notwithstand~~. 

One consequence of rod-cone independence in 
dark adaptation is that it provides methods for deter- 
mining the relative scotopic luminance of differently 
colored bright lights. This is especially timely now 
that the Flamant and Stiles technique has been called 
in question (Makous and Boothe, 1974; Makous and 
Peeples. in preparation). The dete~ination of back- 
grounds which can be interchanged without exposing 
a rod afterimage may prove a more trustworthy indi- 
cator of scotopic equality. At the higher luminances 
at which interchangeable backgrounds cannot be de- 
termined precisely, the determination of adapting 
lights which give the same rod dark adaptation curve 
appears to be a valid (though rather imprecise and 
time-consuming) alternative, at least if only a small 
fraction of rhodopsin is bleached. The slight deviation 
from scotopic equality of the adapting lights that may 
be required when the fraction bleached is large (Re- 
sults, p. 598 could perhaps be due to self-screening 
in rhodopsin, which may be present in high density 
under scotopic conditions (Alpern and Pugh, 1974). 
Unfortunately our data are not reliable enough to 
allow a density estimate of useful precision. 
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