
dysphoric effects was reported by four 
subjects 20 to 30 minutes after the 25-mg 
intravenous dose, and by two subjects 45 
to 60 minutes after the 100-mg intranasal 
dose. This dysphoria, referred to as 
"post-coke blues" or "crashing," was 
characterized by feelings of anxiety, de- 
pression, fatigue, and wanting more co- 
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Rod Photoreceptors Detect Rapid Flicker 

Abstract. It is widely believed that human rods cannot detect rapid flicker. With 
rod-isolation techniques, however, light-adapted rods detect flicker frequencies as 
high as 28 hertz, and the function relating rod critical flicker frequency to stimulus 
intensity contains two distinct branches. Human rod vision may, therefore, depend 
on two independent mechanisms. 
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intensity contains two distinct branches. Human rod vision may, therefore, depend 
on two independent mechanisms. 

Human vision is mediated by cone re- 
ceptors in bright light and by rod recep- 
tors in dim light (1). Because of this, psy- 
chophysical measures of temporal resolu- 
tion contain two distinct regions (2). At 
low, rod intensities, the maximum fre- 
quency of visible flicker (or critical flick- 
er frequency, CFF) increases with stimu- 
lus intensity, so that observers can see 
higher frequencies as the flickering stimu- 
lus is made brighter. This improvement 
in resolution terminates in a plateau at 
about 15 hertz, however, and unless the 
light stimulates cones, further increases 
in intensity do not affect CFF. At high, 
cone intensities, temporal resolution im- 
proves again, and cones can detect flick- 
er frequencies above 50 hertz when the 
stimulus is very bright (3). 

This suggests that rods achieve their 
special sensitivity at the price of a slug- 
gish response; that although rods can see 
dim light, they cannot see rapid flicker 
(above 15 hertz). The rod response does 
not stop when cones become active, 
however; rather it continues, concealed 
from measurement by the larger cone re- 
sponse. Using techniques that desensi- 
tize cones and reveal rod responses (4), 
we have measured rod CFF at high in- 
tensities. Contrary to popular belief, 
rods can detect rapid flicker. 

Our experiments required bright, spec- 
trally pure stimuli; these were provided 
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by a 900-watt xenon arc lamp. The test 
stimulus, which flickered sinusoidally, 
was a short-wavelength disk seen in Max- 
wellian view (5). It subtended 9? of visual 
angle and was centered on a deep red 
(670 nm), 13? background, which was lo- 
cated on the temporal retina, 16? from 
the fovea (6). The test light (but not the 
background) was obliquely incident on 
the retina. 

These experimental conditions en- 
hanced the rod response in several ways. 
First, rods are very sensitive to short- 
wavelength light, but cones are not; the 
spectral composition of the flickering 
field, therefore, helpCd rods and hin- 
dered cones. Second, cones are relative- 
ly sensitive to red light, but rods are not; 
the red background, therefore, reduced 
the modulation depth of the stimulus, as 
seen by cones, without much affecting its 
appearance for rods (7). Third, rods out- 
number cones in the retinal periphery, 
and they integrate their signals over large 
areas; the location and size of the stimu- 
li, therefore, facilitated rod detection of 
the flickering field. Fourth, rods are high- 
ly sensitive to obliquely incident light, 
but cones are not (see below). 

Observers adjusted the frequency of 
the flickering stimulus to determine the 
highest frequency (CFF) that was visible 
at each of many intensities (Fig. 1A, 
open symbols). As expected at low in- 
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Fig. 1. Critical flicker frequency versus stimulus intensity. (A) Settings obtained either after 
complete dark adaptation and with a test stimulus of 430 nm (open squares), 469 nm (open 
triangles), or 520 nm (open circles), or during the cone plateau phase of dark adaptation and 
with a test stimulus of 469 nm (closed triangles). (B) Settings made after complete dark adaptation 
(open symbols) and during the cone plateau phase (closed symbols) for a 469 nm stimulus, which 
struck the photoreceptors either axially (circles) or obliquely (triangles). 
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tensities, when CFF had increased to 15 
hertz, further intensity increases (by as 
much as 30-fold) did not change CFF. 
However, at higher intensities, pre- 
viously uninvestigated for rods, the 15- 
hertz limit was easily surpassed, and 
CFF rose sharply with increasing in- 
tensity (8). Although our experimental 
conditions were chosen to isolate rod re- 
sponses, this high-intensity improve- 
ment in temporal resolution is more con- 
sistent with the behavior of cones than 
with current beliefs about the behavior 
of rods. Our efforts to isolate rod re- 
sponses at high intensities, then, might 
have failed. In order to examine this 
possibility, we conducted three addi- 
tional experiments, which determined 
the roles of rods and cones in the first 
experiment. 

1) Since the spectral sensitivity func- 
tions of rods and cones are different, a 
pair of lights that affect rods equally will 
not affect cones equally. Therefore, CFF 
settings obtained with rod-equated stimu- 
li (stimuli that have an equal effect on 
rods) will be independent of wave- 
length only if the flicker is detected by 
rods. As the CFF functions from experi- 
ment 1 (Fig. 1A, open symbols) have the 
same shape and overlap completely, the 
visual mechanism operating must have 
the spectral sensitivity of rods. 

2) An extremely bright light bleaches a 
large fraction of visual pigment and re- 
duces visual sensitivity during the period 
following the bleach. Although cones re- 
gain their sensitivity in about 5 minutes, 
rods require about 30 minutes to recov- 
er. Thus, there is an interval (the cone 
plateau) bounded by the full recovery of 
cones from bleaching and the later recov- 
ery of the rods. If cones detected the 
flickering light in the first experiment, ob- 
servers would make identical CFF set- 
tings during the cone plateau before the 
rods had recovered from being bleached. 
After a 30-second exposure to a bleach- 
ing light (9), observers made CFF set- 
tings for many stimulus intensities. Set- 
tings made on the cone plateau (Fig. 1A, 
closed triangles) are lower at every in- 
tensity than those obtained in the first ex- 
periment. Therefore, the visual mecha- 
nism responsible for the two-branched 
curve does not have the dark-adaptation 
properties of cones. 

3) Cone thresholds are higher for 
obliquely incident light than for light 
which strikes them axially, but rod 

thresholds are independent of the angle 
of incident light (10). If flicker is detected 
by rods, therefore, CFF settings ob- 
tained with axially and obliquely incident 
light will be the same. If cones detect the 
flicker, however, the CFF settings ob- 
tained with oblique light will be lower 
than those obtained with axial light. Fig- 
ure lB compares CFF. settings made 
with axial and oblique light (11). During 
the cone plateau, as expected, CFF set- 
tings with oblique light (filled triangles) 
were lower than those with axial light 
(filled circles). Settings made when the 
observer was fully recovered from the 
bleaching exposure, however, were the 
same for oblique and axial stimuli (open 
symbols). Therefore, the visual mecha- 
nism responsible for the two-branched 
CFF curve lacks directional sensitivity. 

Thus, under the special conditions de- 
scribed here, we find that the function re- 
lating CFF to luminance contains three 
sections: (i) a rising, low-intensity 
branch; (ii) a moderate-intensity plateau; 
and (iii) a rising, high-intensity branch, 
which extends to high frequencies. The 
photoreceptors responsible for these 
data have the spectral sensitivity of rods, 
the dark-adaptation properties of rods, 
and the directional-sensitivity properties 
of rods. We conclude, therefore, that 
these photoreceptors are indeed rods, 
whose temporal properties change 
abruptly at high luminances, permitting 
the detection of rapid flicker. 

Green and Siegel (12) reached a similar 
conclusion in a study of CFF in the all- 
rod skate retina. After prolonged expo- 
sure to a flickering stimulus, the skate 
CFF function contains a low-intensity 
branch, a short plateau, and a high-in- 
tensity branch rising to 30 hertz. Green 
and Siegel's results and ours have seri- 
ous implications for comparative studies 
of vision: a two-branched CFF function 
does not establish the presence of both 
rods and cones. 

Our results, showing that the temporal 
properties of human rods change at high 
intensities, contradict the common gener- 
alization that rods are sluggish, for, at 
high intensities, the response of human 
rods is comparatively brisk. The nature 
of the changes that allow rods to see rap- 
id flicker are unknown, but they may re- 
flect either of two retinal properties. (i) 
Rod vision may be mediated, as is widely 
believed, by a single mechanism, and the 
temporal properties of this mechanism 

may change abruptly at high luminances. 
(ii) Rod vision may be mediated by two 
independent systems: one which re- 
sponds sluggishly and in dim light, and 
another which responds briskly and in 
bright light. 
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