Microsecond Sensitivity of the Human Visual

System to Irregular Flicker

Abstract. A flickering light presented to the eye produces a small alternating volt-
age at the scalp of a subject. This alternating voltage indicates the following re-
sponse of the brain to the flicker. If every other flash in the flicker is displaced tempo-
rally by as little as 30 microseconds, an asymmetry appears in the brain’s alternating
voltage. The results suggest an underlying mechanism that may enhance visual de-

tection of high-frequency flicker.

The alternating voltage produced at a
subject’s scalp by a viewed light flicker-
ing at more than 7 Hz is termed the
steady-state evoked potential (EP). Ac-
cording to Regan (/), a property of the
steady-state EP is that no individual
cycle in the EP alternating response can
be associated with a particular stimulus
cycle, that is, a particular flash. How-
ever, results from Diamond (2) suggest
that such an association can be made.
These experiments were designed to ex-
plore this possibility.

The experimental design was based on
an asynchrony in the flickering light:
every other flash was displaced tempo-
rally by a small amount. If stimulus-re-
sponse (S-R) association existed, the
asynchronous flash would be expected to
produce an associated asynchrony, or ir-
regularity, in the EP response. An asso-
ciated irregularity did appear in the EP,
an irregularity that could be produced by
a flash displacement as small as 30 usec.

The subject binocularly viewed a flick-
ering circular test screen 6.2° (visual
angle) in diameter and backlighted by
flashes each 9 usec in duration (half-
wave width). The EP recordings were
made with an electrode (Beckman) from
the midline occipital scalp 2 cm above
the inion, with a reference electrode
clipped to the right earlobe and a ground
electrode to the left earlobe. Scalp po-
tentials, amplified by an electroencepha-
lograph (EEG) (Schonander), were aver-
aged from 128 successive sweeps of an
averaging computer (Fabritek 1070).
Each sweep of the averager sampled 128
msec of the EP response following a
flash. Signals below 3 Hz and above 700
Hz were attenuated at least 3 dB by am-
plifier filters.

Light flashes were produced by a pho-
tostimulator (Grass) triggered externally
by an interval timer with a range of 1
usec to 999 seconds. Random fluctuation
in the average of the 512 flashes (re-
quired to produce one averaged EP rec-
ord) was less than 2 usec in timing and 3
percent in luminance. These fluctuations
were shown to have no systematic effect
on the averaged EP record in a control
experiment (Fig. 1f). Although flash lu-
minance changed systematically with in-
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ter-flash interval (IFI), such luminance
change was shown in control experi-
ments to have a negligible effect on the
phenomena studied.

Since the subject’s visual sensitivity
affected the EP, a stimulation-adaptation
cycle was established during data collec-
tion. This cycle consisted of stimulation
by a flicker train of a maximum of 512
flashes followed by a steady adapting il-
lumination from a tungsten bulb oper-
ated at 43 V, 1.53 A (d-c), which back-
lighted the test screen for 35 seconds.
The luminance of the flicker, measured
at 20 Hz (close to flicker fusion frequen-
cy), was 53.2 cd/m?; that of the adapting
light, 15.3 cd/m? and that of a dim,
steady surround, 0.17 cd/m?® (approxi-
mately 20° square and used to minimize
the effects of light scatter in the eye).

Since Jeffreys (3) has reported dif-
ferences in the EP to stimulation of the
upper and lower retina, the subject was
instructed to fixate a small black point
1.6° below the upper border of the test
circle along a vertical radius. Of the six
subjects tested, four were male and two
were female; all had normal or corrected
vision and viewed the flicker through
natural pupils. The results described in
Fig. 1 for subjects A.D. and C.W. (one
male and the other female) are represen-
tative of all six subjects unless otherwise
stated.

In experiment 1, which investigated S-
R association, the light was flickered in
such a way that the time intervals be-
tween the successive flashes alternated
between 40 and 47 msec. Thus, starting
with the first flash, if successive flashes
were designated A, B, A, ... and so
forth, the time interval, ‘AB (between A
and B) was 40 msec, the next time inter-
val BA was 47 msec, the next, AB, 40
msec and so forth. Of the two flashes,
only flash A was used to trigger the
sweeps of the signal averager. In this
manner, a flash A is always located at 0
on the sweep duration axis (Fig. 1). The
A was thus a constant temporal refer-
ence for any change in the EP.

The alternation of the time intervals in
the flicker, between 40 msec (AB) and 47
msec (BA), produced alternating small
and large areas under the EP curve
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(small-large alternations) (Fig. 1, a and
b). In Fig. 1a, if we consider the area
bounded by the EP curve and the dashed
lines, the area between negative peaks
N, and N, is smaller than that between
N, and Nj;. Furthermore, if the time in-
tervals AB and BA are reversed in dura-
tion, the small and large areas included
between the two sets of negative peaks
are also reversed (Fig. 1b). Although
from these data alone it cannot be deter-
mined which stimulus interval is associ-
ated with which EP area, an association
exists between stimulus interval and EP
area. An S-R association thus apparently
exists in the steady-state EP, at least for
the experimental conditions studied.

In experiment 2, intended as a control
test of this S-R association, six subjects
were asked to view a regularly spaced,
flickering light in which intervals did not
alternate. With no alternation in the
flicker, none was expected in the EP.
Nevertheless, for three subjects, the al-
ternation still appeared in the EP ().
This result now appeared to refute an S-
R association hypothesis.

Experiment 3 showed, however, that
of critical importance was the fact that
flash A was always the first flash of the
entire 512 flash-flicker train. That is, if B
was made the first flash of the train, the
EP alternation was reversed. (in the same
manner as from curve a to curve b in Fig.
1).

These control results suggested that an
asynchronous interval still existed in our
“‘regularly spaced’’ flicker and further-
more, that this interval was somehow re-
lated to the first flash of the flicker train.
In our experiments, an intertrain interval
of 35 seconds preceded each flicker train
and, of course, its first flash. Possibly the
intertrain interval could have had the ef-
fect of a greatly increased IFI or an
asynchrony occurring once in 512
flashes. To test this hypothesis, in exper-
iment 4 I presented a regularly spaced
32-flash train with a 47-msec IFI to six
subjects. (I used 32 flashes rather than
512 because most subjects had difficulty
suppressing blinks for the longer train.)
The intertrain interval was 122 msec. In
two separate conditions, the first flash of
the train following the 122-msec interval
was either A or B, respectively.

The alternation occurred again in the
EP and reversed when the first flash
following the intertrain interval was
changed from A to B (Fig. 1, c and d). It
seems, then, that whether an asynchrony
occurred in flicker every 2, 32, or 512
flashes (5) (or whether we term the
asynchronous interval an IFI or an inter-
train interval), the asynchrony could es-
tablish an alternation in the EP. In addi-
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tion, the order in which the alternation
occurred was related to the first flash of
the flicker train following the asyn-
chronous interval. For flicker trains in
which the asynchronous interval occurs
only once in every 32 or 512 flashes, the
alternation is possibly sustained by a
type of resonance similar to that already
noted in the steady-state EP (6).

A useful control procedure resulted
from experiment 4. During flicker, an
eye blink may occlude more than 100
msec of flashes and thereby reverse the
alternation by randomly introducing an
asynchronous interval into the flicker.
But, with frequent interjection of an in-
creased interval into the flicker, and al-
ways before the same flash (A for ex-
ample), one can repeatedly reset the EP
alternation to the flash that began the
train.

The results to this point thus seemed
to support the possibility of an S-R asso-
ciation in the steady-state EP. In the
testing of this hypothesis, however, it
was found that a 32-second or 122- or 7-
msec asynchrony in flicker established
the small-large alternation. It then be-
came of interest to determine the small-
est asynchrony capable of establishing
EP alternation. Experiment 5 was con-
ducted with a procedure similar to that of
experiment 1. A basic flicker of 40-msec
IFI was used. The time interval AB was
then minimally increased until an area al-
ternation appeared in the EP (as in Fig.
la). Next, AB was minimally decreased
until the reverse area alternation oc-
curred (as in Fig. 1b). This reverse in al-
ternation was produced twice for all six
subjects. As a measure of the extent of
area reversal in the EP, the difference
between the two EP curves, resulting
from the minimal reversal in AB, was
computed (Fig. le). For a control com-
parison, a similar difference curve was
computed from the arithmetic difference
of the two EP curves produced when the
same value of AB was simply repeated
(Fig. 1f). Blinks were also compensated
for, as before, by the interjection every
32 flashes of an interval 2 msec longer
than the IFI.

The minimum change necessary in AB
to produce a measurable and consistent
change in EP alternation was surpris-
ingly small: between 30 and 90 usec for
the six subjects (7). Not surprisingly,
none of the subjects reported any
changes in their perception of the flicker.

Apparently a temporal irregularity in
flicker as small as 30 usec can establish
an alternation between large and small
EP’s. The temporal acuity of the visual
system might thus be enhanced when the
system reacts mainly to every other
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flash, thus effectively doubling the de-
tectable frequency. Indeed, perceptual
research (8) indicates that for very rapid
flicker, subjects report seeing fewer
flashes than are actually in the flicker.

If this temporal acuity hypothesis is
correct, the small-large EP alternation
should occur more to the faster than to
the slower frequencies, and therefore,
more to the shorter IFI’s. To test this hy-
pothesis, in experiment 6 the EP was
measured to a regular flash train alternat-
ing with a 35-sec intertrain interval. The
first flash of each train was varied from A
to B, as was the IFI from 40 to 85 msec.
Blinks were also compensated for with
the interjection into the flicker of an
increased interval (75 msec longer than
the IFI) every 32 flashes, always preced-
ing the same flash that began the flash
train (A or B).

Each curve plotted in Fig. 1g is similar
to that which would result from the arith-

metic subtraction of curve d from curve
¢ in Fig. 1. Such a difference curve in-
dicates the amount of change (reversal)
in the EP alternation resulting from a
change in the first flash (A to B) of the
flicker train. If there is little EP alterna-
tion, as hypothesized for the long IFI’s,
the first flash would have no effect, and
the difference curve would be relatively
flat. Since for all subjects the EP ampli-
tude increased with an increase in IFI (a
factor of 1.6 for A.D. and 1.7 for C.W.),
the difference curves are plotted as a
percentage of the EP amplitude at each
IFL.

The flattest difference curves are at the
two longest IFI’s (Fig. 1g). Thus, an
asynchrony in the flicker has the least ef-
fect at the slower flicker frequencies and
the greatest effect at the faster frequen-
cies.

An asynchrony in flickering light can
thus establish an associated asymmetry
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Fig. 1. Steady-state response curves to flickering light, averaged over a 128-msec sweep dura-
tion of an averaging computer, for two subjects (A.D. and C.W.). Curves are positive up. Small
pips are flash artifacts. (a) The alternation in area between large and small under the EP curve
resulting from a 40- to 47-msec alternation in IFI, AB to BA. The small EP area is included
between negative peaks N, and N, the large area between N, and Nj. (b) These areas reverse
when the AB-BA alternation is reversed. (c and d) A reversal in the EP area alternation is also
associated with a change, from A to B, in the first flash of the entire flicker train. (e) Difference
produced in the EP curve by a minimal change in the flicker interval AB. (f) Differenice control.
(g) For different IFT’s, the percentage change produced in the EP curve by a change in the first
flash from A to B. (The curve at 47-msec IFI was calculated from the difference between curves
c and d.) Each difference curve is expressed as a percentage of the largest peak-to-peak ampli-
tude at each IFI. A flat difference curve suggests minimal EP alternation relative to the EP

amplitude.
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in the EP response to the flicker. This EP
asymmetry is measured as an alternating
large and small area under the EP curve.
It is greater for the faster than for the
slower flicker frequencies and may
thereby enhance visual detection of high-
frequency flicker. This apparent en-
hancement mechanism is sensitive to as
little as 30-usec change in the flicker
asynchrony.
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Sieep-Wake Cycle as an

resembles sleep in normal subjects whose
rapid-eye-movement sleep are phase-ad-

vanced (shifted earlier) relative to their sleep schedules. If this analogy is relevant to
the pathophysiology of depressive illness, advancing the time of sleep and awak-

ening should temporarily compensate for

the abnormal timing of depressed patients’

circadian rhythms. Four of seven manic-depressive patients studied longitudinally
spontaneously advanced their times of awakening (activity onset) as they emerged
from the depressive phase of their illness. In a phase-shift experiment, a depressed
manic-depressive woman was twice brought out of depression for 2 weeks by advanc-
ing her sleep period so that she went to sleep and arose 6 hours earlier than usual.
The antidepressant effect of the procedure was temporary and similar in duration to
circadian desynchronization induced by jet lag in healthy subjects. This result sup-
ports the hypothesis that abnormalities of sleep patterns in some types of depression
are due to abnormal internal phase relationships of circadian rhythms.

The human circadian system has been
described (/-3) as consisting of multiple,
self-sustained oscillators that are mu-
tually coupled and that can be entrained
by the zeitgebers in the environment to
ensure temporal order within the orga-
nism. Aschoff has recently concluded
3): ‘It is still unknown whether there
are illnesses specific to changes in circa-
dian organization, and whether these dis-
turbances can be sufficiently character-
ized to enable their use as diagnostic cri-
teria. Although the hypothesis of de-
synchronized circadian rhythms in af-

fective illness [4, 5] underlies much psy-

chiatric theorizing, there is not yet a
sound experimental base to these theo-
ries’” (3, p. 1855). We describe a clinical
study that directly tests this hypothesis.

In patients with major depressive ill-
ness, disturbed sleep is a primary symp-
tom. The architecture of sleep and the
duration of sleep are regulated by pro-
cesses that undergo circadian fluctua-
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tions. When sleep is sampled during
short naps around the clock in normal
subjects, rapid-eye-movement (REM)
sleep exhibits a circadian rhythm, with a
maximum in midmorning and a minimum
in the late afternoon (6). Thus, REM
sleep normally predominates in the latter
" half of the sleep period. Extensive elec-
troencephalographic studies of the sleep-
wake cycle in depression indicate that in
depressed patients REM sleep occurs
earlier in the sleep period than it does in
controls (7). The sleep disturbance of de-
pression can be mimicked in some re-
spects—short REM latency (elapsed
time from sleep onset to REM sleep on-
set), short total sleep time, and increased
awakening at the end of the sleep peri-
od—by shifting the onset of normals’
sleep period from 10 p.m. to 10 a.m. (§).
Furthermore, experimental manipula-
tions of the circadian sleep-wake cycle in
healthy subjects have shown that it is
possible to change internal phase rela-
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tionships between different circadian
rhythms (7, 2, 9) and that these changes
may be associated with psychopathologi-
cal symptoms ranging from emotional
and psychosomatic disturbances (I, 10)
to depressive reactions, hostility, and
even suicide (/7).

Thus, it has been inferred that, in de-
pression, the circadian rhythm of REM
sleep may occur abnormally early, that
is, phase-advanced relative to the sleep
period (8, 12). Additional evidence from
biochemical and physiological measure-
ments supports the hypothesis that cer-
tain circadian rhythms of depressive pa-
tients are phase-advanced (13, 14).

If this inference is relevant to the etiol-
ogy of affective illness, advancing a de-
pressive patient’s sleep period by several
hours should alter the internal phase
relationship between the circadian sleep-
wake cycle and other circadian rhythms
(such as temperature or the probability
of REM sleep) so as to normalize both
sleep architecture and mood.

We now report some clinical observa-
tions and an experiment based on this
model. In seven manic-depressive pa-
tients (/5) we continuously monitored
the 24-hour rest-activity cycle with a
computer-based nontelemetered ambula-
tory monitor worn on the nondominant
wrist (16, 17). Plots of motor activity
data (Fig. 1) revealed that four patients
rapidly advanced their time of awak-
ening as they emerged from the depres-
sive phase of their illness (usually pa-
tients switched from depression into
mania or hypomania). Although each pa-
tient’s total sleep time was also markedly
reduced, the shortening of the sleep peri-
od was almost entirely due to the earlier
onset of awakening. In some cases pa-
tients reported that they were drowsy
early in the evening, but did not go to
bed until later because of hospital rou-
tine. If this earlier awakening represents
a sudden spontaneous phase advance of
the sleep-wake cycle relative to other
rhythms, it suggests that such a proce-
dure could be associated with improve-
ment in depression.

These observations encouraged us to
test the circadian rhythm phase-advance
hypothesis directly by advancing the
sleep period of one of the patients by
several hours during a depressive epi-
sode. The patient, a 57-year-old woman,
had a history of responses to tricyclic
antidepressants, monoamine oxidase in-
hibitors, electroconvulsive treatment,
and sleep deprivation therapy. We found
that a 6-hour phase advance of her sleep-
wake cycle was sufficient to normalize
sleep architecture and cause a rapid re-
mission of symptoms (characteristic of a
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