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Abstract—Man is the only eukaryotic organism in which it has been reported that the circadian system
cannot be entrained to a 24-h period by a simple light-dark (LD) cycle. In this paper, we reexamine the
evidence for that claim and demonstrate that there were some fundamental flaws in the experimental
design of the previous studies on which this conclusion was based. We report new studies in which we
tested the efficacy of LD cycles in entraining the circadian rhythms of human subjects living in isolation
from environmental time cues. We found that the cyclic alternation of light and dark, when applied to
human subjects in a comparable way to experiments in other species, was an effective entraining agent.
Our results and a critical review of the literature indicate that a LD cycle alone can be an effective
environmental synchronizer of the human circadian timing system. Other factors, such as the knowledge
of time of day, social contacts, the feeding schedule, and the imposed rest-activity schedule may contrib-
ute to stable entrainment, although their relative strengths as synchronizers have yet to be determined.

INTRODUCTION

Since DeCandolle’s original observation (1832) that
the period length of the daily leaf position rhythm of
plants placed in continuous light was shorter than
24 h, the observation that such [ree-running self-sus-
tained oscillations (circadian rhythms) persist with a
non-24-h period in the absence of periodic environ-
mental inputs has become well established. In the
early 1960s, two groups independently sought to ver-
ify this phenomenon in man. Aschoff and Wever
(1962) placed subjects singly within a sealed cellar
below a Munich hospital for 8-19 days and Siffre
(1964} lived by himself in an underground cavern for
two months in 1962. Both groups reported that the
spontaneous or f[ree-running period length of the
human rest-activity cycle was greater than 24 h, aver-
aging 25 h. Thus, it was clear that under natural con-
ditions certain periodic environmental stimuli (called
zeitgebers by Aschoff, 1960) were synchronizing or
entraining the human rest-activity cycle to a period of
exactly 24 h.

Information regarding the nature of such periodic
environmental stimuli can be obtained by examining
the experimental conditions common to the subjects
in both of those [ree-running experiments. They in-
cluded: ignorance of the time of day; self-selection of
ambient light level; isolation from social contact; an
unscheduled regimen of eating; an unscheduled regi-
men of bedrest and activity. Thus, any one or more of
a number of periodic factors, which we have summar-
ized in Table I, could be responsible for normally

*To whom correspondence should be addressed.
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entraining human circadian rhythms to the 24-h
period of the earth'’s rotation.

Aschoff and Wever have concluded from their
extensive experiments during the past 15 years that
‘social cues’ (Factor III) were responsible for the nor-
mal entrainment of human circadian rhythms. They
reported that the LD cycle (Factor II) was too weak a
zeitgeber to entrain the circadian rhythms of man
(Wever, 1970; Aschoff et al, 1971a; Wever, 1974;
Aschoff and Wever, 1976). Since those conclusions set
man apart from all other organisms previously stud-
ied, and since their concept of “social cues” was not
fully defined, we have reviewed the published studies.

PREVIOUS STUDIES: A REINTERPRETATION

Knowledge of time (Factor I). In 1964, Mills
reported that the knowledge of time (Factor I) was
insufficient to entrain the circadian rhythms of a' man
who had a watch while he lived in a cave, isolated
from human contact for 3 months. Findley et al.
(1963) confirmed that finding with a different subject.
However, careful analysis of the free-running patterns

Table 1. Possible factors responsible for
entrainment of human circadian rhythms

Factor

I. Knowledge of the time of day

I1. Environmental light-dark cycle
III. Social contacts

IV. Timing of food availability

V. Scheduling of bedrest and activity
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of both of those subjects suggested that the knowl-
edge of time may have modulated their periodic be-
havior, revealing typical patterns of ‘relative coordin-
ation’ to an external zeitgeber too weak to entrain an
endogenous rhythm (von Holst, 1939; Enright, 1965;
Aschoff, 1965; Saunders, 1977). The extent of that
influence varied between and within each of those ex-
periments. The knowledge of time (Factor I) is there-
fore probably a weak zeitgeber of human circadian
rhythms, which cannot account for the normal
entrainment of human circadian rhythms to a 24-h
day.

Light-dark cycles (Factor 1I). Cycles of alternating
light and darkness (LD cycles)} are the most powerful
environmental synchronizers of biological rhythms in
a wide variety of organisms from unicellular algae to
higher mammals (Bruce, 1960; Pittendrigh, 1960;
Zucker, 1976; Moore-Ede and Sulzman, 1977), includ-
ing primates (Hoffman et al, 1969; Rohles and
Osbaldiston, 1969; McNew et al.,, 1972 ; Moore-Ede et
al.,, 1977). Aschoff and Wever presumed initially that
LD cycles were important synchronizers in man and
therefore designed their facility in Andechs, Germany,
to allow for extensive manipulation of illumination
conditions (R. Wever, personal communication). Free-
running circadian rhythms were observed with both
sell-selected LD cycles and constant light of varying
intensity (Wever, 1969). Imposed LD cycles (Factor
II) were initially reported to be a very effective zeit-
geber to entrain those [ree-running rhythms in man
(Aschoff et al., 1969).

By chance, however, in one study an LD cycle
entrainment experiment was conducted without the
usual use of the system of gong sounds which sig-
nalled and/or awakened subjects for periodic urine
collections§. The investigators were surprised to find
that an imposed LD cycle without the periodic gong
signals was insufficient to entrain the subject to 24-h
day (Wever, 1970). Entrainment occurred only when
the LD cycle and gong signals were paired.

This led Wever to conclude that a simple light-
dark cycle (Factor II), complete with dawn/dusk tran-
sitions, was a weak zeitgeber in man. Figure 1 shows
the rest-activity pattern from such an experiment
double-plotted, in which the rest-activity cycle appar-
ently failed to entrain to a 24-h LD cycle. Wever did
note relative coordination of the rest-activity cycle
pattern to the 24-h LD cycle in some subjects. The
gong signal was interpreted as a personal call from
the experimenter and therefore a “social” contact
(Factor III), making the gong signal a much more
powerful zeitgeber than the LD cycle (Wever, 1970;

tAbbreviations: DSPS, delayed sleep phase syndrome;
EF, eating-fasting; LD, light-dark: RHT. retinohypothala-
mic tract; SCN, suprachiasmatic nuclei.

§This experiment was not initiallv performed to test the
influence of the gong signals. which they had presumed to
be insignificant. Mechanical failure of the gong signal sys-
tem at the beginning of one experiment led to the discovery
of their influence (Wever, 1979, p. 151).
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Figure 1. Bedrest-activity cycle in subject living in an en-
vironment without knowledge of time. Data are double-
plotted in a raster format, with successive days plotted
beneath each other as well as side by side to aid visualiza-
tion. Thin horizontal lines indicate reported waking hours;
reported bedrest episodes indicated by heavy black hori-
zontal bars. Imposed cycle of overhead illumination is
shown, with stippling indicating no overhead light. How-
ever, subject was allowed the use of kitchen, bathroom,
bedside and desk lamps at self-selected times (Redrawn
from Wever, 1970).

Wever, 1974). However, the efficacy of the gong signal
as a principal zeitgeber (i.e. in the absence of an LD
cycle) was never evaluated. Nonetheless, those experi-
ments have led to a general conclusion that LD cycles
are a weak zeitgeber in man.

A critical examination of the experimental con-
ditions in which those human LD entrainment studies
were conducted indicated that the experimenters per-
mitted the subjects to use kitchen, bathroom, bedside
and desk lamps as sources of self-selected light during
the ‘dark’ phase of each cycle. Those tests of light-
dark cycle entrainment were, therefore, not compar-
able to those carried out in other organisms, being
more similar to experiments with self-selected LD
cycles. It has been repeatedly shown that both ani-
mals (Wahlstrém, 1965; Aschoff et al., 1971b; Cone,
1974; Warden and Sachs, 1974) and humans (Aschoff
and Wever, 1962; Sifire, 1964; Colin et al, 1968;
Wever, 1969; Czeisler, 1978; Weitzman et al., 1979)
will free-run under conditions of self-selected LD. We,
therefore, do not feel that one can conclude that an
LD cycle is an ineffective zeitgeber in man (Factor II).

Social contacts (Factor III). Aschoff and Wever
concluded from the above experiments that ‘social
cues’ (Factor III) were by far the most important zeit-
geber in man. However, that conclusion presumes
that the subjects perceived only the automatic gong
signal and not the automatic overhead light switch as
a personal call from the experimenter and that their
circadian system responded to that perceived “social
contact.” An alternative argument can be made that
the regular gong signals and the accompanying per-
formance tests, which were timed to occur more [re-
quently during expected waking than sleeping hours
(as well as at bedtime and waketime) acted as an
alarm clock which interrupted the subject’s sleep each
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morning. thereby facilitating his adaptation to the im-
posed cycle of overhead lighting |. The latter interpre-
tation would support a role for Factor V, the sche-
duled regimen of bedrest and activity, as important in
entrainment.

Aschoff et al. (1971a) reported that there was no
change in either the period length or the waveshape of
multiple circadian rhythms in subjects studied for
four days in an LD cycle as compared to four days in
constant darkness, provided they maintained the sub-
jects on a “rigorous schedule, with rest time in bed
from 23.30 to 07.30 hours” (Aschoff et al, 1971a).
Urine collection, performance testing and mealtimes
were similarly scheduled. They concluded that “social
cues apparently were sufficient to entrain human cir-
cadian rhythms” (Aschoff et al,, 1971a). As in the case
of the gong signals, the specific nature of the ‘social
cues’ involved were not precisely defined. The only
reference to the social conditions mentioned in the
paper was that the subjects were housed in pairs. It
was not clear whether those authors felt that the
social cues had to be periodic for effective entrain-
ment, or whether mere interaction with an entrained
individual was sufficient. Wever (1979) later indicated
that every 3 h (including awakenings from sleep) the
subjects gave urine samples and performed tests
“...in the presence of an experimenter.” There were
also gong signals every 3-4 h.

Other evidence cited for the importance of social
contacts as a zeitgeber in man has been the mutual
entrainment which usually occurs among members of
a group living together in isolation from time cues
(Poppel, 1968; Wever, 1974; Winget and Leach, 1977).
However, interpretation of those studies is con-
founded by the fact that such subjects might have
tended to schedule their activities, such as mealtimes,
bedrest and activity times, around the periodic behav-
iors of each other and thereby be mutually entrained
via Factors IV and V. Whether periodic social con-
tacts (in the absence of concurrent behavioral sche-
duling) would act as an entraining agent has not been
tested in man; Sulzman et al. (1977b) have shown the
periodic interaction between squirrel monkeys to be
an ineffective zeitgeber in that primate species,
whereas the presence of entrained, freely moving bats
is apparently sufficient to entrain other bats caged
deep within a cave (Marimuthu and Chandrashek-
aran, 1979).

Timing of food acvailability (Factor IV). Since the
first report of meal timing as an effective zeitgeber in
rodents by Curt Richter in his Ph.D. thesis published
in 1922, there have been many reports suggesting that
food can act as a zeitgeber. More recently, the zeit-
geber action of near-24-h cycles of eating and fasting
(EF cycles) has been rigorously demonstrated in non-

[In his recent monograph on these experiments, Wever
even reported that “...the regular signals helped the sub-
jects schedule their days. Some subjects numbered the sig-
nals as ‘day gongs | to 6' and the ‘nightgong’.” (Wever,
1979, p. 151).
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human primates by Sulzman et al. (1977a,b, 1978) and
rodents (Boulos and Terman, 1981). In those studies,
EF cycles were shown to entrain multiple behavioral
and physiological rhythms according to accepted cri-
teria for entrainment. However, there have been few
satisfactory studies to determine if meal timing acts as
a zeitgeber in man. A recent study (Goetz et al,, 1976)
which examined restricted feeding schedules is unin-
terpretable because they did not remove other poten-
tial zeitgebers from the environment. This question,
therefore, deserves further study.

Scheduling of bedrest and activity (Factor V). The
importance of regularly scheduled bedrest and ac-
tivity times (Factor V) unfortunately cannot be separ-
ated from that of social contacts (Factor III} in
Wever’s experiments. Webb and Agnew (1974) recog-
nized this problem and postulated that “the force of
the entrainment was in the regularity of the behav-
ioral scheduling rather than the social cues.” However,
in their experiments, they also did not separate the
influence of the behavioral scheduling, social contacts,
mealtimes or LD cycles, since they were always sche-
duled concurrently. The subjects knew the time of the
scheduled bedrest/dark episodes and were sent a note
by the experimenter just prior to each “lights off”
requesting them to try to sleep. Thus, although they
concluded that a rigid schedule of bedrests alone was
capable of entraining human circadian rhythms, they
ignored the influence of the LD cycle, structured
social contact and the knowledge of time (Factors I,
IT and III) which were also part of their entrainment
stimulus.

STUDIES AT THE MONTEFIORE
HOSPITAL LABORATORY OF HUMAN
CHRONOPHYSIOLOGY

Methods. In order to determine the strength of a simple
LD cycle as an entraining agent in man, we imposed LD
cycles on two subjects (CA and DB; male, ages 23 and 24).
The subjects were told that the lights might go on or off at
any time, whether convenient or not. The subjects lived in
a specially constructed three-room experimental apartment
suite, part of the Laboratory of Human Chronophysiology
at the Montefiore Hospital and Medical Center described
in detail elsewhere (Czeisler, 1978; Weitzman et al., 1979).
The environment was f[ree of all obvious time cues
throughout the experimental period. There were no infor-
mation sources for time (e.g. no natural sunlight, clocks,
radio, television, current newspapers, etc.) in the apart-
ment. No attempt was made to shield the apartment from
subtle environmental periodicities such as daily changes in
levels of humidity, barometric pressure, etc. Infrared light
sources remained on continuously throughout the studies to
allow video monitoring during the “lights out” period,
when the subjects were in total darkness (i.e. no visible
light). Subjects were not isolated from social contact with
other people. Members of the staff would frequently enter
the apartment to collect a biologic specimen or talk with
the subject (normally less than 5min). The subject could
speak with a staff member via intercom at any time of his
choosing. Work shifts of laboratory personnel who inter-
acted with the subject were scheduled at random times and
for varied durations (3 to 8h in length). All staff were
instructed and coached to avoid communication regarding
the date or time of day to the subject.
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Table 2. Summary of Factors controlled under each experimental condition®

Fully scheduled Unscheduled

Scheduled regimen

Factor regimen regimen LD cyclef
1 Knowledge of the Self-estimated Self-estimated Self-estimated
time of day
11 Environmental Scheduledt Linked to Scheduled
LD cycle chosen wake
: times
111 Social contacts§ Scheduled Linked to Linked to
chosen wake chosen wake
times times
v Timing of food Scheduledt Self-selected Self-selected
availability
A Scheduling of Scheduledt Self-selected Self-selected

bedrest and activity

* Ambient temperature was self-selected throughout these studies.

T Scheduled (by the experimenter) according to the subject’s previously reported daily diary.

t The light and dark episodes were separated by 1 h dawn-dusk (twilight) transitions.

& Subjects were not disturbed or visited by staff for any reason during chosen or scheduled
bedrests unless subject called for aid (e.g. for nocturnal micturition).

The subjects were studied in the environment under
three different conditions: fully scheduled regimen (sche-
duled bedrest/dark, activity/light, mealtimes and social in-
teractions; T = 24 h), unscheduled regimen (self-selected
bedrest-activity, meal and LD times); and the scheduled
LD cycle regimen (with twilight transitions; T= 24 h). The
particulars of each condition are summarized in Table 2,

Fully scheduled regimen. The lengths of the scheduled
bedrest/dark and activity/light times were based on an
average of the times recorded by the subject in his sleep—
wake log kept for several weeks just prior to his partici-
pation in the study. This was done in order to accommo-
date normal interindividual variations in sleep length
(Webb, 1970). During the fully scheduled regimen, (days
1-5), the subjects were scheduled to go to bed and to arise
from bed exactly in phase with their previously-reported
average habitual bedtimes and waketimes (calculated from
the prior sleep—wake log). The subjects were not aware of
the clocktimes of the imposed schedule. During this im-
posed bedrest—activity schedule, the lights were turned off
at the beginning and turned on at the end of each bedrest
episode. Light-dark transitions were abrupt, except for a
5 min period of adaptation to dim light allowed at wake-
time. The subject’s meals were served to him on a schedule
which was in keeping with his previously-reported daily
pattern. Non-scheduled snacks were also permitted.

Unscheduled regimen. Before bedtime on the last fully
scheduled bedrest (Bedrest No. 5), the subject was told that
until further notice, his activities would no longer be sche-
duled. He was told that it would be his decision as to when
he wanted to get up or go to bed, but that he could not
control the level of ambient lighting. Subjects were asked
to go to bed when they felt tired and to wake up when they
felt rested. Whenever the subject did request to go to sleep,
the lights were turned out at the beginning of bedrest and
turned on again when the subject requested to get out of
bed. Thus, during this section of the experiment, the sub-
jects were studied on a sell-selected feeding, LD, bedrest—
activity and social interaction regimen,

Scheduled light-dark cycle regimen. A periodic light-dark
cycle was imposed while the subjects were free-running. No
special notice was given to the subject at the start of the

*Before the start of the experiment, however, the sub-
jects were told that they could not control the ambient
lighting, and specifically that it might be turned on or off at
undesired times. They each consented to this beforehand.

scheduled LD protocol, since the instructions (to go to bed
when tired and to get up from bed when rested) remained
unchanged*. The subjects were unaware of the temporal
characteristics of that imposed LD cycle. Light-dark tran-
sitions were accomplished gradually over | h, by using a
Dawn-Dusk Simulator which consisted of a Harvard Infu-
sion-Withdrawal Pump (Harvard Apparatus Company,
Dover, MA) mechanically interfaced to a pair of solid state
linear stroke dimmers (Lutron Company, Harrisburg, PA)
wired in series with the overhead room and hall lights,

As in the unscheduled regimen, subjects continued to
self-select the timing of feeding, bedrest—activity and social
interaction. Specifically, the subjects were never disturbed
during the bedrest episode, whether the lights were on or
not. During self-selected waketimes, even when it was dark,
the subjects interacted with the technicians for the usual
physiologic and behavioral monitoring.

The LD schedule for subject CA provided 16.5 h of light
(including an hour of both dawn and dusk transitions) and
7.5h of darkness; for subject DB, there were 16 h of light
and 8 h of darkness (with the same transitions). Three tests
of entrainment to a light-dark cycle were performed. In the
first (LD Trial I), an LD cycle was imposed on subject CA
after 11 wk of self-selected LD and bedrest-activity cycles.
Two LD entrainment trials were conducted with subject
DB, the first (LD Trial II) after 4 wk of the unscheduled
regimen and the second (LD Trial 111} a week after Trial II
had ended and the subject had returned to the unscheduled
conditions. Trial I was 14 days long, Trial II 19 days and
Trial 11T 9 days long. Each LD entrainment trial was fol-
lowed by a return to the unscheduled condition with sell-
selected LD, mealtimes and bedrest-activity cvcles for 5-9
days.

RESULTS

Effects of an imposed LD cycle

Both subjects demonstrated typical non-24-h free-
running period lengths during the protocol consisting
of self-selected LD cycles. However, when the LD
cycle was imposed, the free-running rhythm of the
sell-selected bedrest-activity cycle synchronized to the
LD cycle for each of the three experimental trials.
Sleep request lagged the onset of darkness by an aver-
age of 103 min. Figure 2 shows the bedrest-activity
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Figure 2. Triple plotted bedrest—activity cycle in subject DB living in an environment without the

knowledge of time. Symbols as in Fig. 1. Thin vertical hatch marks indicate the beginning of bedtime

preparation before unscheduled bedrests. A strict LD cycle was imposed for two different segments, as
shown on left. Conditions labeled on left are defined in Table 2 and in text.

cycle in one of the subjects (DB) who was twice sub-
jected to an LD cycle.

All other rhythms documented in these subjects
were entrained to the imposed LD cycle, including the
core body temperature cycle and the polygraphically-
recorded sleep-wake cycle. Sometimes, however,
several cycles of transients were seen before entrain-
ment was evident. For example, a number of cycles
were required before the waveshape of the core body
temperature rhythm changed to that typically seen
during entrainment to a 24-h day. Figure 3 demon-
strates the phase relationship and waveshape of the
core -temperature cycle (left panels) during various
conditions in the other subject (CA). His bedrest-acti-
vity cycle is shown in the right panels. In that figure,
left panels (a) and (b} show the temperature rhythms
recorded during the scheduled baseline and the un-
scheduled free-run. It is clear that the waveshape of the
free-running body temperature cycle (3b) differs from
that of the entrained cycle (3a). In addition, the phase
relationship of the free-running temperature cycle to
the bedrest-activity cycle is different from their phase
relationship in the entrained state. On fully scheduled
baseline days (3a), bedrest onset occurs when the core
temperature is hfgh and is followed by a steep drop of
core temperature making the pattern resemble a
square wave; on unscheduled days (3b), bedrest onset

occurs at or near the lowest values of core tempera-
ture, which then rises during sleep. This latter pattern
persists at the beginning of the LD entrainment
section (3c), but following several transient cycles, the
original “square wave” shape characteristic of entrain-
ment reappears (3d). This was then followed by a
return to the free-running waveshape and phase re-
lations, within 36 h after release from LD (3e).

When the subjects were allowed to resume self-
selected LD cycles, they again had a free-running
rhythm. The phase from which the rest-activity cycle
resumed its free-run was determined by the phase
position of the previously imposed LD cycle, rather
than the phase predicted by the previous free-running
segment (e.g. days 10-30 in Fig. 2). In fact, after
release from the first entraining LD cycle, free-run-
ning bedrest onsets in subject DB (days 51-57, Fig. 2)
occurring at the phase waketimes would have been
predicted based on the prior free-run. This confirms
that the imposed LD cycle acted as an effective
entraining agent for the human circadian system,
rather than eliciting a masking effect.

—

DISCUSSION

The results of this study challenge the often cited
conclusion that an artificial light-dark cycle is a weak
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Figure 3. Core body temperature (*F) in subject CA under various conditions (see text). Double-plots of

bedrest episodes in right-hand panels correspond to the days of temperature recording shown in the

left-hand panels, respectively, with bedrest episodes on those days blackened in at right for ease in

identification. Time of bedrest episodes indicated by stippling in the left-hand panels, with dark episodes

indicated by black bars below each temperature plot. As in Figs. | and 2, imposed LD cycle illustrated
by stippling of dark times in right-hand panels.

zeitgeber in man. Both the bedrest-activity and body
temperature rhythms, which can each free-run with a
different average period within the same individual
(Wever, 1979; Czeisler er al.,, 1980a.b), were success-
fully entrained by the imposed LD cycle. Whether this
entrainment occurred because of the influence of
darkness on the subjects’ decision to go to sleep (a
scheduling effect—Factor V) or whether it was due to
some more direct action of the LD changes them-
selves (Factor II) on the circadian timing system can-

9The schedule of social contacts with any individual staff
member was aperiodic, in that staffers randomly assumed
shifts of random duration. The times of social interaction
were generally self-selected by the subject.

not be determined from these studies. Nonetheless, it
is clear that the response of the human circadian sys-
tem to a periodic LD cycle is nor different from that
of other mammals,

Social contact per se does not appear to act as an
effective zeitgeber. Typical free-running patterns were
observed in subjects on self-selected LD cycles living
without external time cues who had frequent ad lib.
contact with personnel who knew the time of day{,
but did not impart this information to the subject
(Czeisler, 1978). Reinterpretation of the previously
published data (Aschoff et al, 1971a) in relation to
these results strongly suggests that it was not the
social contact per se which entrained the circadian
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rhythms of subjects studied in constant darkness, but
rather the secondary consequences of the scheduling
of the bedrest-activity and/or meal times (Factors IV
or V). Both Factors IV or V could account for the
mutual entrainment usually observed between
members of a group who live together in isolation of
time cues (Poppel, 1968; Wever, 1974; Winget and
Leach, 1977). It is probable that such subjects will
schedule their daily behavioral activities, such as
mealtimes, and sleep and wake times, around the per-
iodic behaviors of each other and thereby mutually
entrain each other via Factors IV and V. In our ex-
periments, the social contact was not periodic, but
rather self-selected, i.e. available whenever the subject
wanted. It is clear from our results that self-selected
social contacts (Factor III) devoid of knowledge of
time (Factor I) are not a strong zeitgeber of humans.
Whether periodic social contacts (in the absence of
concurrent behavioral scheduling) could act as an
entraining agent has not been tested in man.

The morphological basis for circadian entrainment
by light has not been determined in man. In other
mammals, including non-human primates (Moore,
1978; Moore-Ede et al., 1980b), a retinohypothalamic
tract (RHT), originating in the retina, monosynapti-
cally innervates a key circadian pacemaker, the supra-
chiasmatic nuclei (SCN) of the hypothalamus (Rusak
and Zucker, 1979). The existence of an RHT in man,
however, cannot be verified by the autoradiographic
techniques currently used in animal studies because
these require pre-mortem administration of tritiated
material. However, we have identified a neuronal
cluster apparently homologous to the SCN in human
brains (Lydic er al, 1980). More indirect approaches,
including mathematical modeling of the human circa-
dian system (Kronauer et al., 1981) and physiological
studies in non-human primates after suprachiasmatic
lesions (Moore-Ede et al., 1980a), provide further evi-
dence that there is a circadian pacemaker homolo-
gous to the SCN in man, that this pacemaker pre-
dominantly drives rest-activity cycles in primates, and
that it is directly coupled to zeitgeber inputs such as
the LD cycle.

The findings of this study are potentially important
for the understanding of the pathophysiology of dis-
orders of the entrainment mechanism in man, includ-
ing the hypernycthemeral sleep-wake syndrome
(Elliott et al., 1971 ; Miles et al., 1977; Kokkoris et al.,
1978; Weber er al., 1980; T. Wehr, personal communi-
cation; L. Miles, personal communication). Long-
term records utilizing ambulatory temperature and
activity monitoring devices have demonstrated that
these individuals maintain non-24h rhythms while
living in society, being unable to entrain to a 24-h
day. Another much more common disorder of the
entrainment mechanism is the delayed sleep phase
syndrome (DSPS), characterized by sleep onset
insomnia and difficulty in morning awakening (Weitz-
man et al, 1981). Our hypothesis of an inadequate
capacity of the circadian timing system to phase

advance in such patients was supported by our recent
success in their treatment, by a technique based on
that model of DSPS pathophysiology (Czeisler et al.,
1981).

It is possible that the availability of electric lights
has contributed to the pathogenesis and maintenance
of these entrainment disorders by enabling self-selec-
tion of the LD cycles. Whether an impaired reception
of visual inputs, or their transmission to circadian
pacemakers, explains the reduced capability to phase
advance in DSPS patients is unknown, since none of
the patients reported has been studied in a strict LD
cycle. However, the demonstration of one blind man
in the hypernycthemeral group who Wwas unable to
entrain to a 24-h day (Miles et al.,, 1977) supports the
notion that LD changes may play a direct role in
synchronization of circadian rhythms in man, quite
apart from their influence on scheduling. Further-
more, a more recent study with the same blind patient
demonstrated failure of entrainment despite the 4-6
months of imposition and documented adherence to a
strict 24 h sleep—wake schedule (Nafarrate and Miles,
1981). This indicates that Factor IV alone was insuffi-
cient for entrainment in the absence of visual inputs
(Factor II).

That finding certainly supports the conclusion that
the LD cycle may have a direct synchronizing effect
on the human circadian timing system, in a manner
which may be similar to that suggested by the work of
Moore and Klein (1974) in other mammals. Identifi-
cation of the LD cycle as an effective zeitgeber pro-
vides an experimentally reproducible probe to investi-
gate the capacity of the human circadian system to
phase shift, in both normal subjects and patients. The
number of cycles required to establish a stable phase
relationship between the LD, sleep-wake and tem-
perature cycles may be a function of the free-running
phase position at which the LD cycle is imposed. This
would be similar to the differences observed in the
rate of adjustment to jet-lag following eastward com-
pared to westward flights (Klein et al., 1977). The dur-
ation of the transition time required will probably
vary with the direction and degree of shift required to
adapt to the imposed cycle (Mills et al., 1978). Taken
together, these studies may therefore not only contrib-
ute to the understanding of physiological systems
controlling entrainment, but also to the evaluation
and treatment of the sighted patients described above
who are disabled by their inability to entrain to a
24-h day; such individuals may benefit from the im-
position of a strict LD cycle regimen.
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