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Endogenous circadian clocks are robust regulators of physiology
and behavior. Synchronization or entrainment of biological clocks
to environmental time is adaptive and important for physiological
homeostasis and for the proper timing of species-specific behav-
iors. We studied subjects in the laboratory for up to 55 days each
to determine the ability to entrain the human clock to a weak
circadian synchronizing stimulus [scheduled activity–rest cycle in
very dim (�1.5 lux in the angle of gaze) light–dark cycle] at three
�24-h periods: 23.5, 24.0, and 24.6 h. These studies allowed us to
test two competing hypotheses as to whether the period of the
human circadian pacemaker is near to or much longer than 24 h. We
report here that imposition of a sleep–wake schedule with expo-
sure to the equivalent of candlelight during wakefulness and
darkness during sleep is usually sufficient to maintain circadian
entrainment to the 24-h day but not to a 23.5- or 24.6-h day. Our
results demonstrate functionally that, in normally entrained
sighted adults, the average intrinsic circadian period of the human
biological clock is very close to 24 h. Either exposure to very dim
light and�or the scheduled sleep–wake cycle itself can entrain this
near-24-h intrinsic period of the human circadian pacemaker to the
24-h day.

A central circadian pacemaker, located in the suprachias-
matic nucleus, drives rhythms in multiple behavioral, phys-

iologic, and endocrine variables (1–3). Regulatory feedback
loops of gene expression have been reported to underlie the
self-sustained near-24-h periodicity of biological clocks (4–8).
Furthermore, these clock gene regulatory mechanisms within
the suprachiasmatic nuclei can be reset by exposure to environ-
mental synchronizers (e.g., refs. 5, 9–11). However, the strength
of the synchronizer necessary to adjust for the daily drift due to
the on-average longer-than-24-h period (12) of the human
circadian pacemaker is unknown. There is also disagreement as
to the average amount of daily shift required for entrainment of
the human clock to the 24-h day (13, 14) as this is functionally
dependent on the intrinsic circadian period of the pacemaker
during entrainment. We define intrinsic circadian period (�̂) as
the actual period emanating from within the circadian pace-
maker at a given time, as distinct from observed circadian
periods (�OBS), which are influenced by extrinsic resetting stimuli
acting on the pacemaker during the time of observation (14, 15).
In practice it is virtually impossible to completely remove all
factors that reset or affect the period of the pacemaker. How-
ever, the forced desynchrony protocol has been reported to
reveal a much closer estimate of the actual period emanating
from within the circadian pacemaker than the free running
protocol (12, 16). It has thus recently been reported that the
intrinsic period of the human circadian pacemaker is much closer
to 24 than 25 h (reviewed in ref. 12). However, this conclusion
has subsequently been challenged, with the argument that the
near-24-h circadian period observed on the forced desynchrony
protocol may no more accurately reflect the intrinsic period of
the human circadian clock than the near-25-h circadian period
estimate observed from the traditional free-running paradigm
(13, 14). The fact that the imposed periods to which a pacemaker

can be entrained to a weak synchronizer are constrained to a
limited range around the intrinsic period provides an alternative
functional method for the assessment of intrinsic circadian
period.

Methods
Subject Screening and Prelaboratory Conditions. We studied 12
healthy men and three healthy women (Table 1). Participants
gave written informed consent, and the Brigham and Women’s
Hospital�Partners Health Care Human Research Committee
approved the procedures for the protocol. The investigation was
conducted according to the principles expressed in the Decla-
ration of Helsinki. All participants passed a rigorous health
screening, including medical history, physical examination, elec-
trocardiogram, blood and urine chemistries, toxicology screen
for drug use, psychological tests, and an interview with a clinical
psychologist. None reported regular night work or rotating shift
work within the past 3 years or crossing more than one time zone
in the previous 3 months. Participants maintained a regular
routine of 8 h of scheduled sleep and 16 h of scheduled
wakefulness for a minimum of 3 weeks while living at home
before the in-laboratory protocol, as verified by sleep logs and
call-in times to a time-stamped voice recorder. Actigraphy
recordings occurred for at least 1 week before laboratory
admission.

In-Laboratory Conditions. Subjects were tested individually in an
environment free of time cues. Ambient light, room tempera-
ture, sleep–wake opportunities, activity, and nutrition intake
(breakfast, lunch, dinner, and a snack) were strictly controlled.
Exercise and napping were proscribed. Performance testing
began on awakening and �30-min performance sessions oc-
curred every 2 h thereafter. Subjects engaged in leisure activities
between performance batteries. Participants were maintained
on a 24.0-h schedule for 3–6 days, followed by a 40.0-h constant
routine (CR) protocol that was used to assess circadian phase (1,
12). After this first CR, individuals were scheduled for several
weeks to a 23.5-, 24.0-, or 24.6-h day. A second CR was used to
assess circadian phase after exposure to these scheduled day
lengths. Women with consistent regular menstrual cycles of
25–32 days in length began the study during the week of menses
so that the assessment of circadian rhythms for CR1 and CR2
would occur during the follicular phase of their menstrual cycle.

Subjects in the 24.0- and 24.6-h conditions were then sched-
uled to a forced desynchrony protocol by using a 28.0-h dim
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light–dark activity–rest cycle, which was known to be outside the
range of entrainment of the human circadian pacemaker under
such conditions (12). This forced desynchrony protocol was used
to estimate the intrinsic circadian period of individuals by
assessing their plasma melatonin and core body temperature
rhythms.

Ceiling-mounted fluorescent lamps [Phillips (Eindhoven, The
Netherlands) T8 and T80] with a 4,100 K color temperature
produced a spectrum of white light. Clear polycarbonate lenses
filtered 99.9% of the light in the UV range. Light–dark cycles of
very dim light (�1.5 lux in the angle of gaze) during scheduled
wakefulness and darkness during scheduled sleep were
15.83:7.66 h for the 23.5-h day, 16:8 h for the 24.0-h day, and
16.4:8.2 h for the 24.6-h day. Ambient light intensity, as mea-
sured with an IL-1400 photometer (International Light, New-
buryport, MA) with the sensor on a table top at �76 cm aimed
in the direction of the light fixtures was �3 lux; the maximum
light intensity in the room at �183 cm with the sensor aimed
toward the light fixtures was �8 lux. Lighting conditions for
subjects in the 24.0- and 24.6-h conditions for baseline day 1
during scheduled wakefulness were �3.0 lux in the angle of gaze
(�5 lux ambient; �15 lux maximum). Between baseline days 2
and 6, these participants were exposed to bright indoor light
(�450 lux in the angle of gaze; �1,100 lux ambient; �1,500 lux
maximum). Subjects in the 23.5-h day were exposed to normal
indoor light (�110 lux in the angle of gaze) during their 3
baseline days. Light levels during scheduled wakefulness of the
constant routine and of the forced desynchrony protocols were
�1.5 lux in the angle of gaze.

Circadian Entrainment Analyses. Plasma melatonin levels (sampled
every 30–60 min for �3-day sampling windows weekly) were
assayed by using RIA 125I (Elias USA, Osceola, WI). The
sensitivity of the assay was 2.5 pg�ml. Interassay coefficients of
variation for low and high controls were 7.9 and 8.6%, respec-
tively, and the average intraassay coefficient of variation was
6.0%. Given the large interindividual differences in melatonin
levels, melatonin onset (17) was defined as the linear interpo-

lated point in time at which melatonin levels reached 25% of the
fitted peak-to-trough amplitude of the 3-harmonic of each individ-
ual’s data from the first constant routine. This 25% melatonin onset
threshold (DLMO25%), as determined on the first constant routine,
was applied to data at all other portions of the protocol. Circadian
melatonin (sampled every 60 min daily across the forced desyn-
chrony) and temperature (sampled every minute) period estimates
were computed by a nonorthogonal spectral analysis technique with
an exact maximum likelihood fitting procedure (12).

Results and Discussion
Five of six subjects studied on the 24.0-h day (T � 24.0 h) in �1.5
lux were classified as entrained to the 24-h day, because the
phase relationships between the timing of their melatonin and
core body temperature rhythms and the timing of the scheduled
sleep–wake cycle were maintained within the normal range (18),
and the 95% confidence intervals (95% CI) of the observed
circadian period estimates for these five subjects included 24.0 h
(Table 1). Fig. 1b shows that melatonin onset (DLMO25%)
occurred near habitual sleep time during baseline and through-
out exposure to the 24.0-h schedule for these five subjects. One
of the subjects (18G1) was classified as not entrained to the T �
24-h schedule, because his DLMO25% progressively drifted to a
later hour outside the normal range (18), and the 95% CI for his
observed circadian period did not include 24.0 h. By the end of
the T � 24-h segment of the protocol, his melatonin levels were
abnormally high during the scheduled waking day and low during
the scheduled night. The forced desynchrony segment of the
protocol revealed that this subject had an intrinsic circadian
period furthest from 24.0 h in this group (Table 1).

Fig. 2 shows that the direction and magnitude of change in
phase angle between the onset of the melatonin rhythm and
scheduled sleep time were strongly related to intrinsic circadian
period, as later assessed during forced desynchrony. Consistent
with the latter, the observed circadian period during the T �
24.0-h schedule (�OBSm) was closer to 24.0 h compared with the
estimate of the intrinsic circadian period (�m), as assessed in the
same individuals during the T � 28.0-h schedule (forced desyn-

Table 1. Circadian period estimates

Subject Age, years Gender �OBSm, hr � SD (95% CI), hr �m, hr � SD �t, hr � SD

T cycle � 24.0 h
18G6 20 M 23.97 � 0.03 (23.92–24.02) 23.88 � 0.01 23.88 � 0.04
1814 24 M 23.96 � 0.02 (23.91–24.01) 23.92 � 0.01 23.91 � 0.05
1842 38 M 23.98 � 0.04 (23.89–24.06) — —
1983 38 F 24.02 � 0.05 (23.92–24.12) 24.06 � 0.03 24.08 � 0.07
19A4 24 M 24.06 � 0.04 (23.98–24.14) 24.12 � 0.02 24.14 � 0.04
18G1 31 M 24.27 � 0.03 (24.21–24.32) 24.36 � 0.01 24.48 � 0.05

T cycle � 23.5 h*
2029 28 M 23.89 � 0.09 (22.79–24.99) — —
19F8 44 M 24.14 � 0.02 (24.05–24.22) — —
2028 26 M 24.19 � 0.03 (23.76–24.62) — —

T cycle � 24.6 h
1916 37 M 23.87 � 0.03 (23.82–23.92) 23.77 � 0.01 23.77 � 0.04
18J5 31 M 24.02 � 0.03 (23.96–24.07) 23.93 � 0.01 23.95 � 0.07
1715 27 M 24.35 � 0.01 (24.33–24.37) — —
1922 33 M 24.34 � 0.03 (24.28–24.39) 24.16 � 0.01 24.07 � 0.05
19A9 40 F 24.34 � 0.03 (24.29–24.39) 24.20 � 0.03 24.16 � 0.08
1947 41 F 24.40 � 0.03 (24.35–24.45) 24.23 � 0.01 24.22 � 0.09

Range 20–44 23.77–24.36 23.77–24.48

Observed plasma melatonin rhythm (�OBSm) during imposed 24.0-, 23.5-, and 24.6-h days and 95% confidence intervals; intrinsic
circadian period as estimated by melatonin (�m) and core body temperature (�t) rhythms during forced desynchrony (T � 28 h). For each
subject, the periods of the (�m) versus the (�t) rhythms during forced desynchrony were strongly correlated (Pearson correlation: r � 0.97;
P � 0.0001). Period estimates were not available in five subjects because the forced desynchrony protocol was not conducted.
*Because of the few data points collected, observed periods estimates and 95% CI for T � 23.5 h were derived from linear fits of
melatonin onsets during CRs and day 14 (Fig. 1a).
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chrony) (Fig. 3a). However, a robust relationship between the
observed circadian period during the T � 24.0-h and T � 28.0-h
schedules (Fig. 3a) still remained. Our finding—that the phase
angle of entrainment to a 24.0-h environmental cycle of weak
entraining strength is strongly associated with intrinsic circadian
period—is in accordance with classic entrainment theory and
demonstrates a fundamental property of the circadian pace-
maker in humans. Indeed, this could explain the mechanism
underlying the reported association between circadian period
and morning–evening behavioral preferences in humans (19).

Given the day-to-day variability in their phase assessments and
the proximity of subjects’ intrinsic circadian periods (range:
23.88–24.12 h) to the imposed period (T � 24.0 h), a much longer
study (�6–12 months) would be required to distinguish defini-
tively between relative coordination and entrainment. We have
therefore used a classification method that is consistent with
those used to classify blind subjects as entrained or not entrained
(20–22).

None of the subjects studied on the T � 23.5-h schedule or the
T � 24.6-h schedule were able to achieve the daily phase shift
required to entrain to those schedules in dim light (Table 1).
Instead, all subjects tested on the T � 23.5-h schedule exhibited
an abnormally delayed phase angle of melatonin onset relative
to the timing of the scheduled sleep episode (Fig. 1a). Subjects
on the T � 24.6-h schedule showed abnormally advanced phase
angles of melatonin onset relative to the timing of the scheduled
sleep episode (Fig. 1c). Melatonin levels during baseline condi-
tions were high during scheduled sleep. However, during the

Fig. 2. Association between phase angle of melatonin onset and scheduled
sleep time during the T � 24.0-h segment and intrinsic circadian period during
forced desynchrony (T � 28.0 h) for entrained subjects. Symbols represent
individual subjects for whom phase angle and intrinsic period data were
available (four of five entrained subjects). The change in the phase angle of
entrainment between melatonin onset and the scheduled 24.0-h day, as
determined on CR1 and CR2, is negatively and robustly related to intrinsic
circadian period (�m) with a slope of �11.12. Subjects with a circadian period
shorter than 24.0 h advanced, and subjects with a period longer than 24.0 h
delayed, such that for every 0.1-h change in circadian period, there was a
1.11-h change in the phase angle of entrainment.

Fig. 1. Melatonin onset (DLMO25%) times. (a) Subjects scheduled to the 23.5-h day. Data are plotted to a relative clock time with lights out assigned a value
of 2400 h on baseline day 1. Black bars represent scheduled sleep. During the imposed 23.5-h segment, lights out and lights on are advanced by 30 min each day.
Melatonin onset occurred near to, but advanced relative to, lights out for the subjects during baseline days, whereas during T � 23.5-h days, melatonin onset
progressively phase delays relative to lights out. These data demonstrate failure to entrain the circadian pacemaker to the scheduled 23.5-h wakefulness–sleep
light–dark cycle. (b) Subjects scheduled to the 24.0-h day. During the imposed 24.0-h segment, melatonin onset appears stable and occurs near to, but advanced
relative to, lights out for half of the subjects and delayed for the other half. These data demonstrate that most subjects entrained to the 24.0-h day with a new
phase angle, as would be expected to occur in response to the weak environmental synchronizer. A greater dispersion of melatonin onsets can be observed during
forced desynchrony, reflecting individual differences in intrinsic circadian period. In two of six subjects, circadian period advanced and in the remaining subjects
circadian period delayed during forced desynchrony (Table 1). Subject 18G1 failed to entrain to the 24.0-h day. (c) Subjects scheduled to the 24.6-h day. During
the imposed 24.6-h segment, lights out and lights on are delayed by 36 min each day. Melatonin onset occurs near to, but advanced relative to, lights out for
half of the subjects and delayed for the other half during baseline days, whereas during the 24.6-h segment, melatonin onset is progressively phase advanced
relative to lights out. These data demonstrate a failure to entrain the human circadian pacemaker to the scheduled 24.6-h day. Individual differences in intrinsic
circadian period result in a large dispersion of melatonin onsets during the T � 24.6- and T � 28.0-h forced desynchrony protocols.
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imposed T � 24.6-h schedule, the wakefulness–sleep cycle was
insufficient to synchronize their circadian pacemaker in �1.5 lux
and, as a consequence, there were high levels of melatonin
during the scheduled waking day and low levels during scheduled
sleep episodes in darkness. The 95% confidence interval for the
observed melatonin period during the imposed T � 24.6-h
schedule did not include 24.6 h for any subject. On the basis of
the latter and the abnormal phase angles observed, no subjects
were classified as being entrained to the 24.6-h day. The ob-
served period (�OBSm) during the T � 24.6-h schedule was
strongly related to each subject’s intrinsic circadian period (�m),
as assessed during forced desynchrony (Fig. 3b); however, the
average observed circadian period was significantly longer dur-
ing the T � 24.6-h schedule, as compared with the average
intrinsic circadian period during the T � 28.0-h schedule. This
suggests that the imposed 24.6-h schedule exerted an effect on
the oscillator but was of insufficient strength to entrain it (i.e.,
relative coordination). The lengthening in the observed mela-
tonin period during the T � 24.6-h schedule presumably oc-
curred because the imposed period of the synchronizer was close
enough to the intrinsic period of the pacemaker to exert an
influence on it, consistent with predictions based on model
simulations (16). It is also possible that this relative coordination
may have induced aftereffects on the intrinsic period during the
subsequent forced desynchrony. However, any such aftereffects
of relative coordination would appear to be small, because the
average circadian period during the forced desynchrony was
indistinguishable after T � 24.0- and T � 24.6-day lengths (see
Fig. 3 legend).

Examining circadian entrainment to 24.0- and 24.6-h sched-
ules allowed us to test two competing hypotheses as to the
intrinsic period of the human circadian pacemaker. If the
average intrinsic circadian period in humans were close to
24.0 h (reviewed in ref. 12), then more subjects would be
entrained to the imposed 24.0-h schedule than to the imposed
24.6-h schedule when exposed to environmental cycles of weak
entraining strength. If, on the other hand, the average intrinsic

circadian period in sighted humans were closer to 24.5 or 25.0 h
(23–26), then more subjects would have entrained to the 24.6-h
day. We hypothesized that a subject’s ability to entrain to
either day length would depend on her�his circadian period
and that only those subjects with intrinsic circadian periods
within a small range close to that of the imposed schedule
could be entrained by an environmental cycle of weak strength.
Our results demonstrating that a weak synchronizer is able to
maintain entrainment of the human circadian pacemaker to
the T � 24.0-h schedule in most individuals, but not to a T �
23.5- or 24.6-h schedule (Yates corrected �2: 24.0 vs. 24.6 day,
P � 0.05), resolve this controversy as to whether the intrinsic
period is near 24 h, near 25 h, or simply dependent on study
conditions (12–14). These results demonstrate functionally
that the intrinsic period in humans is thus in fact near 24 h,
consistent with the period derived theoretically from forced
desynchrony studies (reviewed in ref. 12). Thus, the amount by
which the human circadian pacemaker must be reset each day
to maintain entrainment depends on the intrinsic circadian
period of the individual, which in healthy sighted humans is on
average near 24.0 h. This validates the use of the forced
desynchrony protocol (reviewed in ref. 12), rather than the
classical free running protocol (13, 14, 23–25, 27), as an
accurate method of assessing intrinsic circadian period of the
pacemaker driving the rhythm of plasma melatonin in humans
upon release from entrainment. It is this estimate of the
intrinsic circadian period—immediately on release from en-
trainment to the 24-h day—that is most relevant in under-
standing the strength of the synchronizing cues required for
entrainment (28), because it is this period, in combination with
the phase-response curve and, perhaps, the �-response curve
to light (29), that determines the stability of entrainment. As
noted earlier (12), it is possible that the observed near-24.0-h
intrinsic period of the human circadian pacemaker is inf lu-
enced by prior entrainment to the 24.0-h day. Aftereffects of
circadian entrainment and of light exposure history on circa-
dian period have been described in many species but have not
yet been demonstrated conclusively in humans (28, 30).

Fig. 3. Observed circadian periods during forced desynchrony T � 28.0 h and during (a) T � 24.0 h and (b) T � 24.6 h protocols. Symbols represent individual
subjects for whom observed and intrinsic period data were available. The solid black line represents the line of equality, the dashed line represents a linear fit
of the data, and the dotted lines represent the target period to entrain to. The average intrinsic circadian period was similar for both groups of subjects during
the forced desynchrony [average � SD (a) 24.07 � 0.19 h vs. (b) 24.06 � 0.20 h]. The circadian period lengthened closer to 24.0 h in two subjects and shortened
closer to 24.0 h in three subjects during T � 24.0 h compared with their intrinsic circadian period (�m), as assessed during T � 28.0 h. The absolute change in period
was significantly greater than 0 (one sample t test: P � 0.05). Subjects scheduled to the 24.6-h day showed a significantly longer observed period during T � 24.6 h
(24.19 � 0.23 h) compared with T � 28.0 h (t test: P � 0.01). These data demonstrate coupling between the endogenous circadian pacemaker and the weak
environmental time cues, showing that environmental and�or behavioral periodicity can significantly influence the observed period of the pacemaker when the
day length is close to the pacemakers intrinsic period regardless of whether the pacemaker entrains to the environmental day length.
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On the basis of the distribution of intrinsic circadian periods
observed in the current study and those previously published
by our laboratory (12, 31), we estimate that the �1.5:0 lux
light–dark�activity–rest cycle would be capable of maintaining
entrainment in nearly half of the healthy young adult sighted
population. However, additional research is necessary to de-
termine the upper and lower range of periods that are capable
of being entrained to T � 24 h by this weak synchronizer.
Furthermore, the strength of the synchronizer necessary to
capture or phase shift the circadian system in humans remains
to be determined. Nevertheless, the unanticipated finding that
these human subjects remained entrained to the 24.0-h day in
candlelight is remarkable given that this illuminance level is
less than one-thousandth of the intensity once thought to be
necessary for entrainment (23). Failure of subjects studied in
�1.5 lux to entrain to the scheduled activity–rest�dim light–
dark cycle of both 23.5 h, as reported earlier (32), and 24.6 h
demonstrates that the range of entrainment of the circadian
pacemaker in sighted humans is centered near 24.0 h. Stronger
environmental synchronizers would be necessary to expand
the range of entrainment to include these day lengths. There
is increasing evidence that exposure to indoor artificial lighting
can alter the phase of the circadian pacemaker in humans (33,
34). Taken together, these findings support the hypothesis that
exposure to inappropriately timed artificial light may underlie
or exacerbate circadian sleep disorders in humans. Stronger
synchronizers used to treat such sleep disorders, such as
exposure to bright light (�1,770 lux), have been reported to
increase the range of entrainment of the human circadian
pacemaker (35, 36). Our result showing entrainment to the
24.0-h day in a very dim light environment appears to depend
on strict scheduling of the light–dark�activity–rest cycle, be-
cause the circadian rhythms of subjects studied in a similar
illuminance level, whose light–dark�activity–rest cycles were
not scheduled, were not entrained to the 24.0-h day (37). Thus,
it is impossible to determine whether the observed entrain-
ment is a function of the strict schedule of nonphotic stimuli,
the timing of light and darkness, or a combination of the two.

The potential importance of nonphotic synchronizers, such as
periodic scheduling of sleep and�or activity, is illustrated by
the reported entrainment to a 23.8-h day of a circadian blind
human subject living in near darkness (�0.03 lux) (22).
Pharmacological doses of melatonin have also been reported
to capture and maintain circadian entrainment to the 24-h day
in blind humans (20, 21). In sighted humans, nonphotic stimuli
such as exercise have also been reported to shift the timing of
the circadian system (38, 39). Because exercise and pharma-
cological agents were restricted in the current studies, these
results suggest that periodic events such as scheduled sleep and
wakefulness (40), meals, or other recurrent daily activities (41)
may have greater effects on the human pacemaker than
previously recognized.

The entrainment limits of the near-24-h human circadian
pacemaker have important implications for the entrainment of
astronauts during Earth orbit (42) and during exploration-class
space missions such as a mission to Mars (43), for submariners
and other Navy personnel who are scheduled to work on an 18-h
day (44), for blind persons (20–22), for shift workers, and for
transmeridian travelers. The relationship between the phase
angle of entrainment and the genetically determined circadian
period has important implications for understanding the mech-
anisms underlying circadian rhythm sleep disorders, as recently
demonstrated by the identification of the gene responsible for
the period abnormality underlying a familial form of advanced
sleep phase syndrome (45).
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