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Abstract

The internal circadian clock and sleep-wake homeostasis regulate and organize human brain function, physiology and behavior so

that wakefulness and its associated functions are optimal during the solar day and that sleep and its related functions are optimal at

night. The maintenance of a normal phase relationship between the internal circadian clock, sleep-wake homeostasis and the

light-dark cycle is crucial for nominal neurobehavioral and physiological function in humans. Here we show that the phase

relationship between these factors the phase angle of entrainment ( ) is strongly determined by the intrinsic period ( ) of the— ψ — τ
master circadian clock located in the suprachiasmatic nucleus of the hypothalamus and the strength of the circadian synchronizer.

Melatonin was used as a marker of internal biological time and circadian period was estimated during a forced desynchrony protocol.

We observed relationships between the phase angle of entrainment and intrinsic period after exposure to scheduled habitual

wakefulness-sleep light-dark cycle conditions inside and outside of the laboratory. Individuals with shorter circadian periods initiated

sleep and awakened at a later biological time than individuals with longer circadian periods. We also observed that light exposure

history influenced the phase angle of entrainment such that phase angle was later following exposure to a moderate bright light (~450

lux)-dark wakefulness-sleep schedule for 5 days than exposure to a normal indoor daytime level of light (~150 lux)-dark

wakefulness-sleep schedule for 2 days. These findings demonstrate that neurobiological and environmental factors interact to regulate

the phase angle of entrainment in humans. This finding has important implications for understanding physiological organization by

the brain s master circadian clock and may have implications for understanding mechanisms underlying circadian sleep disorders.’
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Introduction

The daily pattern of wakefulness during the day and sleep at night in humans is dependent upon an appropriate and stable phase

relationship between the internal circadian clock, sleep-wake homeostasis and environmental time. In general, sleep need increases with

the duration of prior wakefulness in a classic homeostatic manner ( ; ).kerstedt and Folkard, 1995Å Borb ly and Achermann, 1999é
However, the circadian clock produces a wakefulnesspromoting signal that increases across the day to counteract the homeostatic drive for

sleep ( ; ; ; ). The result of the interaction between these twoEdgar et al., 1993 Dijk and Czeisler, 1995 Wright Jr. et al., 2002 Hull et al., 2003

fundamental properties emanating from the central nervous system is that humans are able to maintain alert wakefulness for approximately

15 to 17 hours ( ). Likewise, sleep-wake homeostasis promotes sleep at the beginning of the sleep episode (Czeisler et al., 1994 Dijk and

; ) and the circadian clock maintains sleep near the end of the sleep episode as the homeostatic drive forCzeisler, 1995 Wyatt et al., 1999

sleep is dissipated ( ). In humans, these processes normally interact to maintain consolidated sleep throughout theDijk and Czeisler, 1995

night ( ; ; ; ).kerstedt and Folkard 1995Å Dijk et al., 1997 Borb ly and Acherman 1999é Wyatt et al., 1999

The hormone melatonin is commonly used as a marker of internal biological time ( ; ; Arendt 1978 Lewy et al., 1999 Wright Jr. et al.,

; ) representing the phase of the master circadian clock located in the suprachiasmatic nucleus (SCN) of the2001 Aeschbach et al., 2003

hypothalamus in mammals ( ; ; ). The SCN regulates the daily rhythm ofMoore and Eichler 1972 Lee et al., 2003 Herzog et al., 2004

melatonin secretion via gabaergic inhibition and glutamatergic stimulation of the paraventricular nucleus (PVN) (Perreau-Lenz et al., 2003

; ) and noradrenergic stimulation of the pineal gland ( ; ). HighPerreau-Lenz et al., 2004 Klein and Moore, 1979 Reppert et al., 1981

circulating melatonin levels represent the biological night in both diurnal and nocturnal species. Humans typically initiate sleep shortly

after the circadian rise in plasma melatonin levels and awaken shortly after the circadian fall in plasma melatonin levels. In humans, sleep

efficiency is best during the biological night when melatonin levels are high. Wakefulness during scheduled sleep episodes is greatest

during the biological day when melatonin levels are low ( ; ). Melatonin receptors are present onDijk and Czeisler, 1995 Wyatt et al., 1999

the human SCN ( ) and administration of exogenous melatonin in humans during the biological day producesWeaver et al., 1993

drowsiness and sleep ( ; ). This has lead to the hypothesis that the onset of melatonin secretionDollins et al., 1994 Hughes and Badia, 1997

quiets the alerting signal from the SCN ( ).Sack et al., 1997
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Maintenance of an appropriate phase relationship between the internal circadian clock, sleep-wake homeostasis and the environmental

light-dark cycle is crucial for maintaining optimal physiological and behavioral function to promote survival ( ; Pittendrigh, 1993 Daily and

; ). In fact, the internal biological timekeeping and the sleep-wake systems are important regulators ofEhrlich, 1996 DeCoursey et al., 2000

neuroendocrine, metabolic, renal, cardiovascular and neurobehavioral function ( ; ; Smolensky et al., 1976 Gronfier et al., 1996 Czeisler and

; ; ; ; ; ; ).Klerman, 1999 Spiegel et al., 1999 Wyatt et al., 1999 Wurts and Edgar, 2000 Hull et al., 2001 Wright Jr. et al., 2002 Hull et al., 2003

Under normal conditions the internal biological timekeeping and the sleep-wakefulness systems interact to organize human physiology and

behavior such that sleep and its associated functions occur during the solar night and wakefulness and its associated functions occur during

the solar day. Circadian entrainment is the process that occurs when the phase relationship between biological and environmental time is

stable and when the biological night occurs at the appropriate time in the solar day for that species ( ; Pittendrigh and Daan, 1976 Wright Jr.

; ). Humans, unlike other species, have exquisite control the light-dark cycle and are able to produceet al., 2001 Honma et al., 2003

artificial light equivalent to daytime levels during solar darkness. The influence of this light exposure on the phase angle of entrainment

has received little attention. In non-human species, the maintenance of an appropriate phase relationship between biological and

environmental time has been reported to be dependent upon the period of the internal circadian clock as well as the timing and the strength

of environmental time cues ( ; ). Whether the intrinsic period of the circadian clock ( ) and theHoffmann, 1963 Pittendrigh and Daan, 1976 τ
strength of the environmental time cue affect the phase angle of entrainment ( ) when sleep is scheduled to occur at the habitual time inψ
humans is addressed in the current study.

While many stimuli have been reported to influence the phase of the internal circadian clock ( ; ; Wever, 1979 Skene et al., 1996

; ; ; ; ), exposure to light is the strongestLockley et al., 2000 Sack et al., 2000 Wright Jr. et al., 2001 Crowley et al., 2003 Barger et al., 2004

naturally occurring environmental synchronizer for humans ( ). In humans, the duration, intensity and theCzeisler and Wright Jr., 1999

biological time of exposure to light have been reported to influence the phase and amplitude of the internal circadian clock (reviewed in 

). However, how the strength of the light stimulus affects the phase angle of entrainment in humans, whileCzeisler and Wright Jr., 1999

maintaining the same day length and light-dark ratio), has not been reported. Here we show that the onset of melatonin secretion and its

phase angle relationship to habitual sleep time/darkness onset in humans is strongly determined by the period of the internal circadian

clock and the strength of the environmental synchronizer.

Materials and Methods

A total of 34 healthy adults (11 females, 23 males; aged 30.5  8.2) participated in one of two inpatient protocols (± Wright Jr. et al.,

; ). The current phase angle assessments were performed on data from the baseline days of these2001 Wright Jr. and Czeisler, 2002

protocols. Data used in the current analyses includes available data from days 1 and 3 5 of the first study ( )– Wright Jr. and Czeisler, 2002

and days 1 2, days 5 8 and days 35 49 of the second study ( ). General procedures were identical for the two– – – Wright Jr. et al., 2001

protocols and are provided next. This is then followed by descriptions of study specific procedures and then the specific aims of the current

analyses.

General Procedures

The Brigham and Women s Hospital/Partners Health Care Human Research Committee approved the procedures for the protocols and’
participants gave written informed consent. The investigations were conducted according to the principles expressed in the Declaration of

Helsinki. Participants were healthy based upon medical history, physical and psychological exams, blood and urine chemistries and

electrocardiogram. Toxicology screens for drug use, including but not limited to alcohol, nicotine and caffeine, verified that participants

were drug free upon admission to the laboratory. Three weeks prior to the laboratory protocol, participants were instructed to maintain a

regular eight hour sleep schedule, which was verified by times called in to a time stamped voice recorder and by wrist actigraphy for at

least one week. Napping was proscribed. Reported time spent in bed was on average 8-h 5 min  16 min (mean  SD) the week prior to± ±
entering the laboratory.

Ceiling-mounted fluorescent T8 and T80 lamps (Phillips, Eindhoven, The Netherlands) with a 4100 K color temperature produced a

spectrum of white light. Lux was measured with an IL-1400 photometer (International Light, Inc. Newburyport, MA, USA) and

microwatts were determined with a PR-650 SpectraScan Colorimeter (CR-650, PhotoResearch Inc, Chatsworth, CA). Microwatts levels

are provided when available.

Participants arrived at the laboratory ~12 h prior to habitual bedtime and shortly thereafter they were maintained in very dim light of

~3.0 lux in the angle of gaze (< 5 lux ambient at ~76 cm with the light sensor pointed in the direction of the ceiling fixtures, < 15 lux

maximum at ~183 cm with the light sensor pointed in the direction of the ceiling fixtures). Participants were scheduled to sleep in dark,

sound attenuated, temperature-controlled rooms for 8 h at their habitual sleep time. Habitual sleep time was calculated by subtracting four

hours from the average midpoint of the participants  self-selected sleep-wakefulness schedule during the week prior to laboratory’
admission. The average habitual sleep onset time was 2244 hr  1 hr 14 min (  SD).± ±
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Constant routines (CR) were used to estimate melatonin phase under very dim light conditions of ~1.5 lux angle of gaze (< 3 lux

ambient at ~76 cm, < 8 lux and < 0.8 W/cm  maximum at ~183 cm). Wakefulness, activity, and ambient temperature were constant andμ 2

food and fluid intake were evenly distributed across the CR protocol ( ).Czeisler and Wright Jr., 1999

Study Specific methods

Study 1

Nineteen participants, 8 females and 11 males (age 29.3  9.7; mean  SD) were studied in a 10 daylong inpatient protocol (± ± Wright Jr.

). These subjects included all those with available melatonin data during baseline. On days 2 through 3 of the 10 dayand Czeisler, 2002

protocol these 19 participants were exposed to light levels equivalent to normal indoor daytime levels (~150 lux in the angle of gaze, ~190

lux maximum) during 16 h of scheduled wakefulness. This was followed by a 40-h CR ( ).Figure 1A

Study 2

Fifteen participants, 3 females and 12 males (age 31.8  6.2; mean  SD) were studied in a 55 daylong inpatient protocol where± ±
intrinsic circadian period was assessed ( ). On days 2 through 6 of the 55 day protocol these 15 participants wereWright Jr. et al., 2001

exposed to moderately bright indoor light of ~450 lux in the angle of gaze (< 1,100 lux ambient at ~76 cm, < 1,500 lux maximum at ~183

cm) during 16 h of scheduled wakefulness. A 40-h CR followed baseline days ( ). Subjects were then scheduled to a 24.0 or 24.6Figure 1B

hr day, in ~1.5 or 25 lux in the angle of gaze during scheduled wakefulness and sleep in darkness, for 25 days. Then, participants were

scheduled to a 28-h day (18.66 h wakefulness and 9.33 h scheduled sleep) forced desynchrony (FD) protocol for 12 consecutive days

(equivalent to fourteen 24-h days) to estimate the intrinsic circadian period of the melatonin rhythm( ) ( ; τm Czeisler et al., 1999 Wright Jr. et

). The FD days were conducted in ~1.5 lux in the angle of gaze during scheduled wakefulness. However, light levels duringal., 2001

scheduled wakefulness of the CR and of FD protocols were ~3.0 lux in the angle of gaze for the first two subjects in study 2. Intrinsic

circadian period of the melatonin rhythm was estimated using non orthogonal spectral analysis techniques described in detail elsewhere (

).Czeisler et al., 1999

Specific Aims

The primary aims of the current analyses were 1) to assess whether the strength of the environmental synchronizer influenced the

phase angle of entrainment in humans; 2) to determine whether there is a significant relationship between the phase angle of entrainment

and intrinsic circadian period in humans after exposure to scheduled wakefulness-sleep light-dark cycle conditions inside and outside of

the laboratory; 3) to determine whether the drift in circadian phase across two circadian cycles under constant conditions of the CR is

related to intrinsic circadian period and whether this drift can be used to accurately assess circadian period.

In addition, since the current sample size is relatively large, we also used the available data to determine if we could replicate previous

research findings. Specifically, we assessed 1) the phase angle of entrainment (the average time of melatonin onset relative to habitual

sleep time/darkness onset) following scheduled light-dark sleep-wake cycles outside of the laboratory ( ; Lewy et al., 1999 Martin and

; ; ). Data from the first baseline day of both studies presented in this manuscriptEastman, 2002 Burgess et al., 2003 Mongrain et al., 2004

were combined for this analysis; 2) the relationship between the clock hour of habitual sleep time and circadian period ( ).Duffy et al., 2001

Data from study 2 were used since circadian period was not assessed in study 1; 3) the relationship between morning-eveningness and

intrinsic circadian period ( ). Data from study 2 were used since circadian period was not assessed in study 1; and 4) theDuffy et al., 2001

influence of exposure to ~150 and ~450 lux on the assessment of the phase angle of entrainment (i.e., masking of melatonin onset during

exposure to these light levels; e.g., ; ; ; ). Data fromBojkowski et al 1987 Czeisler and Wright Jr., 1999 Nathan et al 2000 Zeitzer et al. 2000

study 1 and study 2 were used to demonstrate the influence of masking on assessment of melatonin onset.

Melatonin analyses

Blood samples were obtained every 30 to 60 min to assess circadian phase and period of the melatonin rhythm. Plasma melatonin

levels were assayed via radioimmunoassay I  (Diagnostic USA, Inc., Osceola, WI). The sensitivity of the assay was 2.5 pg/ml. The125

average inter-assay and intra-assay coefficients of variation were 13.45  and 4.99  respectively. The dim light melatonin onset (DLMO% % 25

) was defined as the linearly interpolated point in time when melatonin levels exceeded 25  of the 3-harmonic fit peak to trough% %

amplitude as determined on the CR on day 4 ( ) or day 7 ( ). The 25  criterion wasWright Jr. and Czeisler, 2002 Wright Jr. et al., 2001 %
applied to all data to control for individual differences in melatonin amplitude. Using this criteria, we found that the average value for the

DLMO  was 13.33  7.14 pg/ml (Mean  SD) with a range of 3.27 to 33.57 pg/ml. This average DLMO  is slightly higher than the25% ± ± 25%
10 pg/ml criteria commonly used when melatonin amplitude is not known or assessed. Melatonin data were unavailable for some

individuals on different days of the study due to blood sampling difficulties (see results). Changes in melatonin onset from day 1 to the

first circadian cycle on the CR (day 4 or 7), and drift in melatonin phase from one cycle to the next during constant conditions of the CR

were analyzed using one-sample t-tests. The relationship between the phase angle of entrainment and the intrinsic period of the internal

circadian clock was assessed using linear regression techniques. Results are presented as mean  SD. We do not consider the results for±
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melatonin onset during exposure to ~150 or ~450 lux to be an accurate assessment of melatonin onset since these light levels have been

reported to influence melatonin levels. However, these data are presented to demonstrate masking of the phase angle of entrainment in

humans under these conditions.

Results

The results section will first present some of the analyses that were performed to determine if we could replicate previous research

findings. These results are then followed by analyses that address the specific aims of the current study and additional analyses to replicate

previous research.

Phase angle of entrainment following exposure to scheduled light-dark sleep-wake cycles outside of the laboratory (subject data

 On the first day upon entry to the laboratory, melatonin onsetcombined from studies 1 and 2) and relationship to habitual sleep time.

occurred prior to habitual sleep time for all but one of the 34 participants, with a range from 4.46 h prior to sleep to 0.55 h after habitual−
sleep time. The average time of the DLMO  was 2-h 9 min  1-h 1 min (  SD) prior to habitual sleep time/lights out and the median25% ± ±

time was 2 h 14 min prior to habitual sleep time/lights out. We also assessed the relationship between the clock hour of habitual sleep time

and the clock hour of the DLMO  and found a significant correlation (r 0.67; P < 0.0001), such that for every 1 hr change in sleep time25% =

there was a 0.87 hr difference in DLMO .25%

 During exposure to 16 h of ~150 lux, a lightMasking of melatonin onset during exposure to ~150 and ~450 lux in the angle of gaze.

intensity equivalent to normal daytime levels of indoor light, on day 3 of study 1, melatonin onset occurred very near to but after scheduled

sleep time/lights out for 11 of 17 subjects whereas during the very dim light of the CR on the following day (day 4), melatonin onset

occurred after scheduled sleep time/lights out in only 3 of 19 subjects ( ).Figure 1A

During exposure to 16 h of ~450 lux, a light intensity equivalent to moderately bright indoor light, melatonin onset occurred after

scheduled sleep time/lights out for 12 of 14 subjects on day 2 and for all subjects on days 5 6 in study 2 ( ). During the very dim– Figure 1B

light of the CR, following five days of exposure to the moderately bright indoor light-dark schedule, melatonin onset occurred after

scheduled sleep time/lights out for 7 of 14 subjects ( ).Figure 1B

Specific aim 1

Does the strength of the environmental synchronizer influenced the phase angle of entrainment in humans? Comparison of the phase

angle of entrainment following exposure to a 16:8 hr ~150:0 lux light-dark wakefulness-sleep schedule (Study 1) and following exposure

 Following 2 days of exposure to scheduled 16:8 hr ~150 lux:0 luxto a 16:8 hr ~450:0 lux light-dark wakefulness-sleep schedule (study 2).

wakefulness-sleep cycles, the DLMO  on the CR was significantly delayed by 1 h 12 min  28 min compared to day 1 of entry into the25% ±

laboratory ( ; t  11.35, p<0.000001; one-sample t-test). Following 5 days of exposure to scheduled 16:8 hr ~450 lux:0 luxFigure 1A =
wakefulness-sleep cycles, the DLMO  on the CR was significantly delayed by 2-h 5 min  55 min ( ; t  8.54, p<0.000001;25% ± Figure 1B =

one-sample t-test). This phase delay of melatonin onset from day 1 to the CR (day 7) was greater in the moderately bright light conditions

of study 2 than the normal daytime indoor light conditions of study 1 (t  3.68, p<0.001). In addition to the greater phase delay in response=
to moderately bright light, we observed that the inter-individual variance in the phase angle of entrainment was reduced after exposure to

the moderately bright light-dark circadian synchronizer ( ).Figure 1B

Specific aim 2

Is there a relationship between the phase angle of entrainment and intrinsic period following scheduled wakefulness-sleep light-dark

 Regression analysis showed positive relationships between the phase angle ofconditions outside and inside of the laboratory (Study 2).

entrainment and intrinsic period such that longer phase angles were associated with shorter intrinsic periods of the internal circadian clock

( ). This relationship was observed to be robust upon arrival to the laboratory ( ) and during the CR following controlledFigures 2 Figure 2A

laboratory conditions of 5 days 16:8 exposure to ~450:0 lux wakefulness-sleep cycles ( ). In general, subjects with a circadianFigure 2B C–
period shorter than 24.0 h showed longer phase angles of entrainment than subjects with a period longer than 24.0 h regardless of previous

light exposure history outside or inside of the laboratory. Upon entry to the laboratory on day 1, the association between intrinsic period

and phase angle was such that for every 6 min change in circadian period (0.1 h) there was a 24 min difference in phase angle. Even

though exposure to a moderately bright light-dark/wakefulness-sleep schedule delayed melatonin onset and reduced inter-individual

differences in phase angle, the association between intrinsic period and phase angle during the first cycle of the CR (CRa) was such that

for every 6 min change in circadian period there was a 14 min difference in phase angle. On the second cycle of the CR (CRb) the

association between intrinsic period and phase angle was such that for every 6 min change in circadian period there was a 32 min

difference in phase angle.

We also assessed the relationship between morning-eveningness and intrinsic circadian period.
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In addition, we assessed the relationship between the clock hour of habitual sleep time and circadian period, but found no relationship

between these measures (r  0.0211, P  0.94051).= − =

 First, we assessed the degree of drift under theIs the drift in circadian phase under constant conditions related to prior light history?.

constant conditions of the CR following 2 days of exposure to a scheduled 16:8 hr ~150 lux:0 lux wakefulness-sleep cycle. We assessed

absolute drift in phase since subjects with intrinsic periods shorter than 24.0 h would likely drift in an advance direction and subjects with

periods longer than 24.0 h would drift in a delay direction. We observed an absolute change of the DLMO  from the first to the second25%
cycle on the CR that was significantly greater than zero (16  11 min; t  6.13, p<0.0001; one-sample t-test). Following 5 days of exposure± =
to a scheduled 16:8 hr ~450 lux:0 lux wakefulness-sleep cycle, the absolute change of the DLMO  from the first to the second cycle on25%
the CR of study 2 was greater than zero 30 min  27 min (t  4.18, p 0.001; one-sample t-test) . There was also a non-significant trend for[ ± = = ]
a greater absolute change in melatonin onset from the first to the second cycle on the CR after exposure to the moderately bright light of

study 2 when compared with the normal daytime levels of indoor light of study 1 (t 1.96, p 0.0599).= =

Specific aim 3

Is the drift in circadian phase across two circadian cycles under constant conditions of the CR related to intrinsic circadian period and

 The drift between successive melatonin onsets on the CR wascan the amount of drift be used to accurately assess circadian period.

positively and robustly related to intrinsic circadian period ( ) with a slope of 2.61 ( ). Subjects with a circadian period shorterτm Figure 3

than 24.0 h tended to advance and subjects with a period longer than 24.0 h tended to delay under the constant conditions of the CR.

However, for every 6 min change in circadian period there was a 16 min change in melatonin onset.

Discussion

This study demonstrates that in humans, as in other species, the phase angle of entrainment is strongly determined by the period of the

internal circadian clock. Furthermore, scheduling participants to strictly controlled laboratory conditions in a light-dark cycle equivalent to

normal indoor daytime levels and darkness or a light-dark cycle equivalent to moderate indoor bright light and darkness changed the phase

angle of entrainment, such that under both cases it was later compared to the day of entry into the laboratory. This delay in internal

biological time occurred even though the day length and the light-dark ratio were similar for the scheduled wakefulness-sleep light-dark

cycle conditions inside and outside of the laboratory. Furthermore, the delay in melatonin onset time was greater following 5 days of 16 h

of exposure to moderately bright light compared to the 2 days of 16 h of exposure to normal daytime indoor light, demonstrating that the

strength of the laboratory synchronizer affected the phase angle of entrainment.

The current finding of a delay in melatonin onset following days of exposure to laboratory conditions is likely related to the constant

light intensity exposure throughout the 16 h of scheduled wakefulness. These schedules probably exposed subjects to light of a higher

intensity than normal during the evening hours in the laboratory compared to light exposure received outside of the laboratory (Guillemette

) resulting in greater stimulation of the delay portion of the phase response curve to light (reviewed in et al., 1998 Czeisler & Wright Jr.,

). It is possible that exposing subjects to dim room light shortly after entry to the laboratory may have resulted in an advance of1999

melatonin onset on day 1. However, the amount of advance is likely to be small since the average timing of melatonin onset relative to

habitual sleep time that we observed upon entry to the laboratory is consistent with prior reports that exposed subjects to dim light much

later in the day ( ; ; ). Another study reported that the timing of melatonin onsetLewy et al., 1999 Burgess et al., 2003 Mongrain et al., 2004

relative to self-selected, uncontrolled sleep times was earlier in subjects who habitually went to bed later ( ).Martin and Eastman, 2002

Consistent with previous reports, we found a relationship between habitual sleep time and the clock hour of melatonin onset (Martin and

; ). These results are consistent with the idea that the timing of melatonin onset is influenced byEastman, 2002 Burgess et al., 2003

wakefulness-sleep and light-dark history.

In studies that have altered the light-dark ratio during a 24 h day, it has been reported that the duration of melatonin secretion was

shorter for short versus long nights ( ; ). These data were interpreted as support for the hypothesisWehr et al., 1993 Vondrasov  et al., 1997á
that the human circadian system, like that of other mammals (Arendt, 1979; ) has the capacity to respond to seasonalHastings et al. 1986

changes in light exposure that naturally occur at latitudes away from the equator. Given that the human circadian system can be reset with

very dim light ( ) as low as ~12 lux in the angle of gaze ( ), and that intermittent exposure toZeitzer et al. 2000 Wright Jr. and Czeisler, 2002

light has a greater resetting capacity per minute basis compared to constant light ( ; ), and that theRimmer et al. 2000 Gronfier et al., 2004

human circadian system maybe reset by light exposure at most if not all circadian phases ( ; ), it isJewett et al. 1997 Khalsa et al., 2003

likely that both the natural and the artificial light exposure that humans are exposed to across the 24 h day is important in determining the

phase angle of entrainment in modern society. Our current finding that 2 days of exposure to 16 h of light, equivalent to normal indoor

daytime levels, during scheduled wakefulness and 8 h of darkness during scheduled sleep delayed the phase of melatonin onset compared

to scheduled conditions outside of the laboratory supports this idea.
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On average, melatonin onset time drifted in a delay direction from one cycle to the next during the constant conditions of the constant

routine protocol. Although the absolute drift on the constant routine tended to be larger following exposure to 5 days of moderately bright

light in study 2 than 2 days of indoor daytime levels of light in study 1, it is possible that the different number of days of exposure to the

light-dark cycles influenced this result ( ). This would be consistent with the effect of light intensity history on the periodHebert et al. 2002

of the circadian clock in diurnal mammals ( ). Whether differences in the distribution of intrinsic periodsPittendrigh and Daan, 1976

between studies influenced this result cannot be determined because intrinsic period was not estimated in study 1.

In study 2, there was a significant relationship between the magnitude and direction of drift in melatonin onset on the constant routine

and intrinsic circadian period. However, the average drift in melatonin onset time was 2.6 times greater than would be expected based on

the average intrinsic circadian period observed. Melatonin onset delayed in some individuals who had shorter than 24.0 h circadian periods

and advanced in some individuals who had longer that 24.0 h circadian periods. These findings suggest that the drift in melatonin onset

from one circadian cycle to the next under constant routine conditions cannot be used to estimate circadian period accurately. It is possible

that the drift in phase under constant conditions reflects the influence of transients on melatonin phase ( ), althoughPittendrigh et al. 1958

transients in response to light exposure have not been reported in humans ( ). As previously mentioned (Jewett et al. 1997 Wright Jr. et al

), the conditions to which subjects were exposed to prior to the forced desynchrony (i.e., scheduled 24.0 and 24.6 day lengths in ~1.52001

or ~25 lux) might have influenced our estimates of circadian period.

It has long been acknowledged in non-human species that both the strength of the environmental synchronizer and the period of the

circadian clock determine the phase angle of entrainment. Specifically, it has been reported that the phase relationship between activity

onsets and the light-dark cycle in lizards ( ); sparrows ( ), chaufinches ( ) and hamsters (Hoffmann, 1963 Eskin, 1969 Aschoff, 1965

) is related to intrinsic period. Previously, we reported that the phase angle of entrainment to a weakPittendrigh and Daan, 1976

synchronizing stimulus in sighted humans was associated with intrinsic period ( ) and Lewy and colleagues reportedWright Jr. et al., 2001

that the phase angle of entrainment to melatonin treatment in blind humans was associated with intrinsic period ( ). TheLewy et al., 2001

phase relationship between the circadian clock and environmental time in non-human animals has also been reported to be influenced by

the duration and the intensity of light exposure reviewed in ( ; ; ) . Most[ Aschoff, 1965 Pittendrigh and Daan, 1976 Aschoff et al., 1975 ]
non-human studies have examined the phase angle relationship between biological and environmental time during exposure to the

environmental stimulus. In the present study, we also observed a change in the phase relationship between melatonin onset and the timing

of light and darkness during the days of exposure to the daytime levels of indoor light on day 3 of study 1 and the moderately bright light

on days 2, 5 and 6 of study 2. Using melatonin as a circadian phase marker as we did, it is impossible to determine whether this change in

phase angle represents a true change in the phase relationship between biological and environmental time or whether this simply reflects

the acute suppressant/masking effects of daytime levels of indoor and moderately bright light exposure on melatonin levels (Bojkowski et

; ; ; ). Therefore, we assessed phase angle upon release fromal 1987 Czeisler and Wright Jr., 1999 Nathan et al 2000 Zeitzer et al. 2000

entrainment under constant routine conditions in very dim light. Based on the latter analysis more subjects were shown to have melatonin

onsets prior to sleep time. These results suggest that melatonin onset was suppressed by daytime levels of indoor light and moderately

bright light laboratory conditions and thus provide further evidence that melatonin levels need to be assessed in dim light (Lewy et al 1999

).

We observed that if an individual s circadian period was shorter than the scheduled day length, then the phase angle was longer’
relative to the onset of habitual sleep time, whereas if circadian period was longer, the phase angle was shorter. This resulted in individuals

with shorter intrinsic circadian periods going to sleep and awaking at a later biological time.

It has been previously reported that circadian period was correlated with clock hour of habitual sleep time ( ). We didDuffy et al., 2001

not replicate this finding. We did however replicate previous findings of a significant correlation between the phase angle of entrainment

and circadian period, such that a longer phase angle of entrainment was associated with a shorter intrinsic period ( ). WeDuffy et al. 2001

also replicated the finding that circadian period influences morning and evening behavior preferences in humans such that those with

shorter intrinsic periods tend to be early birds and those with longer circadian periods tend to be night owls ( ). InDuffy et al., 2001

addition, morning and evening types have been reported to exhibit different phase angles of entrainment ( ; Duffy et al., 2001 Baehr et al.,

) and gene polymorphisms are reported to be associated with diurnal preference ( ; ).2000 Katzenberg et al. 1998 Archer et al., 2003

Our current finding that light-dark history and intrinsic period influenced the phase angle of entrainment has implications for circadian

sleep disorders. The timing of melatonin onset has been reported to be earlier in a familial form of advanced sleep phase syndrome (Jones

) and the phase angle of entrainment has been reported to be altered in circadian sleep disorders ( ; et al., 1999 Shibui et al., 1999 Uchiyama

). In addition, the circadian period of one individual with advanced sleep phase syndrome was reported to be shorter than 24-h,et al., 2000

consistent with the desire to go to bed early at night ( ). Whether the responses to light exposure and/or circadian periodJones et al., 1999

are altered in other circadian sleep disorders remains to be determined.
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In summary, the current findings demonstrate that the intrinsic period of the master circadian clock is important for determining the

phase relationship between biological and environmental time and suggest that, as in other species, intrinsic circadian period determines

key elements of circadian entrainment in humans. Furthermore, the current findings show that the strength of the light-dark cycle also has

important influence on the relationship between biological and environmental time in humans.
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Figure 1
A) Phase angle of entrainment for subjects in study 1 (n 19). Following two days of exposure to a light-dark schedule with light levels=
equivalent to normal daytime indoor light, melatonin onset was delayed but the range of phase angles was similar when comparing day 1 to

the CR. B) Phase angle of entrainment for subjects in study 2 (n 15). Following five days of exposure to a moderately bright light-dark=
schedule, melatonin onset was delayed and inter-individual differences in phase angle were reduced when comparing day 1 to the CR.

Symbols represent individual subjects. Solid line represents habitual sleep time. Values in square brackets represent light level exposure in the

angle of gaze.

Figure 2
Association between intrinsic circadian period during forced desynchrony (T-Cycle  28.0) and the phase angle of entrainment on A) day 1 of=
entry to the laboratory, B) day 7, the first cycle of the constant routine (CR ), and C) day 8, the second cycle of the constant routine (CR ) fora b

subjects in study 2. Symbols represent individual subjects for whom melatonin onset and intrinsic period data were available. The dashed line

represents a linear fit of the data. The phase angle of entrainment, as determined by the relationship between melatonin onset and habitual

sleep time, is positively and robustly related to intrinsic circadian period ( ) with slopes ranging from 2.42 to 5.25.τm

Figure 3
Association between the drift in melatonin onset time during CR and intrinsic circadian period during forced desynchrony (T-Cycle 28.0) of=
study 2. Symbols represent individual subjects for whom two melatonin onsets and intrinsic period data were available. The solid black line

represents the change in melatonin onset that would have occurred had subjects drifted at a rate equal to the intrinsic period of their internal

clock. The dashed line represents a linear fit of the data.


