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Abstract
The present study assessed whether advances in sleep times and circadian phase in older adults might
be due to decreased responsiveness of the aging circadian clock to light. Sixteen young (29.3 ± 5.6
yrs) and 14 older adults (67.1 ± 7.4 yrs) were exposed to 4 hours of control dim (10 lux) or bright
light (3,500 lux) during the night. Phase shifts of the melatonin rhythm were assessed from the nights
before and after the light exposure. Bright light delayed the melatonin midpoint in both young and
older adults (p < 0.001). Phase delays for the older subjects were not significantly different from
those of the young subjects for either the bright or dim light conditions. The magnitude of phase
delays was correlated with both sleep offset and phase angle in the older, but not the younger subjects.
The present results indicate that at light intensities commonly used in research as well as clinical
practice older adults are able to phase delay to the same extent as younger subjects.
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Introduction
Aging is characterized by changes in both sleep quality and circadian rhythms.6, 43, 59
Complaints of sleep disturbance and awakenings during the night, daytime sleepiness, and the
use of hypnotic medications increases with age.32, 38, 39, 50 Polysomnographic assessment
supports the subjective decline in sleep quality. While elderly people may spend just as much
time in bed, there is a marked reduction in slow wave sleep and more frequent periods of
wakefulness.27, 46, 49 There is a strong association between sleep complaints and indicators
of poor physical and mental health in this population, and sleep complaints often resolve with
improvements in health.7, 31, 32, 42, 51, 60 However, poor health does not explain all of the
sleep complaints of older adults. Both objective and subjective measures of sleep quality may
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still decline in older adults who remain healthy, and up to one quarter of very healthy older
adults still have sleep complaints.7, 32, 42, 46

Elderly subjects, including those who remain very healthy into advanced age, frequently go to
sleep and wake earlier, and show an advance in the timing of circadian rhythms in comparison
with young adults.12, 22, 36, 44, 52, 57 It is well established that the timing of the circadian
clock influences the ability to sleep, with sleep propensity at its maximum close to the nocturnal
nadir of the core body temperature rhythm.24, 67 Based on the strong influence of circadian
timing on sleep propensity, it has been hypothesized that age-related advances in circadian
phase may contribute to the sleep maintenance insomnia and early morning awakenings
frequently reported in this population.13, 14, 28, 43, 59

The cause of the age-related advance in circadian timing is not known. There are, however,
several possible non-exclusive mechanisms that could contribute to advanced phase. These
include a shorter period of the endogenous oscillator, reduced exposure to synchronizing
stimuli (zeitgebers) such as light, or altered responsiveness to zeitgebers. Both circadian theory
and empirical results indicate that a shorter (faster) circadian clock results in an advance in the
timing of entrained circadian rhythms relative to the light-dark cycle (phase angle).20, 29,
47, 64 In addition, inter-individual variance in phase angle increases under low light conditions.
64 It is notable that no difference in the intrinsic circadian period between young and older
adults was found in an experimental protocol that desynchronizes the sleep/wake cycle from
circadian rhythms.21 However, a shorter circadian period in older adults was found when
subjects were able to self select their own sleep schedule.62

Advances in the timing of the sleep/wake cycle in elderly adults might also be due to age-
related changes in either exposure or responsiveness of the circadian clock to light. It is well
established that light is the primary zeitgeber for the circadian timing system, and that the effect
of light on circadian timing depends on the time of the light exposure. Light exposure in the
late afternoon to early night delays the circadian clock, while light in the morning shifts
circadian rhythms to an earlier clock time.23, 25, 40 In humans, the transition point from delays
to advances occurs near the temperature minimum, which occurs around 5:00 am in young
adults and somewhat earlier in older adults.3, 22, 41 Stable entrainment to the light/dark cycle
results from the combined action of phase delays and phase advances induced by daily light
exposure.

Daily exposure to light can be substantially reduced in older adults and is a particular problem
in nursing homes where patients may have little to no exposure to outdoor sunlight.2, 15 In
patients with dementia the level of light exposure has been shown to be positively associated
with stability of the rest-activity rhythm and with sleep consolidation.1, 58 Moreover, age-
related lens pigmentation decreases the transmission of short wavelength light to the retina.9,
18, 48 Given that the circadian system is most sensitive to light in the short (blue) wavelength
region, the reduced transmission of short wavelengths of light with age may be particularly
detrimental for circadian timing in older adults.8, 18, 33, 34, 54 Together, these results suggest
that reduced exposure to light at the level of the retina may also contribute to age-related
changes in circadian phase.

There is also considerable evidence for age-related alterations in the responsiveness of the
circadian clock to light from animal models. Aged rodents have smaller light-induced phase
shifts of circadian activity rhythms and lower light-induced expression of immediate-early
genes in the suprachiasmatic nucleus (SCN) when compared to young animals.5, 53, 66 In
older humans, however, only phase advances were found to be decreased following three cycles
of high-intensity long-duration light exposure.35 As concluded from that study, a reduction in
phase advances without attenuation of phase delays cannot explain the advance in phase that
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is prevalent in older adults. Of several possible explanations that were put forward for the lack
of age-related changes in phase delays was the possibility that the light stimulus (10,000 lux
for 5 hours) was saturating, and therefore obscured age-related differences. In the present study
we assessed whether phase delays would be reduced in older adults following exposure to a
single 4-hour moderately bright pulse of light.

Methods
Subjects

Young and older volunteers were recruited from advertisements in newspapers, flyers, and
talks at community centers. Young subjects were healthy with no current illness and no use of
medications aside from birth control. Older subjects with unstable or serious illness, or who
were taking beta-blockers, were excluded from participation. The older adults completed
comprehensive neuropsychological testing at the Memory Disorders Research Core of the
Alzheimer’s Disease Center at Northwestern University. In addition to testing, subjects were
required to provide an informant who could answer questions about the subject’s functional
capacity in daily living activities. The average score on the Mini-mental state exam was 28.4
± 2.24, and all subjects but one scored above 26. This subject also had scores from the
comprehensive neuropsychological test battery that were in the impaired range for age and
education. The phase delay for this subject was close to the group average, and data from this
subject was included in the analysis. Three other older adults who completed the study had
scores from 1 - 4 components of the comprehensive test battery (visuoperceptual and/or
learning/memory) that were in the impaired range for age and education. All other scores were
within normal limits for the age group. These subjects were considered to have mild cognitive
impairments without dementia, based on the absence of problems in daily living. None of the
subjects were shift workers or had crossed more than two time zones in the two months prior
to participation in the study. This research was approved by the Institutional Review Board
and each subject provided written informed consent. 22 young and 24 older adults were enrolled
in the study. Data from 10 older subjects were not included in the analysis due to melatonin
levels that were too low to detect phase changes (n = 5); the inability to obtain blood samples
throughout the night (n = 2); or other technical problems (n = 3). Three young subjects chose
not to complete the study; data from 3 others were not included due to low melatonin levels (n
= 2) or other technical problems (n = 1). Data presented are from the 16 young adults (8M, 8F,
mean ± SD: 29.3 ± 5.6 yrs) and 14 older adults (7M, 7F, mean ± SD: 67.1 ± 7.4 yrs) who
completed the study.

Experimental Protocol
Prior to admission, each subject underwent a 3 week baseline period in which they were
instructed to maintain a regular, self-selected sleep schedule (varying no more than ± 30
minutes from their habitual sleep time). Subjects maintained sleep logs during this 3-week
period. On the week prior to their stay subjects wore an activity monitor (Cambridge
Neurotechnology L.T.D., Cambridge, England) on their wrist to objectively verify sleep and
wake times. The sleep period during the hospital stay was determined from the self-selected
habitual sleep time prior to admission.

At the end of the 3 week baseline subjects were admitted to the General Clinical Research
Center (GCRC) at Northwestern Memorial Hospital for a 4 night/ 3 day hospital stay under
constant conditions 56, 63. The experimental protocol is illustrated in Figure 1. Subjects were
admitted to the GCRC during the evening hours. Light levels were maintained at 10 lux during
waking hours, and turned off by nursing staff during the 8 hour sleep period. Core body
temperature was collected at one-minute intervals throughout the study with a rectal thermistor
and data collection unit (Mini-Logger, Mini-Mitter, Inc., Bend, OR). Subjects were provided
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with small snacks (150-250 Kcal, based on normal food intake, 50% carbohydrate, 20%
protein, and 30% fat) every two hours throughout the study. Water was available ad lib.
Subjects remained in a semi-recumbent or seated position throughout the study with the
exception of one daily shower and voiding as necessary. They were not allowed to engage in
strenuous activity.

The first night of admission was a habituation night to adjust to the experimental conditions.
On the second day of the study, blood was sampled throughout the night, beginning at 19:30
until 9:30 the following morning for baseline measurement of the circadian melatonin profile.
Subjects received a sterile heparin-lock catheter for intravenous blood sampling in the forearm
vein 2 hours before the beginning of blood sampling. During periods of wake, blood was
sampled from a stopcock attached directly to the intravenous catheter. During sleep periods
blood was sampled through tubing extending to an adjacent room so as not to disturb the subject.
The intravenous line was kept patent with a slow drip of heparinized saline (750 IU heparin in
9.0 g NACl/l).

On the third night, subjects went to bed earlier than usual for a 4 hour sleep period, then were
awoken for exposure to bright fluorescent light via commercially available light-boxes
(Sunbox, Co, Gaithersburg, MD: 3500 lux for 3 hours, with a ramp up and ramp down period
of 15 minutes at approximately 1000 lux and 15 minutes at approximately 2000 lux). Thus,
the total duration of light exposure was 4 h. The light exposure began 5 hours prior to the
individual’s core body temperature minimum (Tmin) on the baseline night (described below),
a time known to induce maximal phase delays (Van Cauter, 1999). Upon completion of light
exposure, subjects were allowed to sleep for an additional 4 hours. Blood sampling was
resumed from 19:30 until 9:30 on the post-treatment night to assess the effect of bright light
exposure on the timing of the melatonin rhythm.

Half of the subjects (8 young and 7 elderly) also participated in a control condition where they
were awakened and exposed to background dim light (10 lux) for 4 hours at the same time of
the night (beginning 5 hours before Tmin). For 77% of the subjects the light condition was
their first or only admission. There was a minimum of 3 weeks between each admission, with
an average interval of 9.75 ± 10.6 weeks. The older group (n=14) was initially asked to
participate in a single admission with bright light. Seven of the 14 older subjects were brought
back at a later time in order to verify that there was no difference between young and old groups
in the response to the dim light. Despite the variability in the interval between the bright and
dim light exposure, this limitation did not affect interpretation of the results because the bright
light admissions were conducted concurrently and there was no significant phase change in
response to the dim light for either group.

Circadian Phase Assessments
Blood samples (2 ml) were collected on the nights before and after light exposure at 20 - 60
min intervals (q 20 min in the evening, q 60 min in the middle of the night, and q 30 min in
the morning). The sampling interval was variable in order to reduce the total volume of blood
sampled throughout the night while maximizing the detection of phase changes on the rising
and then declining portions of the melatonin profile. The plasma collected was frozen at -80 °
C for later radioimmunoassay of melatonin. Plasma melatonin levels were measured with a
double-antibody RIA using commercially available reagents (Stockgrand, Guilford, Surrey,
UK) 56. The lower limit of sensitivity of the assay was 2.5 pg/ml. The intra-assay coefficient
of variation averaged 17.5% for values <10 pg/ml, 8.6% in the range of 10-30 pg/ml, and 5.2%
for values >30 pg/ml. The inter-assay coefficient of variation averaged 20% for values <10 pg/
ml and 13.5% for values ≥ 10 pg/ml. All samples from the same subject were measured in the
same assay.
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Phase shifts were calculated from the midpoint of the melatonin rhythm, as this phase marker
provides a more reliable measure of circadian phase than the core body temperature rhythm
3. Briefly, melatonin levels in plasma were adjusted to a percent of maximum (3 highest
values), smoothed with a Lowess (Cleveland) curve fitting procedure, and interpolated at 1-
minute intervals. The time that the rising phase of the melatonin profile (dim light melatonin
onset) reached and remained above 50% of maximum levels (DLMO 50%) and the time that
the declining phase of the melatonin profile reached and remained below 50% of maximum
levels (DLMOff 50%) was determined for each subject. The melatonin midpoint was the
average of DLMO 50% and DLMOff 50%. In two of the young subjects (bright light) and 4
of the older subjects (dim light) the offset of the melatonin profile was not obtained due to
technical difficulties. For these subjects, the value of DLMO 50% was used.

Tmin on the baseline (second) night was estimated using both Cleveland and Cosine
procedures. The 24 hour profiles of temperature were edited to remove obvious artifacts and
fit using the Cleveland regression procedure and by fit of a simple Cosine curve, demasked for
sleep, with software provided by C. Eastman.19, 37 In most cases, the average of the two
measures was used as the estimate of Tmin. However, in some cases there was a large
discrepancy (e.g. > 1 h) in estimates of Tmin derived from the Cleveland and Cosine
procedures. Discrepancies were due to a section of missing data, a low amplitude rhythm, or
a modest rise in temperature in the middle of the night, which affected the two curve fitting
procedures differently. In order to ensure that the light exposure was within the phase delay
zone in these cases (assuming a crossover point from delays to advances around Tmin), we
used the earlier of the two phase estimates. We report the time of Tmin in this report as the
demasked Cosine value, as recent analyses indicate that the baseline circadian temperature
rhythm analyzed with a simple cosine curve is a more reliable estimate of circadian phase than
when estimated by the Cleveland curve fitting procedure.3

Statistical Analysis
The magnitude of phase shifts following exposure to bright light or control light were
determined by the difference in the timing of the baseline and post-treatment melatonin
midpoint. Results, presented as average ± sd, were analyzed by multifactor repeated measures
ANOVA (young vs. old, light vs. control) with NCSS 2000 (NCSS Statistical Software,
Kaysville, UT). Baseline vs. post-treatment change in phase was compared by pairwise
comparisons. The timing of the individual baseline phase markers, and timing of light exposure
in the two groups was compared by t-test. A modification of the O’Brien method was used to
provide a global statistic of phase differences between the two groups.11, 45 The multiple
endpoints of circadian phase (sleep onset, sleep offset, DLMO 50%, melatonin midpoint,
DLMoff 50%, Tmin) were converted to ranks. The ranks were then summed over all of the
endpoints for each subject, and a one-tailed Wilcoxin signed-rank test was conducted on the
summed ranks.

Results
Average sleep times and circadian phase are depicted in Fig. 2. The sleep onset of the older
subjects, as measured by actigraphy on the week prior to admission, was 1 hour earlier than
the young adults (p = 0.011). There was a trend towards earlier timing of sleep offset and
circadian phase markers in the older subjects, however, none of these differences reached
statistical significance when analyzed individually (Table 1). When all 6 phase markers were
assessed together as a global assessment of sleep and circadian phase, the phase of the older
subjects was earlier than that of young subjects (p = 0.052).

The phase angles between the circadian phase markers and the timing of sleep were comparable
in the two groups (Fig. 2). In the young subjects, DLMO 50% was 1.34 ± 1.80 h prior to sleep
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onset and 8.19 ± 1.54 h prior to sleep offset. In the older adults, DLMO 50% was 0.86 ± 1.76
h prior to sleep onset and 8.42 ± 1.65 h prior to sleep offset. Melatonin midpoint was about
4 1/2 h prior to sleep offset in both groups (Young: 4.46 ± 1.29 h; Older: 4.55 ± 1.37 h). Tmin
was 1.42 ± 1.34 h prior to sleep offset in young subjects, and 1.99 ± 1.83 h prior to sleep offset
in older adults.

The time of light exposure was 0.83 h earlier in the older subjects (1.0 ± 1.20 h vs. 1.83 ± 1.06
h, p = 0.054), with light exposure occurring at a comparable time in the two groups relative to
Tmin (Young: -3.20 ± 1.17 h, Older: -3.56 ± 0.65 h before Tmin), DLMO 50% (Young: 2.81
± 1.27 h, Older: 3.08 ± 1.22 h after DLMO 50%), or melatonin midpoint (Young: -0.54 ± 1.05
h, Older: -1.04 ± 1.16 h prior to melatonin midpoint).

Baseline and post-treatment melatonin profiles for the 4 conditions are shown in Fig. 3.
Although there was a slight delay drift of the average melatonin profile from baseline to
posttreatment in the control dim light condition, this delay was not statistically significant (Fig.
4, n = 7 - 8). Bright light exposure delayed the melatonin rhythm in both the young [F(1,25) =
139.86, p < 0.001] and older [F(1,27) = 43.05, p < 0.001] groups. For both groups, the
magnitude of phase delays following bright light exposure were significantly greater than
following the dim control condition [F(1,44) = 26.31, p < 0.001]. Phase delays for the older
subjects were not statistically different from those of young subjects for either treatment
condition (Fig. 4). Power analysis indicated that with an alpha value of 0.05 (two-sided) and
a beta value of 0.80, the study was powered to detect a difference of 0.52 h.

Correlation analyses were conducted in order to assess whether the variability in the magnitude
of light-induced phase delays was associated with the timing of the light exposure or baseline
circadian phase parameters. There was no association between the magnitude of phase delays
and the timing of the light exposure relative to circadian phase at baseline (e.g. the time of light
exposure relative to baseline Tmin, melatonin midpoint, or sleep offset). There was also no
association between the magnitude of light-induced phase delays and baseline circadian phase
as measured by Tmin or melatonin midpoint. However, the magnitude of light-induced phase
delays was significantly correlated with average sleep offset on the week prior to admission in
the older (r = 0.70, 0 = 0.008), but not in the young subjects (Fig. 5).

The magnitude of phase delays were not correlated with sleep duration in either group, but
significant correlations were observed between the magnitude of phase delays and phase angle
in the older adults (Tmin to sleep offset: r = 0.56, p = 0.048; Melatonin midpoint to sleep offset,
r = 0.68, p = 0.010, Fig. 6). The older subjects who woke early and/or had early sleep offset
relative to circadian phase tended to have small magnitude phase delays, while those subjects
who woke up later tended to have larger magnitude phase delays (Fig. 7). Similar relationships
were not observed for the younger subjects.

Discussion
This study compared the effects of moderately-bright broad spectrum light and control dim
light exposure on phase delays of the circadian melatonin rhythm in young and older adults
studied under regular sleep/wake schedules. The timing of both sleep and circadian phase
markers of the older adults was earlier than that of the younger subjects. Light-induced phase
delays were greater than following dim light exposure for both age groups. Age-related
differences in the magnitude of phase delays following either the bright or dim light conditions
were not observed. There was, however, an association between the magnitude of phase delays
and both phase angle and habitual wake time in the older subjects.

Numerous studies have reported advances in the timing of sleep and circadian phase with age.
22, 36, 43, 44, 57 An advance in phase could theoretically be related to a shortening of circadian
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period, an alteration in the phase angle between circadian phase and sleep timing, or an
alteration in the response to light. Advanced circadian phase can be associated with a shorter
circadian period in humans, although the relationship is weaker in older adults.20, 29 When
measured under a forced desynchrony protocol, average circadian period was found not to
differ between young and older adults.21 However, a shortened period of the temperature, but
not the sleep/wake rhythm, was shown in older adults under free running conditions.62 It is
notable that a shortening of circadian period without a change in sleep period also increases
the phase angle between circadian phase and sleep.62 In the present study we found that the
timing of both sleep and circadian phase advanced, without changing the relation between the
two measures.

Based on the established relationship between circadian phase and sleep propensity,24, 67 the
advanced circadian phase of older adults has been postulated to contribute to impaired sleep
maintenance in this population.14, 22, 28 This hypothesis was supported by findings that sleep
of older people is particularly disrupted when scheduled on the rising limb of the temperature
rhythm.28 In addition, the timing of sleep and the timing of the body temperature rhythm are
correlated, and exposure to light in the evening both delays Tmin and improves sleep efficiency.
13, 14 However, light-induced delays in Tmin and improvements in sleep efficiency are not
correlated, and other studies have shown either no age-related phase-angle differences between
circadian phase markers and wake time or even a reduced interval between the two measures.
13, 17, 30, 55

Several studies specifically assessed whether impaired sleep consolidation in older adults was
related to alterations in the phase angle between circadian phase and sleep timing. A report of
60 healthy adults, age 40 - 84 with some subjects selected for advanced sleep phase, found that
although there was no significant difference in Tmin between sleep disturbed and non-sleep
disturbed older adults, the earlier the Tmin, the more disturbed, and shorter, was a subject’s
sleep.16 In contrast, in a group of 48 healthy elderly subjects there was no association between
the temperature-wake phase angle and sleep consolidation,17 and a study of 42 healthy elderly
subjects with reductions in sleep maintenance showed that the shorter the interval between
melatonin midpoint and wake, the greater the reduction in sleep maintenance.55 Together,
these studies suggest that although advances in circadian phase may reinforce difficulty in
maintaining sleep, phase changes alone do not explain sleep maintenance insomnia in older
adults.

The present study tested the hypothesis that the advanced phase of older adults is a result of a
reduction in the phase delaying response to evening light. The finding in this report that young
and older subjects do not differ in their phase delaying response to a single 4 hour moderately-
bright light pulse is similar to results from Klerman and colleagues.35 In the present study we
did not assess the phase advancing response to light in the morning. Klerman et al, however,
administered 5 hours of light exposure (∼10,000 lux) over three consecutive days in either the
phase advance or phase delay zone. They observed a significant age-related reduction in the
magnitude of phase advances, but not phase delays. Thus, results of both of these studies do
not support the hypothesis that the advanced phase of older adults is due to a major reduction
in the phase delaying response to light or an increase in the phase advancing effects of light.
The present results further demonstrate that the circadian clock of older adults is able to phase
delay in response to light of an intensity and duration similar to that used in clinical practice.

Results from these human studies contrast with those obtained in rodents, in which age
decreases phased shifts of circadian activity rhythms and immediate-early gene expression in
the SCN.5, 53, 66 Old hamsters were shown to be approximately 20 times less sensitive to the
phase advancing effects of low intensity monochromatic light.65, 66 At higher light intensities,
however, this age-related difference was not observed. We recently reported that in humans
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the duration of light exposure has a greater impact on the magnitude of phase shifts than the
intensity of the light exposure.4 It is possible, therefore, that the 4 - 5 hours of light exposure
used in both the present study and that of Klerman and colleagues elicited phase delays that
were close to maximal, thus obscuring age-related differences. The possibility of age-related
differences with shorter durations, lower levels, or different times of light exposure within the
circadian cycle has yet to be tested.

The average daily exposure to light can be dramatically reduced in older populations, and
pigmentation of the lens with age causes a further reduction in transmittance of short
wavelength light to the retina.2, 9, 15, 18 Given that short wavelength (blue) light is the most
potent wavelength region for the circadian clock, reduced transmission of this wavelength may
have particular consequences for circadian timing of older adults.8, 18, 54 In support of this
hypothesis, two recent studies found that short-wavelength light-induced melatonin
suppression is reduced in older adults.33, 34 Thus, while it remains possible that reduced
responsiveness to low daily light exposure might contribute to the advance in phase observed
in older adults, the present results clearly indicate that given light of adequate intensity and
duration, older adults are able to phase delay to the same extent as younger subjects.

The magnitude of phase delays in the older subjects was, however, related to both the timing
of sleep offset and the phase angle between circadian phase markers and sleep offset. It is
possible that similar associations were not observed in the younger subjects due to restriction
of sleep offset times by work and school schedules. Those older adults who habitually woke
early and/or had a shorter interval between circadian rhythms and sleep offset also showed the
smallest phase delays in response to light exposure (Fig. 7). When young subjects are given a
short 6-hour sleep period over 14 nights, light-induced phase advances are only half the
magnitude as when the same subjects are allowed a 9-hour sleep period.10 It may also be
relevant that these young subjects were required to go to bed at the same time for both
conditions, but woke up to 3 hours later during the long nights. In the present study, we found
a significant association between the magnitude of phase delays and wake time in older adults,
but not between the magnitude of phase delays and sleep duration. Together, these results
indicate that sleep duration and/or habitual wake time may alter the responsiveness of the clock
to light. Individual differences in period may also contribute to variability in the phase shifting
effects of light,25 while morning light exposure, increased sleepiness in the evening, and/or
an effect of sleep state itself on the circadian clock could also contribute an advance in sleep
and circadian phase.26, 28

It is also important to note that while older adults tend to be, on average, early in phase, not all
older adults are phase advanced relative to young controls.30, 41, 61 The substantial variability
in sleep length and circadian phase in the older adults in the present report is consistent with
data reported by Duffy and colleagues, who found that sleep length and Tmin were more
variable in older than in young subjects.30 The present results suggest that older adults may
show predictable variability in the magnitude of phase delays in response to light. Thus, in
addition to assessing whether the response to light of shorter wavelengths, lower intensity, and/
or shorter duration is altered, future studies should examine whether those older adults with
advanced wake times respond to light in a manner different from those older adults whose sleep
offset remains similar to that of the younger population.
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Figure 1.
Schematic of the experimental protocol. Subjects were admitted for 4 nights and 3 days under
constant conditions during daytime hours with 8 hours sleep in dark at their habitual time (dark
bars). Half of the subjects also participated in a 4 night/3 day dim control condition (see
methods). Blood samples were taken throughout the baseline and post-treatment nights to
assess light-induced changes in the circadian melatonin rhythm. On the third night, subjects
were exposed to 4 hours of dim control or bright light (3,500 lux for 3 h, plus 1 hour of
intermediate illumination), beginning 5 hours before the temperature minimum.
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Figure 2.
Average sleep times and circadian phase markers for the young and older subjects. The interval
between sleep onset and sleep offset, measured by actigraphy on the week prior to admission,
is depicted by the gray bar. The timing of Tmin (▼) and melatonin midpoint on the baseline
night (■) and on the night following the light exposure (□) are indicated. The global timing of
sleep (onset and offset) and circadian phase markers (DLMO 50%, melatonin midpoint,
DLMOff 50%, Tmin) at baseline was earlier in the older adults (p = 0.052). The phase angles
between the circadian phase markers and the timing of sleep were not different for the two
groups.
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Figure 3.
Treatment-induced changes of the nocturnal melatonin rhythm in young (A, B) and older (C,
D) adults. Subjects were exposed to 4 hours of dim control (A, C) or bright (B, D) light on the
treatment night. Melatonin levels, measured throughout the night prior to (dashed) and
following (solid line) the treatment night, are plotted as a percent of maximum.
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Figure 4.
Treatment-induced phase delays of the melatonin midpoint. 4 hours exposure to bright light
(open bars) delayed the melatonin rhythm in both the young (p < 0.001, n = 16) and older (p
< 0.001, n = 14) groups. The melatonin midpoint did not significantly change after awakening
for 4 hours under dim light (n = 7 - 8). Phase delays following bright light exposure were
significantly greater than following the dim control condition (p < 0.001). The magnitude of
phase delays were not significantly different between the young and older adults.
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Figure 5.
Correlation between habitual sleep offset and the magnitude of light-induced phase delays. A)
There was no association between sleep offset and phase delays in the younger subjects. B) In
the older subjects, the magnitude of phase delays was significantly correlated with habitual
time of awakening (r = 0.70, p = 0.008), with earlier wake time associated with smaller phase
delays.
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Figure 6.
Correlation between phase angle and the magnitude of light-induced phase delays. Phase angle
was calculated as the interval between melatonin midpoint and habitual sleep offset. A) There
was no association between phase angle and phase delays in the younger subjects. B) In the
older group of subjects, the magnitude of phase delays was significantly correlated with phase
angle r = 0.68, p = 0.010). A shorter interval between melatonin midpoint and sleep offset was
associated with smaller phase delays.
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Figure 7.
Illustration of the association between phase delays of the melatonin midpoint and sleep
parameters in individual older subjects. Habitual sleep onset and sleep offset is depicted by the
beginning and end of the gray bar. Phase delays are the difference between baseline (■) and
post-treatment (□) melatonin midpoints. Both early wake times and/or a smaller interval
between sleep offset and baseline circadian phase (e.g. melatonin midpoint) were associated
with smaller phase shifts.
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Table 1
Sleep Times and Circadian Phase

Young Older

Sleep Onset 23.89 ± 0.87 22.88 ± 1.02*
Sleep Offset 6.95 ± 0.63 6.44 ± 1.27
Baseline Tmin 5.09 ± 1.80 4.65 ± 1.62
Baseline DLMO 50% 22.74 ± 1.42 22.19 ± 1.33
Baseline Melatonin Midpoint 2.32 ± 1.36 2.04 ± 1.18
Post-tx Melatonin Midpoint 3.57 ± 1.41 3.12 ± 1.29

Times are in decimal clock time ± SD

*
p = 0.011
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