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Abstract
Aging is associated with an earlier timing of circadian rhythms and a shorter phase angle between
wake time and the timing of melatonin secretion or the core body temperature nadir. Light has a
phase-dependent effect on the circadian pacemaker, and modifications of habitual light exposure in
older people could contribute to a change in the timing of circadian rhythms or in the phase angle of
entrainment. In this study, we compare natural light exposure of community-dwelling older and
young subjects studied at the same time of year, focusing on the pattern of light exposure across the
waking day.

We recorded light exposure data for 3–8 days from 22 older (aged 66.01± 5.83 (SD)) and 22 young
subjects (aged 23.41 ± 4.57 (SD)), living at home on self-selected sleep-wake schedules, and matched
for time of year. All subjects were from New England (latitude 42.3° N to 43° N). We compared the
percentage of the waking day spent by older and young subjects at four different light levels (from
very dim to very bright). We compared hourly-averaged light exposure data in each group according
to clock time and with respect to each subject’s daily sleep-wake times.

Although both age groups spent more than half of their waking hours in dim or moderate room light
intensity (<100 lux), we found that the older subjects spent a significantly greater percentage of their
waking day in the brighter light levels (>1,000 lux); their hourly-averaged light exposure levels were
also significantly greater, whether we examined the data with respect to absolute clock time, to wake
time, or to bedtime, and this was true across all seasons.

We found that healthy older people were exposed to significantly higher levels of light throughout
their waking day than young people. Differences in natural light exposure may contribute to the age-
related phase advance of the circadian pacemaker and its later timing relative to the sleep-wake cycle.
This hypothesis should be explored further in carefully designed prospective studies.
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INTRODUCTION
There are well-documented age-related changes in sleep timing, quality, and quantity with
older people having earlier wake times and bedtimes, experiencing lighter and more
fragmented sleep, and often waking earlier than desired (Bliwise, 1993; Buysse et al., 1992;
Dijk et al., 2000). These changes have been hypothesized to be due to in part to underlying
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age-related changes in the circadian system (Cajochen et al., 2006; Dijk et al., 2000; Niggemyer
et al., 2004).

Data from several laboratory studies have demonstrated that the absolute and relative timing
of the circadian system is modified in older people compared to young adults (Carrier et al.,
2002; Czeisler et al., 1992; Duffy et al., 1998; Duffy et al., 2002; Lewy et al., 2000; Yoon et
al., 2003). Markers of circadian phase occur at an earlier clock time in older people compared
to young adults (Duffy et al., 1998; Duffy et al., 2002; Yoon et al., 2003). In addition, it has
been reported that the average wake time of older adults may also occur at an earlier phase of
the circadian rhythm compared to young adults (Duffy et al., 1998; Duffy et al., 2002;
Youngstedt et al., 2001), indicating that older adults are entrained at a different phase angle
than young adults.

There are several potential causes of these age-related differences in the absolute and relative
timing of the circadian system. Because light is the primary signal from the environment that
entrains the circadian system in humans, a modification in the habitual pattern of light exposure
with age could underlie the observed age-related changes in the timing of circadian phase.
Studies of the response of the human circadian system to light have shown that the greatest
sensitivity to light occurs during the habitual nighttime, when there is typically little light
exposure (Honma and Honma, 1988; Khalsa et al., 2003; Minors et al., 1991).

It is therefore possible that the observed age-related modification of sleep and circadian rhythm
timing in humans could be due to differences in self-selected light exposure. While several
prior studies have examined light exposure levels in older and/or young adults, they typically
have reported on average levels of light exposure across the 24h day, rather than examining
the pattern of light exposure across the day (Guillemette et al., 1998; Jean-Louis et al., 2000;
Savides et al., 1986). In that respect, by looking at differences in self-selected light exposure
between young and older adults while controlling for photoperiod, our current report attempts
to extend the results from previous studies (Kawinska et al., 2005).

The present study was conducted to examine self-selected light exposure levels and patterns
in community-dwelling older and young adults who were studied in the same week, in order
to determine whether there are differences that might contribute to the reported age-related
differences in the timing of the circadian system. We focused our analyses on indoor as well
as outdoor levels of light, and examined the patterns of light exposure across the waking day.

MATERIALS AND METHODS
Population

Data from two groups of healthy subjects, 22 older adults and 22 young adults, were selected
for analysis. Subjects had participated in screening for an inpatient circadian rhythm or sleep
study which included pre-study actigraphy and light recordings collected while still living at
home in order to document their sleep-wake schedules.

Subjects were recruited for the inpatient studies using flyers, newspaper, and radio
advertisements. All subjects were in good physical and psychological health, were not taking
any medications, and reported no significant sleep complaints.

Each subject gave written, informed consent before participation in study procedures. The
Human Research Committee at the Partners HealthCare System approved the protocols, which
were conducted in accordance with the Declaration of Helsinki.
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Ambulatory light monitoring
Light levels were recorded at 1- or 2-minute intervals using the Actiwatch-L (Respironics,
Murrysville, PA) while the subjects lived at home on self-selected sleep-wake schedules (see
below). For subjects to be included in our analysis, at least three consecutive days (but up to
eight) of analyzable data from the Actiwatch-L had to be available, and the activity data had
to be consistent with the schedule recorded by the subject in a sleep/wake diary. A total of 35
different light monitors were used to collect the data reported here; 17 in the 22 young subjects
and 19 in the 22 older subjects, with one device used both in the young and in the older group.

To avoid including artifact data due to a sleeve covering the sensor, we first examined
Actiwatch light exposure data recorded in the laboratory in verified sleeve-free recordings from
very dim light conditions (less than 15 lux at 6 feet above the floor facing the ceiling, and less
than 4 lux at approximately 4 feet above the floor facing the walls). In these lighting conditions,
recorded levels from the Actiwatches did not drop below 1 lux. We therefore decided that light
data below 1 lux during self-reported waking hours should be considered as artifact data
(indicating the light sensor had been accidentally covered with a sleeve), and removed such
data from analysis.

Bedtime and wake time recording
Subjects had to report a habitual sleep duration between 7 and 9 hours per night to take part in
the inpatient study they were being screened for. Two to three weeks before the inpatient part
of their study, they were asked to choose a target bedtime and wake time, close to their natural
schedule, with bedtime and wake time 8 hours apart. They were asked to adhere to those times
each day (+/− 30mn), including on week-ends and holidays and to record their wake and bed
times in a sleep/wake diary. To supplement the diary, subjects also phoned in to a time-stamped
voicemail system at each wake and bed time. During all or part of this 2–3 week period, subjects
were given the Actiwatch-L to further document their adherence with a regular sleep-wake
schedule. Subjects were excluded from the study if they were unable to maintain a regular
sleep-wake schedule, and were excluded from our analysis if the diary and the time-stamped
voicemail differed by more than 10 minutes.

Selection of subject pairs
We evaluated for inclusion in the present analysis actigraphy data from all the older subjects
who had participated in four different inpatient sleep or circadian rhythm studies, totaling 37
individuals. In addition, we included three older subjects who had completed screening but
who did not take part in an inpatient study. All 40 older subjects met the criteria outlined above
for adherence to a regular sleep-wake schedule. However, data from five of the older subjects
were eliminated from analysis because they had long periods of sleeve artifact (described
above) on all days of recording.

Next, in order to minimize differences in light exposure due to weather or season, each older
subject was paired with a young subject studied during the same days in the same calendar
year. To do this, we reviewed actigraphy data from young subjects who participated in studies
with similar medical, psychological, and sleep-wake inclusion/exclusion criteria described
above (a total of nine different studies). An additional thirteen older subjects were not included
in our final data set because we could not find a suitable young subject studied in the same
week. For one of the older-young subject pairs, the subjects were studied on the same days one
year apart, so that season, but not weather, was controlled. By this process of matching older
with young subjects, we obtained our final 22 pairs of older and young subjects.

Because this is a retrospective analysis, we do not have information from the data collection
period about what activities the subjects had during the days of recording. However, we
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assumed that their schedule might differ between week days and week-ends, and so to avoid
this potentially confounding our comparison, we matched the older-young pairs so that they
had the same number of week-end days.

Data analysis and statistical methods
The t-test (for normally distributed variables) or a non-parametric Wilcoxon sum of ranks test
(for non-normally distributed variables) were used to compare the two groups’ characteristics
such as age, bedtimes, wake times, average number of week-end days included in the analysis
and average number of total study days included in the analysis. Comparison of sex distribution
between the two groups and across seasons was done using a Chi-Square test.

Light exposure levels were analyzed from only the self-reported waking hours, as indicated
from the time-stamped bedtime and wake time voicemail messages. Because of our instructions
regarding the duration of sleep episodes, all subjects had wake episodes of about 16 hours per
day.

Levels of light exposure across the waking day
We assigned each 1 or 2-minute epoch of light recording to one of four different light threshold
categories: < 10 lux, corresponding to very dim indoor light; 10 to <100 lux, corresponding to
dim-moderate levels of indoor light; 100 to <1,000 lux, corresponding to moderate-bright
indoor light or dim outdoor light; and ≥1,000 lux, corresponding to outdoor levels of light. We
calculated the average percentage of time spent at each light exposure level each day per subject
and then compared whether both age groups spent comparable percentages of their waking day
at these different light levels. We used an ordinal logistic regression with correlated responses
(using SAS procedure GENMOD, specifying a multinomial distribution, an independent
covariance structure, and link function cumlogit) to examine the association between
percentage of the waking day spent in the brighter categories of light (100 to <1,000 and ≥1,000
lux) and age group. We ran this analysis for the first 8 hours of the waking day and then for
the final eight hours before bedtime.

Light exposure pattern analysis
We first analyzed the waking light exposure data with respect to absolute clock hour for those
hours each subject reported being awake. We averaged each subject’s three to eight days of
light exposure data on an hourly basis to create a per-subject average with respect to clock
hour, including only those hour bins containing at least 30mn of observations. Because of the
large range of wake times (from 5am to 10:30 am) and of bedtimes (from 9pm to 2:30am), this
resulted in twenty-two hourly bins ranging from the 5am-6am bin to the 2am-3am bin.

We next averaged light exposure levels hourly with respect to each subject’s sleep-wake timing.
Because of the slightly variable wake durations (16h ± 30mn), each waking day was divided
into two segments: the first eight hours following wake time, and the eight hours preceding
bedtime. We averaged each subject’s three to eight days of light exposure data per hour for the
eight hours following wake time (+1, +2, etc.). A similar procedure was followed for each hour
in the eight hours before bedtime, beginning at bedtime and working back (−1, −2, etc.).

Comparisons between the two age groups were made on the following measures:

1. hourly light exposure with respect to absolute clock hour (twenty-two absolute clock
hour bins).

2. hourly light exposure relative to wake time (for the first eight hours after wake time,
resulting in eight 1-hour bins)
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3. hourly light exposure preceding bed time (for the last eight hours preceding bedtime,
resulting in eight 1-hour bins)

For each of these analyses, the hourly light exposure averages at each measurement occasion
were right skewed, so we log-transformed them for statistical analysis. Log-transformation of
the averaged raw data was successful in establishing a symmetrical distribution at each
measurement occasion, meeting the criteria for a satisfactory multivariate normal distribution
(Fitzmaurice et al., 2004). Due to reports that even brief episodes of exposure to bright light
may have phase shifting effects (Gronfier et al., 2004; Nelson and Takahashi, 1991; van den
Pol et al., 1998), we averaged the raw data prior to log transformation so that brief episodes of
very bright light would be accounted for. Had we instead log-transformed the raw data first
and then performed hourly averaging, this would have diluted the contribution of such brief
episodes of very bright light exposure.

We analyzed the data using a mixed model analysis with repeated measures approach (proc
MIXED in SAS). We included in our model the factors age group (older or young), time (hourly
bin), gender, and season. The variable season was determined by photoperiod, rather than by
calendar, with the winter season centered around December 21st (rather than beginning on
December 21st), summer centered around June 21st, and spring and fall centered around the
equinoxes.

Analyses were performed using the SAS system (SAS Institute, Cary, NC, version 9.1.2).
Because we ran four different statistical analyses on the same data, we chose a conservative
level of significance for our single comparison analyses (p = 0.01), and adjusted with a
Bonferroni correction when there were multiple comparisons run simultaneously.

RESULTS
Population

The two age groups were comparable with respect to gender, the average number of days of
light recording analyzed, and the proportion of week-end days studied (see Table 1). The older
subjects woke up and went to bed significantly earlier than their younger counterparts (see
Table 1). We had occupational information for 20 of the 22 older subjects and 20 of the 22
young subjects. Sixteen of the older subjects were retired and four were employed. In contrast,
nine of the young subjects were employed, two were full-time students and also worked part-
time, six were full-time students with no part-time employment, and three were unemployed.

Time of study across the calendar year
Of the 22 pairs of subjects, four were studied in the winter, three were studied during the spring,
five were studied during the summer and ten during the fall. There was no significant difference
in the gender distribution across seasons (Chi square test: p=0.54).

Levels of light exposure across the waking day
Older subjects spent on average 37.7% of their waking day in light levels above 100 lux and
14.7% in light levels above 1,000 lux (likely to be outdoor levels of light) whereas young
subjects spent only 27% of their waking day in light exceeding 100 lux and only 9% in light
levels above 1,000 lux (see Figure 1), across all seasons. These differences between the 2
groups were lowest in spring, with the older subjects spending 34% and the young spending
31% of their waking day light levels above 100 lux; differences were highest during the winter
(30% and 13% only, respectively)..

Results from the ordinal logistic regression analysis (conducted to examine the association
between the cumulative exposure to light and age group), showed older subjects had
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significantly greater odds of spending a larger percentage of their waking day in levels of light
greater than 100 lux and greater than 1,000 lux, both in the first 8 hours (OR= 1.77; 95% CI=
[1.17; 2.69]) and in the final eight hours of their waking day (OR= 1.52; 95% CI=[1.03; 2.24]).

Light exposure with respect to absolute clock hour
When examining how light exposure data varied by clock hour, we found a significant main
effect of ‘absolute clock hour’ (F(21,566)=52.43; p<0.0001), with subjects exposed to increasing
light levels beginning in the morning and continuing until midday (see Figure 2). After the
midday peak, light exposure levels fell with a steep downward slope until approximately 18:00,
and reached levels below 100 lux after 19:00 in both groups.

We also found a significant main effect of ‘age group’, with the older subjects getting higher
levels of light exposure compared to the young subjects (average ± SEM older: 982 ± 264 lux;
younger: 517 ± 121 lux; F(1,566)=7.54; p=0.0062, see Figure 2). There was also a significant
main effect of ‘season’, with all subjects being exposed to higher levels of light in summer and
fall, and lower levels of light in spring and winter (F(3,566)=5.84; p=0.0006). No significant
main effect of gender was observed (F(1,566)=0.00; p=0.97).

When we examined the two-way interactions between the significant main effects [factors
‘absolute clock hour’, ‘age group’, and ‘season’], we found a significant ‘clock hour‘ × ‘season’
interaction (F(53,566)=3.65; p<0.0001), whereby light exposure in the 5 hours from 14:00–18:00
was about 10 times lower in winter and spring compared to summer and fall (post-hoc analysis
adjusted for multiple comparisons, p=0.002 at each of these clock hour bins). There were no
other significant two–way interactions.

Light exposure in the first 8 hours after wake time
When examining light exposure relative to each individual’s wake time, we found a significant
main effect of ‘wake hour bin’, with light levels rising steadily across the eight ‘wake hour
bins’ (F(7, 34)=16.31; p<0.0001, see Figure 3). There was also a significant main effect of ‘age
group’, with the older group being exposed to significantly higher light levels across the 8
hours following wake time (average ± SEM older subjects: 2186 ± 422 lux; younger subjects:
1102 ± 170 lux; F(1, 34)=6.7; p=0.01, see Figure 3). There was also a significant main effect of
‘season’, whereby overall light exposure in the first eight hours after wake time was higher in
spring, summer, and fall relative to winter (F(3, 34)=10.46; p<0.0001). There were no significant
two-way interactions [‘age group’ × ‘season’ interaction: (F(3, 34)=2.56; p=0.07; ‘wake hour
bin’ by ‘age group’ interaction: (F(7, 34)=0.59; p=0.76)].

Light exposure levels in the final 8 hours before bedtime
When examining the patterns of light exposure in the last eight hours before bedtime, we found
a significant main effect of ‘bedtime hour bin’, with light levels decreasing steadily in the last
few hours before bedtime (F(7, 37)=40.19; p<0.0001; see Figure 3). We also found a significant
main effect of ‘age group’, with the older group being exposed to significantly higher levels
of light than the young group (average ± SEM older: 617 ± 264 lux; younger: 232 ± 125 lux;
F(1, 37)= 14.92; p=0.0004, see Figure 4). There was no main effect of ‘gender’ (F(1, 37)=0.67;
p=0.42), and no significant main effect of ‘season’ (F(3, 37)=2.64; p=0.064). There was a
significant ‘bedtime hour bin‘ × ‘season’ interaction (F(21, 37=3.11; p=0.0013), whereby light
levels during summer and fall were significantly higher in both groups in the midday hours
(BT-8-BT-7 bin) compared to other seasons (post-hoc analysis adjusted for multiple
comparisons: p=0.007 at this bin). There was no significant ‘bedtime hour bin’ × ‘age group’
interaction (F (7, 37)= 0.94 ; p= 0.49).
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DISCUSSION
The older subjects in the study woke up and went to bed about an hour earlier compared to
their young counterparts, as has been reported previously (Ancoli-Israel, 1997; Bliwise,
1993; Czeisler et al., 1992; Dijk et al., 2000; Kawinska et al., 2005; Kripke et al., 2007; Prinz,
1995).

We found that both age groups spent most of their waking day in indoor levels of light, which
is consistent with previous studies of natural light exposure (Espiritu et al., 1994; Hébert et al.,
1998; Jean-Louis et al., 2000; Savides et al., 1986). In one prior study of young adults living
in San Diego, subjects spent only about 15% of their waking day in light above 1,000 lux
(Savides et al., 1986). Similarly, in a sample of 53 women and 53 men between ages 40 and
64 residing in San Diego, the authors reported their population averaged less than one hour per
day in light above 1,000 lux (Espiritu et al., 1994). In a study carried out in Montréal, (~45.5°
N) (Kawinska et al., 2005), both young and middle-aged subjects spent about 1.5 hours per
day in light levels above 1,000 lux. Two prior studies including healthy older subjects also
reported that older subjects spend only about an hour per day in outdoor light (Campbell et al.,
1988; Staples et al., 2009).

In the present study, when we examined the amount of time subjects spent in various light
exposure threshold levels, we found that the older subjects spent a significantly greater amount
of their waking day in light levels above 100 lux and above 1,000 lux compared to their younger
counterparts, and this finding was confirmed when we examined actual light exposure levels
on an hour-by-hour basis across the waking day. Although the percentage of time spent within
each category of light exposure (from dim to bright light) varied with season, the older subjects
spent more time in levels of light suggestive of outdoors across all seasons compared to the
young subjects. This finding that the older subjects had earlier wake times and were exposed
to higher levels of light during the day parallels a finding in a group of 500 adolescents and
young adults in which greater self-reported outdoor light exposure was associated with earlier
self-reported sleep timing (Roenneberg et al., 2003).

Prior studies of light exposure with respect to age have found that older adults spend little time
in outdoor levels of light and that this is the same or less than that of young subjects: in a study
of community-dwelling women, older women were reported to have the same illumination
parameters compared to younger women throughout the 24 h day (Jean-Louis et al., 2000); in
another study, institutionalized older subjects were exposed to lower levels of light than young
control subjects (Mishima et al., 2001); and a study of young and middle-aged subjects found
both groups to be exposed to the same percentages of very dim, moderately dim, moderately
bright, and very bright levels of light during the day, with similar patterns of light exposure
with respect to habitual wake timing (Kawinska et al., 2005). In fact, only one prior study
(Campbell et al., 1988) found that seven of their ten healthy older subjects were exposed to
more bright light than five of their ten young subjects but it is not indicated in that paper whether
the two groups were studied at the same times of year.

One explanation for why we found greater durations of exposure to outdoor levels of light in
the older subjects in our study, in contrast to other studies, may be that our subjects (both older
and young) were selected because they were healthy and living independently. Because most
of the older subjects in our study were retired and most of our young subjects were either
working or students, the older people may have had more opportunity to spend time outdoors
than the young subjects. However, because of the retrospective aspect of our analysis, we did
not have detailed information on the day-to-day behavior of our subjects to understand whether
this was the case.
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Another important difference between our study and prior studies of older and young subjects
may be the matching of the subjects for time of year in our study. Time of year is an important
factor contributing to overall light exposure in most locations, and therefore an important
covariate in examining the relationship between light exposure and age group. In the present
study, we found a main effect of season, whereby both groups were exposed to significantly
higher levels of light in summer and fall compared to spring and winter. This seasonal variation
in light exposure level is consistent with findings from a study by Cole et al. (Cole et al.,
1995), who found that seasonal variations in light exposure accounted for most of the total
variability in light exposure, even when adjusting for latitude [Rochester, Minnesota (~44°N)
and San Diego, California (~32.7°N)] or age. Similarly, a study conducted in Montreal (~45.5°
N) found that young adults spent less than a half hour per day in light above 1,000 lux in winter,
but more than 2.5 hours per day in summer (Hébert et al., 1998). In our study, by carefully
matching the two age groups for season, we found that the older subjects were exposed to
higher levels of light than younger subjects consistently across all seasons.

We also found a difference in the pattern of light exposure across the waking day between the
two age groups: in the first eight hours after wake time and in the last eight hours before
bedtime, older subjects were exposed to significantly higher levels of light than their young
counterparts. This finding is in contrast to that from a study of young and middle-aged subjects,
where increasing age was associated with higher light levels in the morning relative to
absolute clock time, but not relative to wake time (Kawinska et al., 2005).

How our current finding of differences in self-selected light exposure patterns between young
and older adults relates to previously-reported age-related differences in timing of circadian
phase and differences in phase angle of entrainment (Duffy et al., 1998; Duffy et al., 2002;
Yoon et al., 2003; Youngstedt et al., 2001) cannot be determined from these data. Because of
the retrospective nature of this study, we did not have phase data from all the subjects and
therefore could not analyze whether the observed light exposure differences were associated
with age differences in circadian phase or phase angle of entrainment. In the study by Kawinska
et al, the observed change in the patterns of light exposure with age did not explain entirely
the age-related advance in circadian phase (Kawinska et al., 2005).

In previous laboratory studies, significant phase shifts have been obtained using levels of light
similar to those our subjects received in the hour or two after awakening (in the range of 100–
1,000 lux) (Duffy et al., 2007; Zeitzer et al., 2000). Furthermore, recent laboratory and field
studies in humans have demonstrated that prior exposure to dim light or darkness sensitizes
the human circadian system, making it more responsive to subsequent light exposure (Hébert
et al., 2002; Owen and Arendt, 1992; Smith et al., 2004). Therefore, ambulatory subjects would
be expected to be more sensitive to morning light, having spent the prior ~8 hours in darkness,
and perhaps less sensitive to evening light, having been exposed to greater amounts of light
throughout the waking day. If this is indeed the case, then it suggests that the differences in
self-selected morning light exposure between the two age groups in our study would have
greater biological importance than the differences in evening light exposure.

In addition, those studies have found that older adults not only go to bed and wake at an earlier
clock time, they also go to bed and wake at an earlier biological time than younger adults. That
suggests that less of the phase delay region and more of the phase advance region of the phase
response curve (PRC) (Khalsa et al., 2003) would be exposed to light in older subjects. For
both these reasons, the differences in self-selected light exposure relative to wake time between
the two age groups in our study may have greater biological importance than the differences
in light exposure relative to bedtime. However, this would not necessarily translate in larger
phase advances in older subjects. Indeed, normally-entrained young adults wake at a circadian
phase just before the maximal phase advances to light occur (Khalsa et al., 2003) but the shape
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of the human PRC to light is such that light exposure just prior to that time will result in smaller
phase advances. Thus, if the shape of the PRC does not change with age, higher levels of light
exposure received by older subjects waking at an earlier biological time might not translate
into larger phase advances. Also, there is evidence from both animal (Rosenberg et al., 1991;
Zhang et al., 1996) and human (Duffy et al., 2007; Klerman et al., 2001) studies that there are
age-related changes in light sensitivity, and evidence of age-related changes in transmission
of light to the circadian system (Brainard et al., 1997; Charman, 2003; Herljevic et al., 2005),
either of which could produce in older subjects a decreased phase shifting response of the
circadian pacemaker to greater morning light exposure.

The higher levels of light throughout the waking day that we observed in older subjects could
also contribute to age-related differences in phase angle of entrainment described in previous
studies. In both rodents (Pittendrigh and Daan, 1976) and humans (Gronfier et al., 2007; Wright
Jr. et al., 2005), it has been shown that phase angle decreases as the strength of the circadian
synchronizer (light) increases.

The light exposure levels recorded in this study may not reflect the effective light exposure at
the level of the cornea. Although an earlier study found that wrist measurements correlate
highly (r=0.7) with light levels recorded at the angle of gaze (Okudaira et al., 1983), wrist
measurements are unlikely to measure exactly the levels of light that reach the eye. On the
other hand, it is unlikely that the difference between the recorded levels of light at the wrist
and the actual levels of light that reach the eye would be systematically different between the
older and the young subjects. Secondly, because this is a retrospective analysis with subjects
in both age groups coming from a number of different studies, the light monitors used for this
study were calibrated by the manufacturer but not tested or re-calibrated by us prior to use in
the studies. Because there were so many different devices used in both groups, we have no
reason to believe that the between-group variability would be greater than the within-group
variability due to a calibration bias. Similarly, it is possible that some recorded light levels
above 1 lux could have been artifactual due to a sleeve covering the sensor, thus
underestimating the true levels of light to which the subjects were exposed. It is also possible
that subjects wore sunglasses on bright days, and thus the levels measured at the wrist could
overestimate the levels of light reaching the eye. In general, we have no reason to believe that
one group wore long sleeves that would cover their Actiwatch or wore sunglasses more than
the other. In fact, the close matching in time of older and young subjects would control for
such issues as much as possible. Although the average values reported in this study may
represent an approximation of the actual levels of light received at the cornea, we believe the
limitations described above would have affected both age groups in a similar manner, and
therefore should not affect the significance of the comparisons between the two groups.

In this analysis, we found that older subjects were exposed to significantly higher levels of
light than their young counterparts, across the waking day, with respect to absolute clock time,
and relative to wake times and bedtimes. Additional prospective studies where ambulatory
light exposure patterns and measures of circadian phase and phase angle are assessed in older
and young subjects studied at the same time of year should be conducted to extend our current
observation and determine how habitual patterns of light exposure may affect entrainment in
older compared with young adults.
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Figure 1.
Average ± SD distribution of light threshold levels (<10 lux, 10 to <100 lux, 100 to <1,000
lux, ≥1,000 lux) in older (black bars) and young (white bars) subjects across the waking day.
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Figure 2.
Light exposure during waking hours with respect to absolute clock time in older and young
subjects. Light exposure levels (in lux) are shown on a logarithmic scale. Mean light exposure
data for each waking clock hour were averaged per subject, and then averaged across subjects
(± SEM) in each age group. Only those clock hours with at least 3 subjects are presented. Older
subjects: filled symbols; younger subjects: open symbols.
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Figure 3.
Light exposure pattern relative to the 8 hours after wake time and relative to the 8 hours before
bedtime in older and young subjects. Light exposure levels (in lux) are shown on a logarithmic
scale. Mean light exposure data for each hour in the 8 hours following wake time and in the 8
hours preceding bedtime were averaged per subject, and then averaged across subjects (± SEM)
in each age group. Older subjects: filled symbols; younger subjects: open symbols.
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Table 1

Population characteristics (mean ± SD).

Older (n=22) Young (n=22) P value

Age 66.01 ± 5.83 23.41 ± 4.57 <0.0001

Gender 10F 12M 9F 13M NS

Study days 5.11 ± 1.64 5.11 ± 1.59 NS

Number of week end days 1.77 ± 0.75 1.77 ± 0.75 NS

Wake time 6:57 ± 1:02 7:38 ± 1:03 0.03

Bed time 22:50 ± 1:06 23:38 ± 1:01 0.01
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