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Abstract

The circadian clock assures that diurnal animals, like humans, are alert during the day and
asleep at night. Unfortunately, night shift workers are required to work during the "wrong" phase
of their circadian cycle, when they are the most inefficient, sleepy, often fall asleep, and are most
prone to accidents. Subsequently, they try to sleep during the day, again during the "wrong"
phase of their circadian cycle, which results in disrupted and shortened sleep. The chronic sleep
deprivation exacerbates the problem of having to work at night when the circadian clock makes
people the sleepiest. Sleeping pills can help workers sleep during the day, but this does not
eliminate the nighttime sleepiness and performance decrements caused by the circadian clock.
Stimulants like coffee and pharmacological drugs can help workers remain alert during the night
shift, but can interfere with subsequent daytime sleep. Furthermore, there is potential for side-
effects, dependence and abuse with most drugs.

The best solution for night work is to phase-shift the circadian clock to align with the
night work and day sleep schedule. This re-alignment (re-entrainment) will alleviate the
physiological symptoms of night work because the period of sleepiness will now occur during the
daytime sleep period and the period of alertness will occur during the night shift. We tested
various combinations of interventions designed to phase delay circadian rhythms and thus
produce re-alignment. Young subjects who were not real shift workers (median age = 22, n=67)
participated in 5 consecutive simulated night shifts (23:00 to 07:00) in the lab. The various
interventions included a fixed daytime dark period for sleep at home, bright light during the night
shift, sunglasses for the commute home and melatonin at bedtime. The daytime dark period was
from 8:30 to 15:30 after each night shift, which we think is a reasonable daytime sleep schedule
for a real night shift worker. It started 1.5 hours after the end of the night shift, leaving ample
time to commute home and get ready for bed. We covered the bedroom windows with thick
black plastic to make the rooms very dark for sleeping during the day. Because the study was run
in the summer (3 consecutive summers), we installed air conditioners for subjects that did not
already have them. The fixed daytime dark period creates a shifted (phase delayed) light dark
(LD) cycle that “tells” the circadian clock to phase shift, i.e., to entrain to the new LD cycle.

We have previously shown that bright light can either facilitate or inhibit the desired
phase shift depending on its timing. Bright light before the body temperature minimum (Tmin)
facilitates phase delays, whereas bright light after the Tmin facilitates advances. In this study, we
exposed subjects to a gradually moving (delaying) pattern of intermittent bright light (~5000 lux,
20 min on, 40 min off, 4-5 light pulses/night) or kept them in ordinary room light (dim light,
~150 lux) during the night shifts. We tested intermittent bright light because in a real night work
setting it may be difficult for workers to remain exposed to the light sources for an extended
amount of time. We ended the series of bright light pulses at 5:00 during the first night shift
because we estimated the average baseline Tmin would be at about 5:00, and thus the bright light
would facilitate phase delays. We moved the pattern one hour later on each subsequent night
shift in order to phase delay the rhythms as far as possible (to keep up with the gradually delaying
Tmin). The bright light was produced by 3 light boxes set on the perimeter of a large, round
table facing in toward the center of the table. Subjects sat in the openings in between the light
boxes so that each subject faced a light box. The light boxes (Apollo Light Systems Inc., Orem,
UT, 61.0 cm wide, 77.5 cm high, 12.1 cm deep) contained cool-white fluorescent lamps.
Sunglasses with normal or very dark lenses (15 or 2 % light transmission) were used to attenuate
sunlight during the commute home, which we expected to occur after the Tmin and thus inhibit
the desired phase delay. Melatonin (1.8 mg, sustained release) or placebo was taken
immediately before each daytime sleep (8:30am), a time expected to facilitate phase delays. A
sustained release preparation was used to enhance the soporific effect throughout the daytime
sleep period.
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The study included 6 intervention groups (6 combinations of the interventions mentioned
above), which differed in the type and number of interventions and therefore in the amount of
effort that would be required if adopted by real night shift workers and their employers. The 6
groups were: 1) dark daytime period for sleep + normal sunglasses, 2) dark daytime period for
sleep + dark sunglasses, 3) dark daytime period for sleep + and dark sunglasses + melatonin, 4)
dark daytime period for sleep + normal sunglasses + bright light, 5) dark daytime period for sleep
+ dark sunglasses + bright light, and 6) dark daytime period for sleep + dark sunglasses + bright
light + melatonin. The subjects who did not get bright light during the night shift remained in
room light. The subjects who did not take melatonin before bed took placebo (double-blind).

The dim light melatonin onset (DLMQO) was our marker for the phase of the circadian
clock, and was assessed before and after the night shifts (baseline and final). We estimated the
Tmin as the DLMO + 7 hours. A reasonable goal for circadian adaptation to the night work and
day sleep is to phase shift circadian rhythms so that the sleepiest part of the circadian cycle, the
Tmin, falls within the daytime sleep episode. Therefore, subjects were categorized by their
amount of re-entrainment (re-alignment) based on their final Tmin: not re-entrained (Tmin before
the daytime dark/sleep period), partially re-entrained (Tmin during the first half of dark/sleep), or
completely re-entrained (Tmin during the second half of dark/sleep). Computerized
neurobehavioral batteries were completed during each night shift. Sleep logs were verified by
wrist activity monitors and photosensors worn around the neck like a medallion.

Subjects exhibited a wide range of baseline circadian phases, as would real night shift
workers. We split the sample into earlier subjects (baseline Tmin < 7:00, sunlight during the
commute home feil after ihe Tmin and would thus inhibit ihe desired phase delay) and later
subjects (baseline Tmin > 7:00). The later subjects were completely re-entrained regardless of
intervention group, whereas the degree of re-entrainment for the earlier subjects was improved by
some of the interventions. Most of the earlier subjects in group 1 did not entrain. When the
earlier subjects were given bright light during the night shift (groups 4, 5 and 6) all but one
achieved complete re-entrainment, and the phase delay shift for the rest was so large that darker
sunglasses and melatonin could not increase its magnitude. With only room light during the
night shift, darker sunglasses helped earlier subjects phase delay more than normal sunglasses
(group 2 compared to group 1). However, the darker sunglasses contain welders’ lenses and are
not designed for driving. Melatonin did not confer a benefit either for phase delaying or for
increasing sleep duration.

Although subjects slept about 6.5 hours during the day, night shift sleepiness and
performance did not improve unless there was circadian phase alignment (partial or complete re-
entrainment). Subjects who re-entrained did significantly better than subjects who did not re-
entrain on the Psychomotor Vigilance Task (PVT), the Digit Symbol Substitution Test (DSST),
the Stanford Sleepiness Scale (SSS), the Karolinska Sleepiness Scale (KSS) and the Physical
Exhaustion and Tiredness Visual Analog Scales (VAS). There was no difference in these
neurobehavioral measures between those who were partially and completely re-entrained,
perhaps because our subjects were so young and thus “phase tolerant.”

This study showed that circadian adaptation to fixed night shifts is possible. Subjects
with very late circadian rhythms need only maintain a fixed, dark, daytime period for sleep and
wear normal sunglasses during the commute home. For subjects who start the night shift with
earlier circadian rhythms, we recommend the combination of intermittent bright light during the
night shift, sunglasses (as dark as possible) during the commute home, and a regular, early
daytime dark/sleep period for complete circadian adaptation to night shift work.



Significant Findings

1. Most real night shift workers suffer from the misalignment of their circadian rhythms with
their night work, day sleep schedules. All of the subjects in this study of fixed night shifts
adhered to a regular, dark period for sleeping during the day after the night shift and wore
sunglasses during the commute home. These measures alone were enough to phase delay the
circadian clock so that the body temperature minimum (Tmin) occurred during daytime sleep,
thus producing circadian adaptation, in many subjects.

2. Baseline circadian phase (the phase before starting night work) was the most important
determinant of whether subjects phase delayed enough to achieve circadian adaptation.
Specifically, subjects whose baseline body temperature minima (Tmin) occurred before the
commute home were not as likely to phase delay and re-align their circadian rhythms with night
work and day sleep. This can be explained by the fact that sun light during the commute home
occurred after the Tmin and thus inhibited phase delays.

3. Very dark sunglasses worked better than normal sunglasses to help subjects with earlier
baseline phases delay enough to achieve circadian adaptation to night work and day sleep.

4. The bright light pattern we used during the night shifts was very powerful. It helped phase
delay all but one subject so much that their circadian rhythms were completely entrained to the
daytime sleep schedule by the end of the block of night shifts, and probably for most of the
daytime sleep periods.

5. Melatonin in the dose, preparation and timing we used (1.8 mg, sustained release, before
daytime sleep at 8:30 am each day) did not confer a benefit.

6. Partial re-entrainment to night work and day sleep was as good as complete re-entrainment for
improving night shift performance and alertness.

Usefulness of Findings

All the recommendations below are for producing circadian adaptation to night shift work by
phase delaying circadian rhythms to align with night work and day sleep. They should only be
used for fixed night shift systems in which there are several consecutive night shifts. They
should not be used with rapidly rotating shift systems because the circadian clock can only be
phase shifted by, at most, 2-3 hours per day, which is not fast enough to keep up with rapid
rotations. Workers on rapid rotations have no choice but to suffer circadian misalignment. For
occupations in which safety is critical (e.g. nuclear power plant operators, nurses in intensive
care units) fixed shift systems are better because circadian adaptation is possible, as shown in the
present study. The numbers below correspond to the items under “Significant Findings.”

1. Night shift workers should go to bed as soon as possible after the night shift in a dark, quiet
bedroom. They should spend a sufficient amount of time in the dark each day (e.g., 7-8 hours)
regardless of whether they can sleep. The dark is a signal to “tell” their circadian clocks to phase
shift. Commercial black-out shades are available and can be supplemented with thick curtains.
A temporary solution, used in this study, was to use masking tape to attach thick (10 mil) black
plastic (available in rolls from hardware stores) to the windows. Cracks of light were sealed with
black photography (dark room) masking tape.



Workers should notify their family and friends of their daytime sleep schedule and ask
not to be disturbed. They should adopt measures to ensure quiet, such as turning off or
unplugging their phones, putting Do Not Disturb signs on their doorbells, and using masking
noise if necessary. They should forgo errands, social activities, etc. during thc time scheduled for
dark because the light they would be exposed to will impede the adaptation of their circadian
clocks. Employers should never ask night shift workers to stay late (e.g., to do overtime or
double shifts) or attend daytime meetings. Meetings should be scheduled no later than the
evening.

Night shift workers should wear sunglasses and avoid sunlight, as much as possible, on
the way home from the night shift.

The above recommendations are technically simple, but difficult given the current social
culture that tends to ignore the dangers and health consequences of sleep deprivation and
working at night. Therefore, public education, similar to what is being done for the problems of
smoking and obesity, is necessary to make it easier for workers and their employers to adopt
these simple measure that can produce circadian adaptation.

2. Workers who start a block of night shifts with later circadian rhythms and maintain a fixed
early dark period for sleep and wear normal sunglasses on the way home can achieve complete
re-alignment of their circadian rhythms with night work and day sleep. Thus, “night owls” who
naturally go to bed and wake later and workers who have partially phase delayed from previous
night shifts will be more likely to adapt to night shift work.

3. Night shift workers who start a block of night shifts with earlier circadian phases should wear
dark sunglasses on the commute home from the night shift. Sunglasses vary greatly in their light
transmission (from about 10 to 90 %). The very dark lenses that helped the earlier subjects in
this study transmitted 2% of visible light, and would not be suitable for workers who drive home.
However, new lenses have recently been developed by Uvex Safety, Inc. that transmit only 12%
of light and meet color traffic signal recognition requirements of ANSI Z80.3. These lenses,
called Espresso, especially attennate the shorter, blue wavelengths, to which the circadian clock
is most sensitive. Therefore they should be especially useful for attenuating unwanted light that
would advance the circadian clock during the commute home. These lenses come in stylish
wrap-around frames called Bandits. These sunglasses are inexpensive and are available from
Uvex Safety (http://www.uvex.com/eyewearindex.html). Workers who need to wear prescription
eyewear during the commute need contact lenses in order to wear these sunglasses. Fit over
glasses are not yet available with the Espresso lens.

In our study, sunglasses with normal lenses (15%) were sufficient to produce circadian
adaptation in subjects who started the night shift with later circadian rhythms. Because workers
may not know whether their circadian rhythms are early or late relative to their night shift hours,
we recommend that they all wear sunglasses, the darker the better. However, it is possible for
workers to estimate how important dark sunglasses are for facilitating their circadian adaptation.
If their Tmin is before the end of the night shift, then dark sunglasses are more important because
sunlight during the commute home will occur after the Tmin and inhibit the desired delay. In
another study (Martin and Eastman, 2002), we showed that the Tmin can be estimated from sleep
times in people who sleep freely, i.e., going to bed and waking up naturally with minimal
schedule restraints. The midpoint of sleep averaged over the past 5 days was at about the Tmin
(It was actually about % hour before the Tmin). Therefore, we propose this general rule: If the
midpoint of natural sleep is before the end of the night shift, then dark sunglasses are very
important. Workers need to be sleeping naturally and without sleep deprivation to derive this
estimate of the Tmin from the midpoint of sleep. Therefore, they need to be on vacation, the



evening shift, or a late morning shift for about 5 days before the night shifts begin. Sleep times
accompanying night shifts, early morning shifts, or even regular day shifts starting at 8 or 9 am,
usually force sleep to occur at unnatural times relative to the circadian clock and should not be
used to estimate the Tmin.

4. Intermittent bright light during the night shift was very effective in helping circadian rhythms
to delay to align with night work and day sleep. The pattern we used was probably more
powerful than necessary since it produced complete re-entrainment in all but one subject; for
many purposes partial re-entrainment would be sufficient. The bright light could be cut back by
using light of lower intensity and shorter durations. This should make it easier to install light
sources in the workplace, and for workers to receive enough intermittent bright light.
Furthermore, a stationery rather than moving pattern would probably be sufficient. The bright
light should be available from the beginning of the night shifts and should end at about the time
of the average Tmin of the workers. Because the circadian clock is most sensitive to short
wavelengths of visible light (blue light), fluorescent lamps with the highest color temperature,
e.g., “daylight” lamps should be used.

5. Melatonin is probably not effective for improving circadian adaptation to the night shift when
a circadian rhythm phase delay is required, i.e., when workers go to sleep soon after the night
shift. However, another study from our lab (Sharkey and Eastman, 2002) showed that melatonin
can facilitate phase advances in a simulated night shift study in which subjects were required to
take their sleep right before the night shift. In other words, the sleep/dark period was advanced
rather than delayed. However, most night shift workers choose to go to sleep in the morning
after the night shift (which is a delay of the sieep period).

6. Our computerized neurobehavioral assessment battery given during the night shifts did not
detect any difference between subjects who achieved partial and those who achieved complete re-
entrainment of their circadian rhythms to night work. Both groups had better performance and
alertness than the subjects who did not re-entrain. Therefore, at least for very young night
workers, only partial re-entrainment may be necessary for improving night shift performance.
However, young people may be more flexible and more phase tolerant (able to sleep and work at
inappropriate circadian phases) than older people.
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Scientific Report

Introduction

Millions of night shift workers maintain our 24-h society. The night workers’ schedule,
however, causes many negative consequences. Their most common complaint is not getting
enough sleep (Kecklund and Akerstedt, 1995). Other problems include fatigue, gastrointestinal
disturbances, impaired performance, and diminished job and public safety (Johnson,LC et al.,
1981; Minors and Waterhouse, 1981; Folkard and Monk, 1985; U.S. Congress and Office of
Technology Assessment, 1991). These serious problems are caused by circadian misalignment.
Night shift workers are required to work during the "wrong" phase of their circadian cycle, when
they are the most inefficient, sleepy, often fall asleep, and are most prone to accidents (e.g.,
Akerstedt, 1988; Mitler et al., 1988; Torsvall et al., 1989; Smith et al., 1994; Dinges, 1995).
Subsequently, they try to sleep during the day, again during the "wrong" phase of their circadian
cycle, which results in disrupted and shortened sleep (e.g., Tilley et al., 1982; Kogi, 1985;
Akerstedt, 1995). Phase-shifting circadian rhythms to align with night work and day sleep
schedules (re-entrainment) can alleviate the physiological symptoms of night work because the
period of sleepiness occurs during the new daytime dark period and the period of alertness occurs
during the night shift.

The circadian clocks of real shift workers do not usually phase shift (c.g.,van Loon, 1963;
Minors and Waterhouse, 1993; Roden et al., 1993; Akerstedt, 1995; Dumont et al., 2001)
because they are exposed to the natural light-dark cycle and other possible 24-hr zeitgebers
(Eastman et al., 1995a). Sunlight in the moming on the commute home after each night shift
usually coincides with the phase advance portion of the light phase response curve (PRC), which
is after the temperature minimum (Tmin), and thus inhibits circadian rhythms from phase
delaying. Wearing dark goggles during the commute home can help block out the advancing
sunlight in the morning and facilitate re-entrainment to the night work and day sleep schedule
(Eastman et al., 1994). Ensuring a dark environment for sleep as soon as possible after the night
shift will further limit advancing light, and will also form the basis of a delayed light-dark (LD)
cycle that can delay the circadian clock.

Phase shifting circadian rhythms to completely re-entrain to the night work and day sleep
schedule has been reliably produced in many field studies of simulated night work (see Eastman
and Martin, 1999; Burgess et al., 2002 for reviews) and in a real night shift work setting (Boivin
and James, 2002) by using artificial bright light at night and constructing periods of darkness
during the day. Our laboratory has frequently taken advantage of a gradually moving pattern of
bright light to phase shift circadian rhythms (Eastman and Miescke, 1990; Eastman, 1992;
Stewart et al., 1995; Stewart and Eastman, 1996; Mitchell et al., 1997; Martin and Eastman,
1998; Burgess et al., 2003). Theoretically, the bright light moves along with the circadian clock
and its PRC so that the bright light always occurs at a more optimal time for the desired phase
shift. A moving pattern of bright light is also a way to facilitate a phase shift in subjects with
varying initial circadian phases. The bright light acts like a broom, “sweeping” the subjects with
early and late circadian phases together and in the desired phase shifting direction. For example,
to facilitate a phase delay, bright light timed to occur early in the night will be closer to the Tmin
of the subjects with earlier phases and phase delay these subjects more than those with later
phases. Then, as the bright light moves later and later each night, it will fall closer to the Tmins
of the subjects with later phases and have more of a phase-shifting effect on those subjects.

In a real night work setting it may be difficult for workers to remain exposed to a light
source for an extended amount of time. Intermittent exposure would be more likely to occur and
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would be more practical to implement. In one of our simulated night shift studies, 40-min light
pulses (~5000 lux) alternating with 20 min of room light (< 500 lux) during the first 6 h of the
night shift was used to help phase delay circadian rhythms and produce re-entrainment to the
daytime sleep schedule (Baehr et al., 1999). A subsequent laboratory study showed that 46-min
of bright light (~9500 lux) alternating with 44-min of dark over 5 h (timed with the majority of
the light pulses after the Tmin to facilitate a phase advance) produced similar phase shifts as a 5-
h, continuous light pulse (Rimmer et al., 2000). Similarly, a recent study in our lab showed that
3.5 h of intermittent bright light (30 min of bright light > 3000 lux alternating with 30 min of
room light < 60 lux) produced similar phase advances as 3.5 h of continuous light (> 3000 lux)
(Burgess et al., 2003). Furthermore, a shorter duration of light pulses may be cven more
practical for some night shift workers. For example, one study showed that night nurses have
time for 20-min light pulses (Costa et al., 1993).

The pineal hormone, melatonin, can also phase shift the circadian clock. The melatonin
phase response curve (PRC) of Lewy et al. (1998) suggests that a small dose of melatonin (0.5
mg) administered approximatelyl10 h after the DLMO (in most cases, in the early morning h) will
produce the largest phase delay of circadian rhythms. See the simplified melatonin PRC, Fig 1 in
Burgess et al. (2002). We found that melatonin helped phase advance circadian rhythms to adapt
to the night shift when sleep was taken in the afternoon/evening (an advance of sleep) (Sharkey
and Eastman, 2002), but few studies have tested melatonin to facilitate a phase delay and thus
circadian adaptation to night work when sleep is taken in the moring/afternoon (a delay of
sleep). Melatonin also has a slight hypnotic effect (e.g.Matsumoto, 1999; Sharkey et al., 2001),
which could benefit night shift workers when they sleep during the daytime.

The purpose of the current study was to test the relative contribution and the combined
effectiveness of various interventions namely, bright light, sunglasses, and melatonin, to phase
delay circadian rhythms and re-align them with sleep in the moming after the night shift.
Intermittent bright light was used in a moving pattern during the night shift. From previous
studies in our lab, we estimated that the Tmin, and thus the crossover point in the light PRC
would be, on average, around 5:00 (Baehr et al., 2000). Therefore, we ended the bright light
during the first night shift at 5:00, and moved it 1 h later on each subsequent night shift. We
used 5 consecutive simulated night shifts from 23:00 to 7:00, as this is a common pattern in real
shift work settings. We required subjects to remain in bed and in the dark from 8:30 to 15:30
after each night shift because we think that this is a reasonable daytime sleep schedule for a real
night shift worker. Sunglasses with normal or very dark lenses were used to attenuate sunlight
during the commute home, which we expected to coincide with the phase advance portion of the
light PRC. Melatonin (1.8 mg, sustained release) was taken immediately before each daytime
sleep (8:30am), a time expected to facilitate phase delays. A sustained release preparation was
used to enhance the soporific effect throughout the daytime sleep period. The study included 6
Intervention groups (6 combinations of the interventions mentioned above), which differed in the
type and number of interventions and therefore in the amount of effort that would be required if
adopted by real night shift workers and their employers.

Materials and Method

Subjects

A total of 67 subjects (35 females and 32 males) between the ages of 18 and 43 (mean
age + SD =23.9 + 6.2 years) completed the study. Subjects did not have any obvious medical,
psychiatric, or sleep disorders as assessed by interviews, the Minnesota Multiphasic Personality
Inventory-2, a sleep questionnaire, and a health questionnaire. Subjects were not taking
prescription medications, except for 7 females who were taking oral contraceptives. To insure
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the dose (mg/kg) of melatonin was not too low, individuals who weighed more than 105 kg were
excluded. Subjects had not worked night shifts or travelled across more than three time zones
within the month before starting the study. Most subjects had never worked night shifts. The
protocol was approved by the Rush-Presbyterian-St. Luke’s Medical Center Institutional Review
Board. All subjects gave written informed consent and were paid for their participation.

Design

This was a between-subjects design with 6 intervention groups (see Table 1). Subjects
were randomly assigned to groups, although an effort was made to balance sex and morningness-
eveningness among the groups. Two to three subjects were run simultaneously.

Night Shift and Dark/Sleep Schedule

The study took place during the summer months (July — September) of 3 consecutive
summers. There were 7 days of baseline during which subjects could choose when they slept.
The only restrictions were that they could not stay awake all night, and during summers 2 and 3
they were also told to go to bed before 2:00am. We did not require a standard sieep scheduie
because we wanted our subjects to have a range of circadian phases at baseline, like real shift
workers.

Figure 1 displays the second week of the study protocol. We made subjects’ bedrooms
completely dark by covering their windows with thick, black plastic 3-4 days before the baseline
phase asscssment. Air conditioners were also installed if they did not already have one, as this
provided a comfortable sleeping environment. Subjects were told to remain in bed for the entire
7 h dark/sleep (D/S) period (except for necessary bathroom trips), even if they could not sleep.
Subjects recorded bedtime, estimated sleep onset, and estimated wake time (which could be
earlier than out-of-bed time) on daily sleep logs every day during the study. A separate sleep log
was filled out if the subject napped during the baseline week. Napping was not allowed during
the second week. They also called the laboratory’s voice mail system before bedtime and at
wake time. Compliance to the daytime sleep schedule was monitored by actigraphy. Subjects
wore an actiwatch (Actiwatch-64, MiniMitter Inc., Bend OR) on their non-dominant wrist.
Subjects also wore an actiwatch with a photosensor (Actiwatch-L, MiniMitter Inc.) around their
neck like a medaliion to monitor their light exposure during the study. This captured light
intensity at eye level better than when worn on the wrist. When subjects were in bed, they were
told to place the photosensor face up on a night stand in their bedroom. Every 2-3 days, both
actiwatches were downloaded to a computer and checked in the subject’s presence (along with
sleep logs and phone call records) to verify that they were following the dark/sleep restrictions.

Bright Light

Subjects in groups 4, 5 and 6 were exposed to a moving pattern of intermittent bright
light (BL) (~5000 lux, 20-min pulses) during the night shifts (see Figure 1). The BL pulses were
1 h apart (i.e. 20 min BL alternating with 40 min room light). Three light boxes were set on the
perimeter of a large, round table facing in toward the center of the table. Subjects sat in the
openings in between the light boxes so that each subject faced a light box. The subjects’eyes
were about 135 cm from the opposite light box. Subjects also received light from the other two
light boxes, especially in their periphery. The light boxes (Apollo Light Systems Inc., Orem, UT)
were 61.0 cm wide, 77.5 cm high, and 12.1 cm deep. They contained 4 U-shaped, cool-white
fluorescent lamps (GE Wattmiser, 35 watts). Between bright light pulses, subjects remained in
room light (~150 lux) produced by ceiling fixtures. Subjects in groups 1, 2 and 3 remained in
constant room light (~150 lux) throughout the night. Light intensity was measured twice during



13

each bright light pulse and approximately every two h when in regular room light using an Ex
Tech (model #401025) light meter (Waltham, MA), which has a flat round photosensor (4.5 cm
diameter) attached to the light meter with a cord. The photosensor was placed over the subject’s
eye and in the direction of gaze. Subjects were required to move closer to the table if the
readings were below 5000 lux. Reading was not allowed and interaction among subjects was
encouraged for all groups.

Sunglasses

Subjects were required to wear sunglasses throughout the study whenever they were
outside. During the baseline week (days 1-7), subjects wore sunglasses with normal lenses (N
SG) (15% transmission, standard gray lens, Uvex Safety Inc, Smithfield RI). During the
experimental week (days 8-14), two groups (1 and 4) continued to wear the normal sunglasses
and the rest were given sunglasses with very dark lenses (D SG) (2% transmission, shade 5.0
welding lens, Uvex Safety Inc.). Both the normal and the dark sunglasses had the same black
frames with top and side shields (Flashback frames, Uvex Safety Inc.). There were 1.5 h
between the end of each night shift and bedtime. It was emphasized to the subjects that during
this time it was especially important to wear their sunglasses. A staff member watched them put
their sunglasses on before stepping outside after each night shift.

Melatonin

Subjects in groups 3 and 6 took melatonin (M) (1.8 mg sustained release, Ecological
Formulas, Concord CA), while the remaining groups tock a matching placebo just before
bedtime at 8:30 each day during the second week. The melatonin was administered double-
blind; the staff interacting with the subjects and the subjects themselves did not know if they
were taking melatonin or placebo. Immediately upon waking at 15:30, subjects were required to
provide a saliva sample using a Salivette (Starstedt, Newton, NC) to insure ingestion of the pill.
Subjects in groups 2 and 3 were run simultaneously as were subjects in groups 5 and 6.

Circadian Phase Assessments

On days 8 and 14, subjects arrived at the laboratory at 18:30 for circadian phase
assessments. Starting at 19:00 saliva samples were collected every 30 minutes using Salivettes.
Subjects remained seated in a semi-recumbent position in comfortable recliners in dim light (<
20 lux). Chocolate, bananas, and lipstick were not allowed 6 h before or during each phase
assessment, as these products interfere with the melatonin assay. Toothpaste and mouthwash
were also not allowed during the phase assessments. Subjects were allowed to eat and drink (no
alcohol, caffeine, chocolate, or bananas), except in the 10 minutes before a saliva sample. If
subjects ate or drank anything, they were required to brush their teeth and rinse with water 10
minutes before the sample while they remained seated. The saliva samples were centrifuged
immediately following collection and placed in a freezer. Radioimmunoassay analyses were later
performed by Pharmasan Labs (Osceola, WI). All samples from a single subject were run in the
same assay. The intra-assay and inter-assay variablilty were 12.1% and 13.2% respectively. The
lower limit of detection of the assay was 0.7 pg/mL.

Performance, Sleepiness, and Mood Assessments

Subjects completed the Neurobehavioral Assessment Battery (NAB), developed by Dr.
David F. Dinges and John W. Powell at the University of Pennsylvania. This computerized
battery, which takes about 20-25 minutes, was started at 4:05, 5:05, and 6:05 during each night
shift. We chose these times because they are typically when real night workers are most sleepy
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and show the most decrement in performance. Scores from these 3 test bouts were later averaged
for each night shift. To familiarize the subjects with the various tests, practice batteries were
completed at 23:05, 0:05, 1:05, and 2:05 during the first night shift and at 23:05 on subsequent
nights. The following tests were examined: the Psychomotor Vigilance Task (PVT; Dinges and
Powell, 1985), a probed recall memory task (PRM; Dinges et al., 1993), the digit-symbol
substitution test (DSST; Wechsler, 1958), the Stanford Sleepiness Scale (SSS; Hoddes et al.,
1973), the Karolinska Sleepiness Scale (KSS; Akerstedt and Gillberg, 1990), 3 visual analog
mood scales (VAS), and the Profile of Mood States (POMS; McNair et al., 1971).

The PVT was designed to test sustained attention. Subjects used a hand-held device with
two buttons, one for the right and one for the left hand. Visual reaction time was measured by
the subject pressing the button controlled by their dominant hand when they saw a series of
numbers count up in milliseconds. The counting stopped when the subject pressed the button.
This gave a reaction time in miiliseconds. Two variables were exiracted from this tesi: mean
response time (RT) and number of lapses during each night shift. The number of lapses was
calculated by first determining the number of RTs > 500 milliseconds and then transforming that
number with the formula, square root (x) + square root (x + 1). This square root transformation
converted a score of 0 lapses to 1 lapse and reduced larger scores.

For the PRM task, a list of 6 word pairs was displayed before the PVT for 30 seconds.
After the PVT, subjects were presented with one word from each pair in a different order and
asked to recall the other word in the pair by typing it on the keyboard. Subjects had 5 minutes to
recall the matching word. The variable for the PRM task was the number of words recalled.

For the DSST, 9 symbols were presented in a row with associated numbers (1-9) beneath
each symbol. There were 24 different symbols in the DSST and the computer program randomly
selected 9 for each test bout. The symbols and numbers remained displayed throughout the test
bout. Then, one symbol was shown on the screen and subjects had to type the number associated
with the symbol. Immediately after a number was entered, the next symbol was shown. The
same symbol was never presented in succession. Following a 15 second practice period, scoring
began and continued for 90 seconds. The variable extracted for the DSST was the percentage of
correctly paired symbols and numbers.

In each battery of tests, there were two presentations of the SSS and VAS, once before
and once after the performance/alertness tasks (PVT, PRM, and DSST). The second presentation
of both scales is more sensitive than the first, especially at an unfavorable circadian time
(Babkoff et al., 1991). Therefore, we used the second bouts in the analysis. The SSS included 7
statements describing feelings of sleepiness ranging from “feeling active and vital; alert; wide
awake” (1) to “almost in reverie; sleep onset soon; lost struggle to remain awake” (7). The 3
visual analog mood scales asked the subject “How do you feel right now?”” with the scale anchor
points: 1) physically exhausted to energetic, 2) sharp to mentally exhausted, and 3) fresh as a
daisy to tired to death. The KSS was presented after the
performance/alertness tasks. Subjects were asked to rate their sleepiness on a 9 point scale,
ranging from “very alert” (1) to “very sleepy, great effort to keep awake, fighting sleep” (9). The
POMS was presented at the end of the test bout. Subjects were presented with 65 adjectives and
asked to respond to each on a scale ranging from “not at all” (1) to “extremely” (5). The Total
Mood Disturbance scores were analyzed.

Other Procedures

Subjects documented their daily intake of caffeine, medications, and alcohol. Caffeine
was not restricted during the baseline period, but was not allowed 6 h before or during the phase
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assessments, during the night shifts, or after the night shifts in the 1.5 h before daytime sleep.
Non-steroidal-anti-inflammatory drugs (NSAIDs) were prohibited 72 h before the baseline phase
assessment until the end of the study, as these suppress melatonin (Murphy et al., 1996). Alcohol
was prohibited 48 h before the baseline phase assessment until the end of the study. Subjects
were breathalyzed before each phase assessment and night shift to insure compliance with this
rule.

Data Analysis

To determine the DLMO, a threshold was calculated by taking 35% of the average of the
three highest points. An absolute threshold of 3 pg/mL was used for 2 subjects (one in group 2
and one in group 6) because the threshold calculated using our standard procedure was too high
for one of the melatonin profiles in each pair of profiles. The DLMO was calculated by linearly
interpolating between the times of the sampies before and after melatonin ievels crossed and
stayed above the threshold. The phase shift was the difference between baseline DLMO and
final DLMO.

We categorized the amount of re-entrainment that each subject attained based on the final
DLMO. A reasonable goal for circadian adaptation to the night work and day sleep schedule 1s
to phase shift circadian rhythms so that the sleepiest part of the circadian cycle, the Tmin, falls
within the daytime sleep episode. To estimate the Tmin, a constant of 7 h was added to the
DLMO because the Tmin falls approximately 7 h after the DLMO (Cagnacci et al., 1996; Brown
et al., 1997; Eastman et al., 2000; Sharkey and Eastman, 2002). Therefore, those subjects’ whose
final DLMO was before 1:30 were defined as not re-entrained because their estimated Tmins
occurred before 8:30, i.e. before daytime sleep. Those subjects’ whose final DLMO occurred
between 1:30 and 5:00 were defined as partially re-entrained because their estimated Tmins
occurred during the first half of daytime sleep. Lastly, those subjects’ whose final DLMO
occurred after 5:00 were defined as completely re-entrained because their estimated Tmins
occurred during the second half of sleep. Obviously, subjects whose circadian rhythms delayed
enough to be classified as partially or completely re-entrained based on their phase during the
final phase assessment, may not have had their Tmins occur during all the daytime sleep periods.
However, we can safely assume that subjects categorized as completely re-entrained had more
days in which their Tmins occurred during daytime sleep than those categorized as partially re-
entrained. The subjects were also divided into these three re-entrainment categories for the
analysis of sleep log data and the performance, sleepiness, and mood measures.

Total daytime sleep duration after each night shift was calculated from sleep logs (final
wake time minus sleep onset minus awakenings within sleep > 5 minutes). The mean daytime
sleep duration for all 5 days was calculated for each subject and then averaged for each of the
three re-entrainment categories.

Light levels were taken from the Actiwatch-L photosensor worn around the neck. Two
correction factors were applied to these readings, one for the error of measurement in the
Actiwatch -L and one for wearing sunglasses. If the Actwatch-L measured more than 10% above
or below what was measured by a light meter (Ex-Tech Instruments, Waltham MA), then a
conversion factor was calculated and applied to the values measured by that Actiwatch-L. To
determine the conversion factor, the Actiwatch-L and light meter were placed side by side and
exposed to various light intensities. The light levels measured by the Actiwatch-L were plotted
against the light levels recorded by the light meter and a linear regression line was generated.
The slope of the line was used as the conversion factor. Then, the light levels were corrected
again for the type of sunglasses that the subject wore (N SG transmit 15% and D SG transmit 2%
of light to the eye). Subjects could have been outside during daylight between 7:00 and 8:30 and
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from 15:30 until sunset. The correction for sunglasses was applied during these 2 time intervals
when light levels were > 500 lux, because if the levels were > 500 lux then the subject was
probably outside. Once these corrections were made, light levels were averaged into 20-min bins
for each subject and then subsequently averaged for each of the 6 intervention groups.

Circadian phase variables were analyzed using a one-way multivariate analysis of
variance (MANOVA) with a between-groups factor of intervention group. When significant,
univariate analyses were examined and Tukey HSD post-hoc tests were performed to identify the
significant group differences. Dependent variables were baseline DLMO, final DLMO, and
phase shift.

Performance, sleepiness, and mood measures were analyzed using a 3 x 5 repeated
measures ANOVA with the two independent factors being re-entrainment category (not re-
entrained, partially re-entrained, and completely re-entrained) and night shift (1, 2, 3,4 and 5). A
parallel analysis was conducted for the daytime sleep duration with the two independent factors
being re-entrainment category and day sleep (1, 2, 3, 4 and 5). Greenhouse-Geiser corrections
were used to correct for violations of sphericity for the within-subjects effects. When a
significant interaction was found, simple main effects analyses were conducted to determine the
source of the interaction.

Summary statistics are presented as means and standard deviations unless otherwise
indicated.
Results

Light/Dark Exposure

Figure 2 shows how the pattern of light exposure differed among the groups. Groups 1, 2
and 3 were exposed to typical room light levels during the night shifts (23:00 to 7:00), whereas
the BL groups (4, 5 and 6) were exposed to BL pulses that can clearly be seen. Although the BL
pulses in the figure reach about 2500 lux, as measured by the neck medallion, the light readings
taken by research assistants using a light meter photosensor held over the eye and in the direction
of gaze measured > 5000 lux. The figure shows an increase in light intensity when subjects
wearing normal sunglasses (group 1 and 4) left the lab at 7:00. For the other groups, the dark
sunglasses kept light levels during the commute home similar to the light levels recorded during
the normal room light of the night shifts. For group 1, the highest light intensities were during
the commute home time and in the afternoon after the dark/sleep period, whereas for the rest of
the groups, the levels during the night shift were as high or higher than the levels at any other
time of day. For all groups, the dark/sleep period (8:30 to 15:30) was delayed by many h
compared to the average dark/sleep period during baseline, as shown by the bar at the top of the
figure.

Circadian Phase

Figure 3 shows examples of melatonin profiles. The phase delay shift was 6.4 h for the
subject in the top panel and 5.0 h for the subject in the bottom panel. The subject in the bottom
panel showed high levels of melatonin at the beginning of the final phase assessment, which
started at 19:00, due to the exogenous melatonin taken before going to sleep that morning at
8:30. Many (16 out of 20) subjects in the melatonin groups showed these higher residual levels
at the beginning of the final phase assessment. The average melatonin concentration from the
samples taken at home after waking from daytime sleep at 15:30 was 130.1 + 84.2 pg/mL for the
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subjects that took melatonin before sleep and 5.0 + 4.4 pg/mL for the subjects that took placebo.

Figure 4 displays the baseline and final DLMO and the estimated baseline and final Tmin
for each subject. In group 1 (top row), there were various magnitudes of phase shifting ranging
from very small shifts to very large delay shifts, and thus subjects fell into all 3 re-entrainment
categories: not re-entrained, partially re-entrained, and completely re-entrained (i.e. the estimated
final Tmin occurred before dark/sleep, within the first half of dark/sleep, or within the second
half of dark/sleep). Similar results were found in group 2 (second row); subjects fell into all 3 re-
entrainment categories. All of the subjects in group 3 were partially or completely re-entrained.
All of the subjects in groups 4, 5, and 6 (except for 1 subject in group 4) were completely re-
entrained. Table 2 shows the percentage of subjects in each intervention group that fell into the 3
re-entrainment categories.

Table 3 shows that the final DLMO was later and the phase shifts were larger as the
interventions became more complex (i.e. as the intervention group number increased from 1 to
6). A multivariate one-way ANOVA found significant effects when baseline DLMO, final
DLMOQ, and phase shift were examined as dependent variabies [F(10,116) = 3.16, p = 0.001, F
estimate based on Wilks’ Lambda]. This significant multivariate effect justified examining the
associated univariate analyses. Significant main effects of intervention group were found for the
final DLMO [F(5,59) = 5.00, p = 0.001] and for phase delay shift [F(5,59) =4.42, p = 0.002].
The final DLMO was significantly later in group 4, 5, and 6 (the groups exposed to BL during
the night shifts) when compared to group 1 (p values = 0.025, 0.003, and 0.006, respectively).
The phase delay shift was also greater in groups 4, 5 and 6 when compared to group 1 (p values =
0.012, 0.013, and 0.007, respectively). There was also an unexpected significant main effect of
intervention group for baseline DLMO [F(5,59) = 2.96, p = 0.019]. Pair-wise comparisons
showed that the baseline DLMO for group 5 was later than group 2 (p = 0.035).

We expected baseline phase position to have a large influence on subsequent phase shift.
Subjects with later circadian phases needed less of a phase delay for re-entrainment.
Furthermore, baseline phase influenced when sunlight during the commute home time from the
night shifts occurred relative to the light PRC. We expected that most subjects would have
crossover points (estimated by the baseline Tmin) before the travel home time (before 7:00), so
that sunlight during the commuie would coincide with the phase advance portion of the light
PRC and inhibit the phase delay. Then, if the rhythms delayed from the baseline to the final
phase assessment, the Tmin would eventually occur after the travel home time, so that sunlight
would facilitate the delay. However, many subjects had baseline Tmins later than we expected
(after 7:00), which means that light during the commute home could have facilitated rather than
inhibited the phase delay, even after the first night shift. Given these facts about baseline phase
and the somewhat unequal distribution of baseline phases among the intervention groups, we
divided each intervention group into two groups: earlier subjects (baseline Tmin < 7:00) and later
subjects (baseline Tmin > 7:00). Also, because the outcome in all of the bright light groups was
so similar, these three groups (4, 5, and 6) were combined in the following analysis.

A summary of phase measures from the earlier subjects is displayed in Table 4. The
baseline DLMOs were similar (about 22:00 to 23:00). The final DLMOs, and therefore the
estimated final Tmins, became later as the interventions became more complex (i.e. as the
intervention group number increased). The mean final Tmin fell before the time corresponding
to daytime sleep (before 8:30) for group 1, in the first half of the time corresponding to daytime
sleep for groups 2 and 3, and in the second half of the time corresponding to daytime sleep for
the bright light groups. A multivariate one-way ANOV A found significant effects when baseline
DLMO, final DLMO, and phase delay shift were analyzed as dependent variables [F(6,74) =
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4.43, p =0.001, F estimate based on Wilks’ Lambda], which justified examining the associated
univariate analyses. As expected, there was no significant main effect of intervention group for
baseline DLMO [F(3,38) =2.45, p = 0.079]. A significant main effect was found for final
DLMO (and therefore for final Tmin) [F(3,38) = 8.082, p < 0.001] and for phase delay shift
[F(3,38) =9.02, p < 0.001]. Pair-wise comparisons showed that the final DLMO (and final
Tmin) was later in the BL groups (p < 0.001) and in group 3 (p = 0.014) when compared to group
1. There was a trend (p = 0.059) for the final DLMO (and final Tmin) to be later in group 2
compared to group 1. The phase delay shift was larger in group 2 (p = 0.018), group 3 (p =
0.003), and the BL groups (p < 0.001) when compared to group 1. The phase measures from the
later subjects are not shown in a table because they were similar for all intervention groups and
the Ns were too small for statistical analyses. The baseline DLMOs were around 1:00, the final
DLMOs were between 6:00 and 7:00, the final Tmins were between about 13:00 and 14:00, and
the phase delay shifts were about 5-6 h.

Table 5 shows that all the later subjects achieved complete re-entrainment, regardless of
intervention group. However, for the earlier subjects, the intervention group had a large
influence on subsequent re-entrainment. Chi-square tests for goodness of fit were run on the
proportions for the earlier subjects. Because the N was too small in some of the cells, we
combined two of the re-entrainment categories. First, we combined the partial and complete re-
entrainment categories and compared them to the subjects who were not re-entrained. There was
a significant difference between the intervention groups, x* (3, n =42) = 16.55, p = 0.001.
Specifically, the proportion of subjects who did not re-entrain was significantly greater in group 1
than in the other intervention groups. Secondly, we combined the proportion of subjects who
were not re-entrained and partially re-cntrained and compared them to the subjects who were
completelzy re-entrained. Again there was a significant difference between the intervention
groups, x° (3, n=42)=21.58, p <0.001. Specifically, the proportion of subjects who were
completely re-entrained was significantly greater in the bright light groups than the other
intervention groups. These findings are based on an examination of the cell standardized
residuals derived from the associated contingency table.

In summary, if the baseline circadian phase was late enough, then complete re-
entrainment occurred in all intervention groups. Even the subjects in group 1, who only had
normal sunglasses and no melatonin and no bright light during the night shifts, achieved
complete re-entrainment. However, if the baseline phase was earlier (Tmin before the start of the
commute home time) then the subjects in intervention group 1 fared worse than the subjects in all
of the other intervention groups. They were less likely to entrain to the daytime dark/sleep
schedule. Thus, adding darker sunglasses conferred a significant benefit. There were no
statistically significant differences between groups 2 and 3 by any of the analyses. Therefore,
adding melatonin to the dark sunglasses did not change the phase shift. The subjects in the bright
light groups were more likely to achieve complete re-entrainment than subjects in the other three
intervention groups. Furthermore, the outcome in the three bright light groups was very similar
in that all except one subject achieved complete re-entrainment (see Figure 4). Thus, in general,
the darker sunglasses and melatonin did not enhance the phase shift if subjects received bright
light during the night shift.

Daytime Sleep

All but 3 subjects reported sleeping between 6 and 7 h (averaged over the 5 days) after
the night shifts. There was a significant but weak correlation between final phase and sleep
duration (r = 0.28, p=0.023, 2-tailed). However, there was no difference between those who
were not re-entrained (6.5 + 0.6 h), partially re-entrained (6.6 + 0.3 h), or completely re-entrained
(6.7+0.2h). As expected, all subjects slept less during the night shift week than during the
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baseline week (7.5 + 0.7, 8.0 + 0.6, and 8.1 + 0.7 h, respectively). Sleep duration was not
different between groups 2 and 3 (6.6 + 0.4 h and 6.7 + 0.2 h) or between groups 5 and 6 (6.8 +
0.3 h and 6.7 + 0.2 h), which were the groups that differed only in that one group took melatonin
before daytime sleep and the other took placebo.

Night Shift Performance, Sleepiness, and Mood Assessments

Figure 5 displays some of the measures from the computerized batteries during the night
shifts. First, the graphs will be described, and then the statistics will be presented. Response
time on the PVT (upper-left panel) became longer over the 5 night shifts for the subjects who did
not re-entrain. Response time for subjects who attained re-entrainment (either partial or
complete) was shorter than for those who did not re-entrain, and stayed the same as the night
shifts progressed. The number of words recalled in the PRM test (upper-right panel) showed a
similar trend. Those who did not re-entrain recalied fewer words as the night shifts progressed.
Those who attained re-entrainment (partial or complete) recalled more words throughout the 5
night shifts than those who did not re-entrain.

Self-reported sleepiness on the SSS (middle-left panel) showed that the subjects who did
not re-entrain became sleepier as the night shifts progressed while subjects who attained re-
entrainment (partial or complete) became less sleepy as the night shifts progressed. POMS Total
Mood Disturbance (middle-right panel) was higher for the subjects who did not re-entrain than
for those that attained complete re-entrainment. There was a slight decrease in total mood
disturbance over the 5 night shifts for those subjects who were partially re-entrained. Physical
Exhaustion VAS (lower-left panel) was higher for those who were not re-entrained. The subjects
who attained partial or complete re-entrainment became less physically exhausted as the night
shifts progressed. Mental Exhaustion VAS (lower-right panel) showed a similar trend.

The repeated measures ANOV As showed that the main effect of re-entrainment category
was significant or close to significance for all of the variables analyzed: mean response time on
the PVT [F(2,64) = 10.97, p < 0.001], lapses on the PVT [F(2,64) = 9.42, p < 0.001], the percent
correct in the DSST [F(2, 64) = 4.90, p = 0.010], PRM [F(2,64) = 2.53, p = 0.088], SSS [F(2,64)
=4.61,p =0.014], KSS [F(2,64) = 4.40, p = 0.016], Physical Exhaustion VAS [F(2,64) = 4.70, p
=0.012], Tiredness VAS [F(2,64) = 4.14, p = 0.020], Mental Exhaustion VAS [F(2,64) =2.62, p
=0.080], and POMS Total Mood Disturbance [F(2,64) = 2.53, p = 0.088]. There were two
measures that showed a significant main effect of night shift: mean response time on the PVT
[F(2,149) = 5.63, p = 0.003] and Physical Exhaustion VAS [F(3,221) =2.77, p = 0.035]. There
were also two measures that showed a significant interaction: mean response time on the PVT
[F(5, 149) =4.36, p = 0.001] and SSS [F(7,222) =2.56, p = 0.015]. Simple main effects analyses
revealed that the source of the interactions were significant differences (all p < 0.001) between
the 3 re-entrainment categories during the last 3 night shifts.

Discussion

This study showed that bright light during the night shift was the strongest factor for
producing circadian adaptation to the night shift, i.e. for helping circadian rhythms delay to align
with the daytime sleep schedule. Very dark sunglasses (darker than normal sunglasses) used
during the commute home after the night shift also helped delay circadian rhythms. However, we
could not demonstrate a benefit from the administration of sustained release melatonin before
daytime sleep.

We converted the DLMOs obtained in this study to estimated Tmins (by adding the
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constant of 7h) for two reasons of convenience. First, the Tmin is an estimate for the sleepiest
part of the circadian cycle, and the time of greatest performance decrements; although, for some
measures and protocols the “circadian dip” is actually slightly later (e.g. Akerstedt and Gillberg,
1982; Johnson,MP et al., 1992). We have defined circadian adaptation as phase shifting the
Tmin out of the night shift and into the daytime sleep period (Eastman and Martin, 1999; Burgess
et al., 2002), and here further subdivided it into either partial or complete re-entrainment. A
second reason for referring to the Tmin instead of the DLMO is that the Tmin is an estimate for
the light PRC crossover point from delays to advances (Czeisler et al., 1989; Eastman and
Martin, 1999), although in some studies it appears to be slightly later (Minors et al., 1991; Jewett
et al., 1994; Van Cauter et al., 1994).

During the baseline week subjects were free to sleep at times they chose, whereas in all of
our previous simulated night shift studies subjects were required to follow fixed baseline sleep
scheduies (Eastman, 1952; Eastman ei al., 1954, 1995b; Miichell et al., 1957; Martin and
Eastman, 1998; Baehr et al., 1999; Sharkey and Eastman, 2002). We designed the study with
free baseline sleep because we wanted our subjects to start the night shift with a wide range of
circadian phases, to simulate what we would expect in real night shift workers. The resulting
baseline Tmins ranged from 3:12 to 9:42. The subjects who had Tmins before the start of the
commute time home at 7:00 (the earlier subjects) benefitted the most from our interventions,
whereas the later subjects achieved complete re-entrainment regardless of intervention group.

Sunglasses for the commute time home

For the earlier subjects, sunlight during the commute home probably coincided with the
phase advance portion of their light PRC, which can explain why they phase delayed more with
the darker sunglasses (group 2 vs group 1). The combination of the dark/sleep period and the
dark sunglasses produced re-entrainment in most subjects. However, the darker lenses were
designed for welders and are not approved for driving. Therefore, the mode of transportation is
an essential detail to consider when recommending such sunglasses. The normal lenses transmit
15% of light and are approved for driving (i.e. meets color traffic signal recognition
requirements). Recently, Uvex Safety Inc. has developed “espresso” lenses which transmit 12%
of light and are approved for driving. It is possible that if our earlier subjects in group 1 had
worn these 12% lenses, then more of them would have re-entrained to the daytime sleep
schedule. Our subjects were tested in the summer and were exposed to relatively intense light
during the commute. Light intensity would be lower in winter, especially at more extreme
latitudes, or during earlier commute times. In those circumstances, we would expect more
subjects to re-entrain with just normal sunglasses. The discovery that the circadian system is
most sensitive to blue wavelengths (420-480 nm) (Brainard et al., 2001; Thapan et al., 2001)
should lead to the development of lenses that selectively block these wavelengths.

In conclusion, we recommend wearing sunglasses during the commute home (as dark as
possible), combined with an early, regular dark period for sleep after the night shift as a simple,
inexpensive, and effective way to produce circadian adaptation in workers who start the night
shift with earlier circadian phases.

All of the later subjects achieved complete re-entrainment regardless of the interventions
that were implemented (Table 5). For these subjects, light during the commute home (which was
primarily at the beginning of the 7:00 - 8:30 window) probably coincided with the delay portion
of the light PRC, helping these subjects delay further. Thus, they probably did not need to wear
sunglasses during their commute home. So how could real shift workers know whether they
were early or late and thus whether they should wear very dark sunglasses? We have shown that
the DLMO, and thus the Tmin, can be accurately predicted using sleep logs from the last 5
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nocturnal sleep periods in free sleepers (Martin and Eastman, 2002). In that study, the estimated
Tmin was 2.9 h before wake. In the current study, the estimated baseline Tmin was 3.1 h before
wake. Thus, we can recommend the general rule that if a worker’s average wake-up time in the 5
days preceding the night shifts is 3 or more h after the start of their commute home time, then
they don’t need to wear sunglasses (except of course for UV protection). However, the worker
must have a few days of free sleep with relatively unrestricted wake times (i.e., days off or
evening shift) from which to estimate wake-up time.

Bright light during the night shift

When our subjects were given bright light during the night shift, all but one early subject
achieved complete re-entrainment. Darker sunglasses did not confer an additional advantage, not
even for the earlier subjects. This makes sense given the light exposure patterns shown in Fig 2.
For the bright light groups, the bright light pulses were the most intense light in the 24-h day,
even for subjects who wore the normal sunglasses (group 4). Thus, there was a phase delayed,
large amplitude LD cycle for all 3 bright light groups, which phase delayed their circadian
rhythms. The circadian system responds to the relative intensities of light throughout the 24 h
day, rather than absolute intensities, to distinguish day from night (Lynch et al., 1981; Meyer and
Millam, 1991). Thus, the LD cycle for groups 2 and 3 was also clearly shifted, although the
amplitude was much lower, which can explain why the phase shifts were smaller (c.f., Wever,
1965). Laboratory studies on humans have also shown that appropriately timed room light can
help phase shift circadian rhythms towards re-entrainment to a shifted dark/sleep period when
presented over a background of dimmer light (Boivin et al., 1996). For the subjects in group 1,
light during the commute home was relatively intense compared to the rest of the 24 h, and as
mentioned earlier coincided with the phase advance portion of the PRC for earlier subjects. This
can explain why re-entrainment was less likely for these subjects. Thus, we predict that as long
as the light during the night shift is more intense and of sufficient duration, compared to light
during the commute home, and there is a clear shift in the dark period, then re-entrainment is
very likely to occur (as for our groups 2 and 3).

We used a moving pattern of bright light pulses in order to phase delay the rhythms as far
as possible. In fact, the final Tmins were so late that we can assume that circadian adaptation
was achieved during most of the 5 night shifts (Fig 4). However, most of the Tmins clustered
near the end of dark/sleep. 1t would have been better to have the Tmins delay no further than
about 2-3 h before wake, for a more normal phase relative to sleep. Thus, the bright light pattern
we used was too powerful. The ideal bright light pattern should delay the rhythms to re-align
with sleep as fast as possible, but then not delay them much further in subsequent days.
Modifications that could be tested include: a stationary pattern of light pulses, lower intensities
of bright light, durations shorter than 20 min, fewer pulses of bright light per night, and fewer
nights with bright light.

The circadian rhythms of our subjects were probably prevented from delaying further by
light exposure coinciding with the phase advance portion of the light PRC upon waking at 15:30.
We have incorporated light “brakes” for “halting the delay” into other schedules for night
workers (Stewart et al., 1995; Stewart and Eastman, 1996; Eastman and Martin, 1999; Burgess et
al., 2002). In the current study, there were no special light requirements placed upon the subjects
upon waking at 15:30. Furthermore, they were required to wear their sunglasses whenever they
went outside, to simplify instructions. In retrospect, we should have asked them to go out soon
after waking and given them very light sunglasses for this time, to help keep the rhythms from
delaying too far.

There are circumstances in which partial rather than complete re-entrainment would be
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preferable, such as for night shift workers who would not be able to cope with the symptoms
caused by misalignment of their circadian rhythms on their days off. In our young subjects,
partial re-entrainment was sufficient to improve performance decrements, sleepiness, and mood
during the night shift. Therefore, we have proposed compromise schedules (Eastman and
Martin, 1999; Burgess et al., 2002) in which circadian phase is delayed so that the worker is
partially entrained to a night work and day sleep schedule and partially entrained to sleeping at
night and enjoying leisure time during their days off. The worker is instructed to adopt as late a
sleep schedule as possible during days off, and we would use a bright light pattern designed to
produce partial re-entrainment. These schedules are intended for permanent night work systems,
and the goal is to achieve partial re-entrainment during all night shifts, starting with the second
block of night shifts. Future studies are planned to test such compromise schedules. However,
older workers may be less phase tolerant and may need complete re-entrainment to achieve
substantial benefits (Campbell, 1995; Dijk et al., 1999). Obviously, the ideal degree of re-
entrainment depends on many factors, including the hazard potential of the job.

A recent study (Boivin and James, 2002) tested bright light on night nurses by setting up
light boxes in the nursing station. Circadian rhythms were measured before and after an average
of 12, 8 h night shifts with some days off in between. The treatment group was given a
combination of interventions similar to our group 4 (dark/sleep, normal sunglasses (15%
transmission, Uvex) and bright light). They were exposed to about 3000 lux of intermittent
bright light during the first 6 h of every night shift, and were instructed to go to bed for 8 h
starting 2 h after the end of the night shift. The control group had dark/sleep, clear glasses, and
their usual lighting during the night shift (~100 lux). Both groups were permitted to sleep freely
on days off. All the subjects in the treatment group achieved partial or complete re-entrainment,
whereas the subjects in the control group showed a wide range of final circadian phases, from
none to complete re-entrainment. This study demonstrates that interventions similar to our group
4 can be implemented in a real shift work setting and are effective in producing circadian
adaptation, despite intervening days off.

As in all of our previous simulated night shift studies, we used a fixed dark/sleep period
to create a strong, shifted LD cycle. The utility of this technique was corroborated by a recent
study (Horowitz et al., 2001). Circadian phase was measured before and after 3 consecutive
simulated night shifts (23:00 to 7:00). During the night shifts, subjects were exposed to either
room light (~150 lux) for the entire night shift or bright light (~2500 lux, continuous) for the first
6 h of each night shift. After each night shift, they either slept from 8:00 to 16:00 (fixed sleep) or
they chose when they slept which was often later (free sleep). There were 4 groups: Room Free,
Bright Free, Room Fixed, and Bright Fixed. The Bright Fixed group phase delayed the most and
about half of these subjects achieved re-entrainment by our definition. Almost none of the
subjects in the other groups phase delayed enough for re-entrainment. The results from the
Bright Free group show that despite bright light during the night shift, when subjects were free to
choose their own daytime sleep schedules, circadian adaptation was unlikely to occur. These
results confirm our recommendation that night shift workers adopt an early fixed dark/sleep
period after night work.

Melatonin Administration

When we compared groups 2 vs. 3 and groups 5 vs. 6 (placebo vs. melatonin), there were
no statistically significant differences by any of our analyses. Therefore, there was no benefit in
taking this particular dose of melatonin (1.8 mg sustained release) at this particular time (8:30 am
or about 9 h after the baseline DLMO). All of the subjects in bright light groups 5 and 6
achieved complete re-entrainment. Melatonin could not increase the phase delay because they
were already phase shifted as far as possible, creating a ceiling effect (Fig 4). However, when



23
groups 2 and 3 are considered, there was room for many subjects to phase delay later.

Perhaps a non-optimal timing or dose of melatonin was the reason that larger delays were
not produced in group 3. Figure 6 shows a schematic melatonin PRC. The time that the 0.5 mg
dose produced the largest phase delay was about 10 h after the DLMO. The average baseline
DLMO for group 3 was at about 23:00. Thus, the melatonin administered at 8:30 was 9.5 h after
the DLMO ( top arrow under the PRC), which was at about the best time to produce a phase
delay with a 0.5 mg dose. However, the 1.8 mg sustained release preparation we used probably
remained in the circulation longer than the immediate release 0.5 mg dose used to generate this
PRC. We estimate that the sustained release dose lasted about 11.5 h, but it varied widely among
individuals. Thus, for a person with a DLMO at 23:00 it is possible that the tail end of the
sustained release dose impinged upon the phase advance portion of the PRC. However, most of
the melatonin was released over the same interval of time as the immediate release dose which
produced the maximum delay. Thus, the first dose of melatonin was probably at a good time to
produce phase delays. As the circadian rhythms of our subjects shifted later, the melatonin
administration at 8:30 occurred at earlier and earlier times relative to the melatonin PRC, as
shown by the rest of the horizontal arrows. If the DLMO delayed as far as 6:00, then the
melatonin administered at 8:30 began on the tail end of the phase advance portion of the PRC
(bottom arrow). But again, because of the sustained release dose, the tail end of the dose
probably coincided with the phase delay portion of the PRC. Thus, the net effect was probably
little or no phase shift. Thus, as the rhythms delayed, the timing of the dose probably became
less effective. The only way to optimize the dose would have been to administer it later and later
as the rthythms delayed (as we did for bright light), but that would have interfered with sleep. We
estimate that meiatonin had the greatest phase delaying effect when the DLMO was between
about 21:00 and 2:00, but clearly, more melatonin PRCs using different doses of melatonin are
needed. If our estimate is correct, then the melatonin did not contribute to delaying the DLMO
much past about 2:00. The final DLMOs for group 3 were all later than 2:00, which means that
other factors besides melatonin were probably responsible for these delays. A glance at the group
2 {inal DLMOs shows that just dark/sleep and dark sunglasses produced final DLMOs this late.

Melatonin was always paired with the darker sunglasses. Since the darker sunglasses
helped the earlier subjects delay, the darker sunglasses may have masked the delaying effects of
melatonin. Unfortunately, we did not test a group with normal sungiasses and melatonin, which
may have revealed the hormone’s possible phase delaying abilities.

Many studies have shown melatonin’s phase advancing effects (e.g. Attenburrow et al.,
1995; Krauchi et al., 1997; Sharkey and Eastman, 2002). However, the current study was one of
the few in which melatonin was tested to delay circadian rhythms in humans and in which
circadian phase was measured. One simulated night shift study (Dawson et al., 1995) tested
melatonin administered at 8:00 (2 mg), 11:00 (1 mg) and 14:00 (1 mg) vs placebo. There was no
difference between the phase delay shifts attained by those that took melatonin or those that took
placebo (4.7 h vs. 4.2 h) probably because the times of melatonin administration coincided with
both the phase delay and phase advance portions of the melatonin PRC. In another study
(summarized in Sack and Lewy, 1997) 24 night shift workers (nurses and hospital clerical staff)
alternated between 7 consecutive 10 h night shifts (21:30 to 7:30) and 7 consecutive days off.
Melatonin (0.5 mg, immediate release) or placebo was administered at bedtime after the night
shifts and at bedtime during their week off. This was a double-blind crossover design and
melatonin was taken during one two-week block and placebo was taken during the other. The
DLMO was assessed weekly. Only 7 out of the 24 subjects responded to melatonin during the
night shift week, meaning that their final DLMO was shifted at least 3 h later with melatonin in
comparison to placebo. Some delayed and some advanced equally as far with placebo or
melatonin, and others did not shift with either treatment. These variable results could be due to
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different light exposure patterns created by the subjects’ sleep schedules and whether or not they
wore sunglasses. The timing of melatonin administration varied because the workers chose when
they went to sleep and took the melatonin before going to sleep.

In conclusion, neither these studies nor our current study provide much evidence that
melatonin can help phase delay circadian rhythms in a night shift work situation. Further study
should be done after more basic research on the phase delaying properties of melatonin.

Daytime Sleep

There was a significant correlation showing that more daytime sleep was associated with
greater re-alignment of circadian rhythms with dark/sleep, but it was very weak. There was no
difference in daytime sleep duration among the 3 re-entrainment categories. Subjects slept
almost all of the allotted 7 h, probably because they were reiativeiy young and phase tolerant
(able to sleep at the wrong circadian phase, c.f. Dawson and Campbell, 1991). In our previous
simulated night shift studies we found moderate significant correlations between daytime sleep
duration and phase shift, showing that circadian re-alignment improved sleep (Eastman et al.,
1994, 1995b; Martin and Eastman, 1998). Other simulated night shift studies have also found
that phase delay shifts resulted in better sleep quality or duration (Czeisler et al., 1990; Dawson
and Campbell, 1991; Dawson et al., 1995). One possible reason for not finding a strong
relationship in the current study is that we limited the time in bed to 7 h, whereas in the other
studies the daytime dark period was 8 h. Sleep is most difficult during the day (after the night
shift) in the last half of the sleep period (e.g. Sharkey et al., 2001). Tt is possible that the effect of
circadian re-alignment would have shown up more if we *equlred a longer daytime sleep period.
However, we think that most real night shift workers would not make the time to spend more
than about 7 h in bed during the daytime.

In this study, sleep duration was not greater in the groups that took melatonin compared
to the matching groups that received placebo. In one of our previous simulated night shift studies
(Sharkey et al., 2001) circadian rhythms were purposely not shifted, and the same preparation of
melatonin (1.8 mg) taken before bed lengthened daytime sleep. In that study subjects were
required to stay in bed in the dark for 8 h, and the improvement was only seen in the second half
of sleep. Thus, the 7 h time in bed in the current study could have kept us from detecting an
effect of melatonin. In that previous study, melatonin was oniy effective for daytime sieep after
the first night shift. It did not improve sleep after the second night shift, suggesting a tolerance
effect. In the current study, melatonin did not even improve sleep after the first night shift.
Again, we only made subjects stay in bed for 7 h, so perhaps melatonin would have helped if
they had a longer sleep opportunity.

In the simulated night shift study of Dawson et al (1995), 4 mg of melatonin spread out
over the 8 h daytime sleep period did not produce circadian re-entrainment, but it did improve
sleep quality. Perhaps the larger dose of melatonin or the longer time in bed was responsible for
showing improved sleep with melatonin. Studies of real night shift workers have shown varying
results. Melatonin (1 mg, 6 mg, and 10 mg) did not improve sleep during the day after the night
shift in emergency room physicians and emergency medical services personnel (James et al.,
1998; Jorgensen and Witting, 1998; Jockovich et al., 2000). In contrast, melatonin (5 mg and 6
mg) improved daytime sleep after the nights shifts in police officers and night nurses (Folkard et
al., 1993; Yoon and Song, 2002). These conflicting results might be due to different light
exposure and sleep schedules in these field studies. Obviously, more work needs to be done to
determine under which conditions melatonin can help the daytime sleep of night shift workers,
and whether tolerance develops.
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Night Shift Performance, Sleepiness and Mood

Although our subjects obtained a decent amount of sleep during the daytime, circadian re-
alignment was necessary to improve neurobehavioral measures during the night shift. The
subjects who were not re-entrained were sleepier, performed worse, and felt worse than those that
achieved re-entrainment (partial or complete). These results are similar to our other simulated
night shift studies in which large phase shift subjects (corresponding to re-entrained subjects) had
less POMS fatigue and mood disturbance than small phase shift subjects (corresponding to not
entrained subjects). In these previous studies we also found correlations between the magnitude
of the phase shift and POMS scales showing that the more re-alignment of circadian rhythms
with sleep, the better our subjects felt (Eastman et al., 1994, 1995b; Martin and Eastman, 1998).
Other simulated night shift studies used bright light and produced partial re-entrainment (Dawson
and Campbell, 1991) or complete re-entrainment (Czeisler et al., 1990; Dawson et al., 1995), and
aiso found higher ievels of cognitive performance and alertness in the groups that re-entrained
compared to control groups that did not.

Interestingly, in the current study there were no differences on the night shift measures
between the subjects that were partially re-entrained and those who were completely re-entrained.
These data suggest that for young and healthy adults, partial re-entrainment is sufficient to
improve the neurobehavioral problems associated with night shift work. We do not know of any
other studies which compared partial to complete re-entrainment. However, similar simulated
night shift studies on young subjects (Dawson and Campbell, 1991) and middle aged subjects
(Campbell, 1995) suggest that while partial re-entrainment is sufficient for young subjects,
complete re-entrainment may be necessary to reap similar benefits in older subjects.

This study has many practical applications for night shift workers and their employers.
We showed that circadian re-entrainment helps alleviate the neurobehavioral problems associated
with a night worker’s schedule. Even partial re-entrainment can help alleviate these problems, at
least in a younger population of night shift workers. Simple habits like wearing sunglasses
during the commute home (the darker the lenses the better), creating a dark bedroom, and
adhering to a regular daytime sleep schedule starting soon after the night shift can promote some
circadian adjustment. Bright light exposure during the night shifts can help adjust circadian
rhytbhms even more. Exposure to bright light during the night shift may be more difficult to
implement individually. However, knowing that circadian adjustment would add to the
productivity and quality of work, employers of 24-h companies may take the initiative and install
bright light banks or ceiling fixtures in the work place. Employers could also take the initiative
of educating their employees about the different options available to them to help them feel and
perform better as a night shift worker.

Acknowledgements

We thank Sheri Allen, Stacia Martin, Karen Chuang, Jim Lyda, Steve Gaskill, Anne
Lagerlund, Rupal Trivedi and Clifford Gazda for assistance in data collection, and Helen J.
Burgess for her comments on the manuscript. We thank Ecological Formulas for donating the
melatonin and matching placebo pills and Apollo Light Systems for donating the light boxes.
Support for this study came from NIOSH grant RO1 OH003954.



26

References

Akerstedt T (1988) Sleepiness as a consequence of shift work. Sleep 11:17-34,

Akerstedt T (1995) Work hours, sleepiness and the underlying mechanisms. J. Sleep Res. 4
(Suppl. 2):15-22.

Akerstedt T and Gillberg M (1982) Displacement of the sleep period and sleep deprivation. Hum.
Neurobiol. 1:163-171.

Akerstedt T and Gillberg M (1990) Subjective and objective sleepiness in the active individual.
Intern. J. Neuroscience 52:29-37.

Attenburrow MEJ, Dowling BA, Sargent PA, Sharpley AL, and Cowen PJ (1995) Melatonin
phase advances circadian rhythm. Psychopharmacology 121:503-505.

Babkoff H, Caspy T, and Mikulincer M (1991) Subjective sleepiness ratings: The effects of
sleep deprivation, circadian rhythmicity and cognitive performance. Sleep 14:534-539.

Baehr EX, Fogg LF, and Eastman CI (1999) Intermittent bright light and exercise to entrain
human circadian rhythms to night work. Am. J. Physiol. 277:R1598-R1604.

Baehr EK, Revelle W, and Eastman CI (2000) Individual differences in the phase and amplitude
of the human circadian temperature rhythm: with an emphasis on momingness-eveningness. J.
Sleep Res. 9:117-127.

Boivin DB and James FO (2002) Circadian adaptation to night-shift work by judicious light and
darkness exposure. J. Biol. Rhythms 17:556-567.

Boivin DB, Duffy JF, Kronauer RE, and Czeisler CA (1996) Dose-response relationships for
resetting of human circadian clock by light. Nature 379:540-542.

Brainard GC, Hanifin JP, Greeson JM, Byme B, Glickman G, Gemer E, and Rollag MD (2001)
Action spectrum for melatonin regulation in humans: evidence for a novel circadian
photoreceptor. Journal of Neuroscience 21:6405-6412.

Brown EN, Choe Y, Shanahan TL, and Czeisler CA (1997) A mathematical model of diurnal
variations in human plasma melatonin levels. Am. J. Physiol. 272:E506-E516.

Burgess HJ, Sharkey KM, and Eastman CI (2002) Bright light, dark and melatonin can promote
circadian adaptation in night shift workers. Sleep Medicine Reviews 6:407-420.

Burgess HJ, Crowley SJ, Gazda CJ, Fogg LF, and Eastman CI (2003) Preflight adjustment to
eastward travel: 3 days of advancing sleep with and without morning bright light. J. Biol.
Rhythms, 18:318-328.

Cagnacci A, Soldani R, Laughlin GA, and Yen SSC (1996) Modification of circadian body
temperature rhythm during the luteal menstrual phase: role of melatonin. J. Appl. Physiol. 80:25-
29,



27

Campbell SS (1995) Effects of times bright-light exposure on shift-work adaptation in middle-
aged subjects. Sleep 18:408-416.

Costa G, Ghirlanda G, Minors D, and Waterhouse JM (1993) Effect of bright light on tolerance
to night work. Scand. J. Work Environ. Health 19:414-420.

Czeisler CA, Kronauer RE, Allan JS, Duffy JF, Jewett ME, Brown EN, and Ronda JM (1989)
Bright light induction of strong (type 0) resetting of the human circadian pacemaker. Science
244:1328-1333.

Czeisler CA, Johnson MP, Duffy JF, Brown EN, Ronda JM, and Kronauer RE (1990) Exposure
to bright light and darkness to treat physiologic maladaptation to night work. New England
Journal of Medicine 322:1253-1259.

Dawson D and Campbell SS (1991) Timed exposure to bright light improves sleep and alertness
during simulated night shifts. Sleep 14:511-516.

Dawson D, Encel N, and Lushington K (1995) Improving adaptation to simuiated night shift:
Timed exposure to bright light versus daytime melatonin administration. Sleep 18:11-21.

Dijk DJ, Duffy JF, Riel E, Shanahan TL, and Czeisler CA (1999) Ageing and the circadian and

homeostatic regulation of human sleep during forced desynchrony of rest, melatonin and
temperature rhythms. J. Physiol. 516.2:611-627.

Dinges DF (1995) An overview of sleepiness and accidents. J. Sleep Res. 4 (Suppl. 2):4-14.
Dinges DF and Powell JW (1985) Microcomputer analyses of performance on a portable, simple
visual RT task during sustained operations. Behavior Research Methods, Instruments, &
Computers 17:652-655.

Dinges DF, Kribbs NB, Bates BL, and Carlin MM (1993) A very brief probed-recall memory
task: sensitivity to sleep loss. Sleep Res. 22:330.

Dumont M, Benhaberou-Brun D, and Paquet J (2001) Profile of 24-h light exposure and
circadian phase of melatonin secretion in night workers. J. Biol. Rhythms 16:502-511.

Eastman CI (1992) High intensily light for circadian adaptaiion to a 12-h shift of the sleep
schedule. Am. I. Physiol. 263:R428-R436.

Eastman CI and Martin SK (1999) How to use light and dark to produce circadian adaptation to
night shift work. Ann. Med. 31:87-98.

Eastman CI and Miescke KJ (1990) Entrainment of circadian rhythms with 26-hr bright light and
sleep-wake schedules. Am. J. Physiol. 259:R1189-R1197.

Eastman CI, Stewart KT, Mahoney MP, Liu L, and Fogg LF (1994) Dark goggles and bright light
improve circadian rhythm adaptation to night-shift work. Sleep 17:535-543.

Eastman CI, Boulos Z, Terman M, Campbell SS, Dijk D-J, and Lewy AJ (1995a) Light treatment
for sleep disorders: consensus report. VI. Shift work. J. Biol. Rhythms 10:157-164.

Eastman CI, Liu L, and Fogg LF (1995b) Circadian rhythm adaptation to simulated night shift



28
work: Effect of nocturnal bright-light duration. Sleep 18:399-407.

Eastman CI, Martin SK, and Hebert M (2000) Failure of extraocular light to facilitate circadian
rhythm reentrainment in humans. Chronobiol. Int. 17:807-826.

Folkard S and Monk TH (1985) Hours of Work: Temporal Factors in Work-Scheduling, John
Wiley & Sons Ltd., New York.

Folkard S, Arendt J, and Clark M (1993) Can melatonin improve shift workers' tolerance of the
night shift? Some preliminary findings. Chronobiol. Int. 10:315-320.

Hoddes E, Zarcone V, Smythe H, Phillips R, and Dement WC (1973) Quantification of
sleepiness: A new approach. Psychophysiology 10:431-436.

Horowitz TS, Cade BE, Wolfe JM, and Czeisler CA (2001) Efficacy of bright light and
sleep/darkness scheduling in alleviating circadian maladaptation to night work. American J
Physiology Endocrinol. Metab. 281:E384-E391.

James M, Tremea MO, Jones JS, and Krohmer JR (1998) Can melatonin improve adaptation to
night shift? American Journal of Emergency Medicine 16:367-370.

Jewett ME, Kronauer RE, and Czeisler CA (1994) Phase-amplitude resetting of the human
circadian pacemaker via bright light: a further analysis. J. Biol. Rhythms 9:295-314.

Jockovich M, Cosentino D, Cosentino L, Wears RL, and Seaberg DC (2000) Effect of exogenous
melatonin on mood and sleep efficiency in emergency medicine residents working night shifts.
Academic Emergency Medicine 7:955-958.

Johnson LC, Tepas DI, Colquhoun WP, and Colligan MJ (1981) Biological Rhythms, Sleep and
Shift Work, Spectrum Publications, Jamaica, NY.

Johnson MP, Duffy JF, Dijk DJ, Ronda JM, Dyal CM, and Czeisler CA (1992) Short-term
memory, alertness and performance: a reappraisal of their relationship to body temperature. J.
Sleep Res. 1:24-26.

Jorgensen KM and Witting MD (1998) Does exogenous melatonin improve day sleep or nught
alertness in emergency physicians working night shifts? Ann. Emerg. Med. 31:699-704.

Kecklund G and Akerstedt T (1995) Effects of timing of shifts on sleepiness and sleep duration.
J. Sleep Res. 4 (Suppl.2):47-50.

Kogi K (1985) Introduction to the problems of shiftwork. In Hours of Work, S Folkard and TH
Monk, eds, pp. 165-184, John Wiley & Sons Ltd., New York.

Krauchi K, Cajochen C, Mori D, Graw P, and Wirz-Justice A (1997) Early evening melatonin
and S-20098 advance circadian phase and nocturnal regulation of core body temperature. Am. J.
Physiol. 272:R1178-R1188.

Lewy AJ, Bauer VK, Ahmed S, Thomas KH, Cutler NL, Singer CM, Moffit MT, and Sack RL
(1998) The human phase response curve (PRC) to melatonin is about 12 hours out of phase with
the PRC to light. Chronobiol. Int. 15:71-83.



29
van Loon JH (1963) Diurnal body temperature curves in shift workers. Ergonomics 6:267-273.

Lynch HJ, Rivest RW, Ronsheim PM, and Wurtman RJ (1981) Light intensity and the control of
melatonin secretion in rats. Neuroendocrinology 33:181-185.

Martin SK and Eastman CI (1998) Medium-intensity light produces circadian rhythm adaptation
to simulated night-shift work. Sleep 21:154-165.

Martin SK and Eastman CI (2002) Sleep logs of young adults with self-selected sleep times
predict the dim light melatonin onset. Chronobiol. Int. 19:695-707.

Matsumoto M (1999) The hypnotic effects of melatonin treatment on diurmnal sleep in humans.
Psychiatry and Clinical Neurosciences 53:243-245.

McNair DM, Lorr M, and Droppleman LF (1971) Manual for the Profile of Mood States,
Educational and Industrial Testing Service, San Diego.

Meyer WE and Millam JR (1991) Plasma melatonin levels in Japanese quail exposed to dim light
are determined by subjective interpretation of day and night, not light intensity. Gen. Comp.
Endocrinol. 82:377-385.

Minors DS and Waterhouse JM (1981) Circadian Rhythms and the Human, John Wright & Sons,
Bristol.

Minors DS and Waterhouse JM (1993) Separating the endogenous and exogenous components of
the circadian rhythm of body temperature during night work using some "purification" models.
Ergonomics 36:497-507.

Minors DS, Waterhouse JM, and Wirz-Justice A (1991) A human phase-response curve to light.
Neurosci. Lett. 133:36-40.

Mitchell PJ, Hoese EK, Liu L, Fogg LF, and Eastman CI (1997) Conflicting bright light exposure
during night shifts impedes circadian adaptation. J. Biol. Rhythms 12:5-15.

Mitler MM, Carskadon MA, Czeisler CA, Dement WC, Dinges DF, and Graeber RC (1988)
Catastrophes, sleep, and public policy: Consensus Report. Sleep 11:100-109.

Murphy PJ, Myers BL, and Badia P (1996) Nonsteroidal anti-inflammatory drugs alter body
temperature and suppress melatonin in humans. Physiol. Behav. 59:133-139.

Rimmer DW, Boivin DB, Shanahan TL, Kronauer RE, Duffy JF, and Czeisler CA (2000)
Dynamic resetting of the human circadian pacemaker by intermittent bright light. Am. J. Physiol.
279:R1574-R1579.

Roden M, Koller M, Pirich K, Vierhapper H, and Waldhauser F (1993) The circadian melatonin
and cortisol secretion pattern in permanent night shift workers. Am. J. Physiol. 265:R261-R267.

Sack RL and Lewy AJ (1997) Melatonin as a chronobiotic: Treatment of circadian desynchrony
in night workers and the blind. J. Biol. Rhythms 12:595-603.

Sharkey KM and Eastman CI (2002) Melatonin phase shifts human circadian rhythms in a
placebo-controlled simulated night-work study. Am. J. Physiol. Regulatory Integrative Comp.



30
Physiol. 282:R454-R463.

Sharkey KM, Fogg LF, and Eastman CI (2001) Effects of melatonin administration on daytime
sleep after simulated night shift work. J. Sleep Res. 10:181-192.

Smith L, Folkard S, and Poole CIM (1994) Increased injuries on night shift. Lancet 344:1137-
1139.

Stewart KT and Eastman CI (1996) The light stuff: Shiftwork, circadian rhythms, and manned
spaceflight. In Biologic Effects of Light 1995, MF Holick and EG Jung, eds, pp. 340-347, Walter
de Gruyter & Co., Berlin/New York.

Stewart KT, Hayes BC, and Eastman CI (1995) Light treatment for NASA shiftworkers.

Chuonobiol, Int. 12:141-151.

Thapan K, Arendt J, and Skene DJ (2001) An action spectrum for melatonin suppression:
evidence for a novel non-rod, non-cone photoreceptor system in humans. J. Physiol. 535:261-
267.

Tilley AJ, Wilkinson RT, Warren PSG, Watson B, and Drud M (1982) The sleep and
performance of shift workers. Hum. Factors 24:629-641.

Torsvall L, Akerstedt T, Gillander K, and Knutsson A (1989) Sleep on the night shift: 24-hour
EEG Monitoring of spontaneous sleep/wake behavior. Psychophysiology 26:352-358.

U.S. Congress and Office of Technology Assessment (1991) Biological Rhythms: Implications
for the Worker, U.S. Government Printing Office, Washington, DC.

Van Cauter E, Sturis J, Byrne MM, Blackman JD, Leprouit R, Ofek GG, L'Hermite-Baleriaux M,
Refetoff S, Turek FW, and Van Reeth O (1994) Demonstration of rapid light-induced advances
and delays of the human circadian clock using hormonal phase markers. Am. J. Physiol.
266:E953-E963.

Wechsler D (1958) The Measurement and Appraisal of Adult Intelligence, Williams and Wilkins,
Baltimore.

Wever R (1965) A mathematical model for circadian rhythms. /n Circadian Clocks, J Aschoff,
eds, pp. 47-63, North-Holland Publishing Co., Amsterdam.

Yoon IY and Song BG (2002) Role of morming melatonin administration and attenuation of
sunlight exposure in improving adaptation of night-shift workers. Chronobiol. Int. 19:903-913.



31

Publications from this Grant

Crowley, S.J., Lee, C., Tseng, C.Y., Fogg, L.F., and Eastman, C.I. Combinations of bright
light, scheduled dark, sunglasses and melatonin to facilitate circadian entrainment to
night shift work. J. Biol. Rhythms, in press, 2003.

Burgess, H.J., Sharkey, K.M., and Eastman, C.1. Bright light, dark and melatonin can
promote circadian adaptation in night shift workers. Sleep Medicine Reviews, 6: 407-
420, 2002.

Crowley, S.J., Lee, C., Tseng, C.Y., Fogg, L.F., and Eastman, C.I. Circadian adaptation to
night shift work: daytime dark is good, adding light during the night shift is better. Sleep,
25: A155-6 ,2002.

Crowley, S.J. and Eastman, C.I. Black plastic and sunglasses can help night workers.
15th International Symposium on Night and Shiftwork, 18: 65, Japan, September, 2001.

Crowley, S.J., Tseng, C.Y., Lee, C., Fogg, L.F., and Eastman, C.I. Comparing bright
light, dark sunglasses, and melatonin for phase delaying circadian rhythms for night shift
work, Sleep, 26: A95-6, 2003.

Lee, C., Tseng, C.Y., Crowley, S.J., Fogg, L.F., and Eastman, C.I. Alignment of circadian
rhythms to daytime sleep improves performance and alertness in night shift workers.
Sleep, 26: A97, 2003.

Burgess, H.J. and Eastman, C.I. How well do fixed and free sleep schedules predict the
dim light melatonin onset in young healthy subjects? Sleep, 26: A95, 2003.



Table 1. Intervention groups

Group Interventions Codes N

1 Dark/ Sleep + Normal Sunglasses D/S + N SG 15

2 Dark/ Sleep + Dark Sunglasses D/S +D SG 11 (12)

3 Dark/ Sleep + Dark Sunglasses + Melatonin D/S+DSG+M 13

4  Dark / Sleep + Normal Sunglasses + Bright Light D/S+N SG+BL 11

S Dark/ Sleep + Dark Sunglasses + Bright Light D/S+D SG+BL 9

6  Dark/ Sleep + Dark Sunlglasses + Melatonin + Bright Light DIS+BDSG+M+BL 6§(7)
Total 65 (67)

* Numbers in parentheses are Ns including the subjects whose baseline DLMO could not be determined and
thus only the final DLMO is available.



Table 2. Percentage of subjects within each intervention group categorized by
degree of re-entrainment to the daytime sleep schedule.
Re-entrainment Category

Not" Partial’ Completec
Intervention Group (n=10) (n=16) (n=41)
.. D/IS+NSG 47% 13% 40%
2.D/S+D SG 17% 42% 42%
3.D/S+DSG+M 0% 69% 31%
4. D/S -+~ N SG + BL 9% 0% 91%
5.D/S+DSG+BL 0% 0% 100%
6.D/S+DSG+M+BL 0% 0% 100%

? Final DLMO earlier than 1:30, and therefore estimated £ @} Tmin before the time
corresponding to daytime dark/sleep

® Final DLMO between 1:30 and 5:00, and therefore estimated final Tmin during
the time corresponding to the first half of daytime dark/sleep.

® Final DLMO later than 5:00, and therefore estimated final Tmin during the time
corresponding to the second half of daytime dark/sleep.



Table 3. Circadian phase measures, means (in clock time) and standard deviations (in hours).

Baseline Final Phase Delay
DILMO DLMO Shift
Intervention Group N Mean (SD) Mean (SD) Mean (SD)
1.D/S+N SG 15 22:48 (1.7) 2:30 (4.0) 3.6 (2.6)
2.D/S+D SG 11 22:24 (1.2) 4:18 (3.0) 55(2.4)
3. D/)S+DSG+M 13 22:54 (1.6) 4:42 (1.5) 5.8 (1.0)
4. D/S+-NSG +BL 11 23:36 (1.4) 5:54 (3.0)* 6.3 (2.1)*
5. D/S+DSG+BL 9 00:30 (1.2)} 6:54 (0.5)%* 6.5 (0.9)*
6. D/S+DSG+M+BL 6 00:12 (1.4) 7:30 (0.6)** 7.1 (1.1)y**

*p<0.05 and **p<0.01 (two-tailed) when compared to group .

Tp<O.05 (two-tailed) when compared to group 2.



Table 4. Circadian phase measures from earlier subj ects’, means (in clock time) and standard

deviations (in hours)

Baseline Final Final Phase Delay
DLMO DLMO Tmin® Shift
Intervention Group N Mean (SD) Mean (SD) Mean Mean (SD)

1. D/S+ N SG 10 21:54 (1.2) 00:24 (3.2) 7:24 2.5(2.5)
2.D/S + D SG 10 22:12(07)  3:36(2.8)° 10:36° 5.4 (2.6)*
2. D/S+DSG+M 10 22:18(1.0)  4:18(1.4)* 11:18% 6.0 (1.0)**
4’ 5 a‘nd 6 . . ek . Kokk Kok Kk
Bright Light Groups 12 23:00(1.0) 6:06(2.9) 13:06 7.1 (2.1)

“Subjects with baseline DLMOs before 0:00, and thus estimated baseline Tmins before 7:00
(before the start of the commute home time).

bEstimated from final DLMO. DLMO + 7h = Tmin.

*p<0.05, **p<0.01, and ***p<0.001 (all two-tailed) when compared to group 1.

§

p<0.10 (two-tailed) when compared to group 1.



Table 5. Percentage of subjects within each re-entrainment category for earlier subjects and for later
subjects.

Earlier Subjects” Later Subj ects’

Re-entrainment Category Re-entrainment Category
Intervention Group N Not® Partial’ Completee N Not* Partial® Complete’
1.D/S +N SG 10 70%* 20% 10% 5 0% 0% 100%
2.D/S+D SG 10 20% 50% 30% 1 0% 0% 100%
3.D/S+DSG+M 10 0% 90% 10% 3 0% 0% 100%
4,5and 6 0 o g 0 a 0
Bright Light Groups 12 8% 0% 029, 14 0% 0% 100%

®Baseline DLMO < 0:00, and thus estimated baseline Tmin < 7:00 (before start of the commute home
time from the night shifts).

®Baseline DLMO > 0:00, and thus estimated baseline Tmin > 7:00 (after the start of the commute home
time from the night shifts).

“Final DLMO earlier than 1:30, and therefore estimated final Tmin before the time corresponding to
daytime dark/sleep

YFinal DLMO between 1:30 and 5:00, and therefore estimated final Tmin during the time corresponding
to the first half of daytime dark/sleep.

®Final DLMO later than 5:00, and therefore estimated final Tmin during the time corresponding to the
second half of daytime dark/sleep.

* Significantly different from the other intervention groups by a chi-square analysis when the partial
and complete re-entrainment categories were combined.

1:Signiﬁcantly different from the other intervention groups by a chi-sqaure analysis when the not re-
entrained and partial re-entrainment categories were combined.



8 Baseline Phase Assessment
.

> 2 LLLLL 3
3 10 R N
(73]
- M LLLLL
5 .
> 12 quht LLLL
0 3 Shifts | L L L

14 Final Phase Assaessment ’ ’

N i I I I I I | | L I i I I | I ] | I ]

16 18 20 22 0 2 4 6 8 10 12 14 16
Time of Day

Figure 1. Experimental week of the study protocol. Circadian phase was assessed on
days 8 and 14 to detcrmine the salivary DLMQ. Simulated night shifts (23:00 to 7:00)
took place on days 9-13. L = bright light pulse (~5000 lux, for 20 min) for subjects in the
bright light groups (4, 5, and 6). Each bright light pulse started 20 min before the hour
and ended on the hour (e.g. 6:40 to 7:00). Normal room lighting (~150 lux) was used
between bright light pulses and throughout the night for those in the remaining groups (1,
2 and 3). Subjects wore sunglasses with normal lenses (groups | and 4) or very dark
lenses (groups 2, 3, 5, and 6) during their commute home from the night shift and
whenever they went outside during daylight. Subjects in groups 3 and 6 took melatonin
(1.8 mg, sustained release) and the remaining groups took placebo right before bedtime at
8:30. All subjects were required to be in bed, in the dark from 8:30 to 15:30 on days 9-

13.
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Figure 2. Light intensity
for the 24 h period which
included the first night
shift and the first
dark/sleep episode for
each intervention group.
Light levels were
corrected for actiwatch
error and the wearing of
sunglasses and then
averaged into 20-min
bins. Vertical lines
enclose the points that
occurred during the night
shift (23:00 to 7:00) and
during the dark/sleep
period (8:30 to 15:30).
The black bar on the top
represents the average
dark/sleep time during
baseline (0:53 to 9:25).
Note the different scales
on the y-axis for groups
1, 2, and 3 compared to

groups 4, 5 and 6.



Salivary melatonin (pg/mL)

Salivary melatonin (pg/mL)

25 ~

20 +

15 4

10

50

40 -

30 4

20

10 -

—o0— Baseline
—e— Final

A

R na s S e an
7

T T T

19 21 23 1 3 5 9 N

Time of Day

Figure 3. Melatonin profiles from two subjects. Open ciicles are melatonin ievels during the

baseline phase assessment and filled circles are melatonin levels during the final phase

assessment. The horizontal line is the individually tailored threshold for each subject. The top

panel shows the profiles for a subject in one of the groups that took placebo and the bottom panel

shows the profiles for a subject in one of the groups that took melatonin.



Figure 4. Baseline and final phase markers for each individual subject in each intervention
group. Open circles indicate DLMOs and filled triangles indicate estimated Tmins (DLMO +
7h). The white rectangles show the 5 consecutive night shifts (23:00 to 7:00). The shaded
rectangles show the 5 daytime dark/sleep episodes (8:30 to 15:30) after each night shift. Lines
connect the paseline and final phase markers for each subject. For two subjects (one in group 2
and one in group 6), only the final DLMO was available. Note that for groups 1 and 2, the
DLMOs and Tmins are plotted separately, whereas for the remaining groups, the DLMOs and

Tmins are plotted on the same graph.



Day of Study Day of Study Day of Study

Day of Study

14

10
11
12
13
14

Figure 4.

1. DIS + N SG
QQ 8 b 1A S ANS
: N\ N
10 N
11 \\ i\\
12 b \‘ \‘\f*\ '
<L I | & O
5 b \o\Eob\o\&) 14 vV W VY YWy y
20 22 2 4 6 8 10 12 14 16 20 22 4 6 8 10 12 14 16
2.D/IS +D SG
9 N
10 N, \\.
11 AN
12 \‘\ ™
13 AN
S bbb b WD o 14 Y Y YWWwWyYyy
20 22 2 4 6 8 10 12 14 16 20 22 4 6 8 10 12 14 16

3.DIS+DSG+M

Time of Day

Time of Day



Psychomotor Vigilance Task Probed Recall Memory

Worse 1200 Bettar 41
w ot m
w 2]
+ 10001 +
x <l
2 8°
1] Q
E @
F  600F o
L £
@ 400r ]
« f——=0 o o=—0 *
Better 200 T T T T T Worse 1 T T T T T
1 2 1 2 3 4 5
Stanford Sleepiness Scale POMS Total Mood Disturbance
More < More 40,
Sleepy ’—
T
n ~ 30}
X 1 2
2 < 20t !
3 Kl o
[42] S Q
3" M 8 m‘%\\%
w 10t
Less E
Sleepy 3l - s less 0 T T T T T
1 2 3 4 5 1 2 3 4 5
Physical Exhaustion VAS Nh..ntal Exhuustion VAS
More 45E More 45¢
4of T 40(
W m
/7] b w
+ 35+ + 35F
X x
= l\l 5 T
TN I e S
7] %]
25+ 25|
Less 20 T T T

T T — Less 20 T T T
5 1 2 3 4 5

Night Shift Night Shift

-
N
w
H

—&— Not Re-entrained —O— Partially Re-entrained —{3— Completely Re-entrained

Figure 5. Performance, sleepiness, and mood measures obtained during the night shifts for the
subjects who were not re-entrained (filled circles; n = 10), partially re-entrained (open circles; n

= 16), and completely re-entrained (open squares; n = 41).



§ Schematic Melatonin PRC for 0.5 mg Dose
3
E <
~
7 A /\ A
Qoo
©
-
s \/
R
@  DLMO=|  Melatonin Administration at 8:30:
23:00 s —
6:00 ° >

-8 -é —;1 -I2 0 2 4 6 8 1I01I2‘II41I61182‘02I2 0 2
Hours Before or After the DLMO

Figure 6. Schematic melatonin PRC adapted from Burgess et al. (2002) based on the data of
Lewy et al. (1998) showing the phase shift produced by 0.5 mg of melatonin administered at
various times relative to the DLMO (upward arrow). Below the PRC are examples of DLMO
times and horizontal arrows showing when the melatonin administratior at 8:30 occurred relative
to the melatonin PRC. The horizontal arrows extend for 11.5 h after administration (marked by
the circle) to show about how long the sustained release 1.8 mg dose of melatonin remained in

the subjects’ body.




















