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Chapter 3

Circadian Rhythms

Many biological functions wax and wane in
cycles that repeat each day, month, or year. Such
patterns do not reflect simply an organism’s passive
response to environmental changes, such as daily
cycles of light and darkness. Rather, they reflect the
organism’s biological rhythms, that is, its ability to
keep track of time and to direct changes in function
accordingly. Biological rhythms that repeat ap-
proximately every 24 hours are called circadian
rhythms (from the Latin circa, for around, and dies,
for day) (61) (figure 3-l).

Human functions, ranging from the production of
certain hormones to sleep and wakefulness, demon-
strate circadian rhythms. This chapter summarizes
the basic properties of circadian rhythms and ad-
dresses the following questions:

How are circadian rhythms generated?
How are they influenced by the environment?
What specific human functions display cir-
cadian rhythms?
What implications do these rhythms have for
health and performance?
How can circadian rhythms be manipulated?

GENERAL PROPERTIES OF
CIRCADIAN RHYTHMS

Circadian rhythms display several important char-
acteristics. First, circadian rhythms are generated
by an internal clock, or pacemaker (9,124).
Therefore, even in the absence of cues indicating the
time or length of day, circadian rhythms persist. The
precise length of a cycle varies somewhat among
individuals and species. Although organisms gener-
ate circadian rhythms internally, they are ordinarily
exposed to daily cycles in the environment, such as
light and darkness. The internal clock that drives
circadian rhythms is synchronized, or entrained,
to daily time cues in the environment (figure 3-2).
Animal research has shown that only a few such
cues, such as light-dark cycles, are effective entrain-
ing agents (12). In fact, the light-dark cycle is the
principal entraining agent in most species, and
recent research suggests that it is very powerful in
synchronizing human circadian rhythms. The sleep-
wake schedule and social cues may also be impor-
tant entraining agents in humans.

.-

An entraining agent can actually reset, or
phase shift, the internal clock (12). Depending on
when an organism is exposed to such an agent,
circadian rhythms may be advanced, delayed, or not
shifted at all. This variable shifting of the internal
clock is illustrated in a phase response curve (PRC)
(figure 3-3). PRCs were first derived by exposing
organisms housed in constant darkness to short
pulses of light (40,65,125). The organisms were
isolated from all external time cues. When light
pulses were delivered during the portion of the
organism’s internal cycle that normally occurs
during the day (therefore called subjective day), they
had little effect on circadian rhythms. In contrast,
when light pulses were delivered late during the
organism’s nighttime, circadian rhythms were ad-
vanced. Light pulses delivered early during sub-
jective night delayed circadian rhythms.

Several factors make it difficult to identify time
cues that can reset the internal clock. First, there is
no way to examine the function of the circadian
pacemaker directly. The pacemaker’s activity can
only be evaluated through the circadian rhythms it
drives, but unfortunately such functions are subject
to other influences. Environmental stimuli may alter
a particular circadian rhythm without disturbing the

Figure 3-l—Circadian Rhythm
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Circadian rhythms have a single cycle length of approximately 24
hours. The amplitude, a measure of the degree of variation within
a cycle, is the difference between the maximum value and the
mean.
SOURCE: Office of Technology Assessment, 1991.
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pacemaker at all. For example, going to sleep causes
a temporary lowering of body temperature, without
shifting the circadian cycle. Second, a function that
exhibits a circadian rhythm may be controlled by
both the circadian pacemaker and other systems in
the body. For example, the timing and quality of
sleep are controlled by circadian rhythms and other
factors. Finally, classical techniques used to evalu-
ate the pacemaker in animals and to generate a PRC
involve complete isolation from all time cues (e.g.,
constant darkness) for several days, a difficult
approach in human studies. Alternative methods for

evaluating potential entraining agents in humans
have been devised (see later discussion).

THE CELLULAR CLOCK

Circadian rhythms exist even in single cells. In
fact, studies have shown that a wide range of cell
functions exhibit circadian rhythms (159). Pre-
cisely how cells generate circadian rhythms is not
known, but protein synthesis is critical to the process
(50,168).

Figure 3-2-Synchronized and Free-Running Circadian Rhythms
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SOURCE: Adapted from G.S.  Richardson and J.B. Martin, “Circadian Rhythms in Neuroendocrinology  and Immunology: Influence of Aging,” Progress in

NeuroEndocrinlmmunology  1:18-20, 1988.
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Specific genes code for circadian rhythms.
Genetic control of circadian rhythms has been
examined most extensively in the fruit fly (Droso-
phila melanogaster), an organism that has played a
key role in the study of genes and inheritance
(63,76,142). Initially, painstaking studies were con-
ducted, using chemicals that cause genetic muta-
tions to alter circadian rhythms (77). It was found
that mutations on the X chromosome disrupted the
fruit fly’s circadian rhythms by accelerating, slow-
ing, or eliminating them. A specific gene on the X

chromosome, called the per gene, has been identi-
fied, cloned, and characterized (15,25,64,202).

Other genetic mutations influencing circadian
rhythms have been identified in the fruit fly (71), and
genes other than the per gene have been found to
control circadian rhythms in other species. The frq
gene, for example, controls circadian rhythms in
bread mold (Neurospora crassa) (52,63). A genetic
mutation altering circadian rhythms in hamsters has
been identified (13 1). In these experiments, a mutant

Figure 3-3-Phase Response Curve

Day

-4
-3
-2
-1
0

1

2

3
4
5

/4 B c D E

Light
pulse

■

\ i~ [

E
■ ,

\ \1 \\ \ \
\\ \

\ \\ \ \
\ \\ \ \ \

\ \
I \ \

o \ - l \ -3 \ +4 \ +2 ;
\ \ \ \

\ \ /
\ \ \

\ \ \ I
\

i

\ \ \ \

A

I

\ \ \ \ I
+4 \ \

Advance \
\ \

\
D 1’

+2 \ \ \
Phase

0 – E
shift A

- 2 - B
Delay

- 4 – c

Subjective day Subjective night

Circadian time (hours)

I

Experiments demonstrate that exposure to light at different points in a single circadian cycle variably
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SOURCE: M.C. Moore-Ede, F.M.  Sulzman,  and C.A.  Fuller, The Chxks That Time Us (Cambridge, MA: Harvard

University Press, 1982).
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Figure 3-4-Gene Expression in the Pacemaker
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Photographs from the pacemaker (the suprachiasmatic nucleus) of hamsters housed in darkness (A and B) or following a pulse of light (C
and D). The silver grains indicate the activation of the c-fos gene. Data show that exposure to light that would reset circadian rhythms
stimulates the c-fos gene.
SOURCE: J.M.  Kornhauser, D.E. Nelson, K.E. Mayo, et al., “Photic and Circadian Regulation of c-fos  Gene Expression in the Hamster Suprachiasmatic

Nucleus,” Neuron  5: 127-134, 1990.

gene was linked to a shortened circadian cycle.
Finally, recent research has implicated the c-fos
gene in resetting the internal clock (figure 3-4) (see
next section).

THE PACEMAKER IN THE BRAIN
The circadian rhythms of various functions in

humans, such as hormone production, body temper-
ature, and sleepiness, are normally coordinated—

i.e., they bear a specific relationship to each other.
This temporal organization suggests that some
biological timekeeping device must drive, regulate,
or at least integrate various circadian rhythms. In
mammals, considerable experimental evidence indi-
cates that a region of the brain called the suprachi-
asmatic nucleus (SCN) is the circadian pace-
maker (98). The SCN, composed of a cluster of
thousands of small nerve cells, is located within a
region of the brain, the hypothalamus, that controls
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such basic functions as food intake and body
temperature.

Various lines of evidence pinpoint the SCN as the
primary mammalian pacemaker. Nerve cells in the
SCN can generate circadian rhythms when isolated
from other areas of the brain (59,60,70,98,136,
147,158,161,180). The integrity of the SCN is
necessary for the generation of circadian rhythms
and for synchronization of rhythms with light-dark
cycles (70,185). Compelling evidence that the SCN
functions as the primary circadian pacemaker comes
from animal studies of SCN transplantation
(41,48,83,129,155). In these experiments, the SCN
is destroyed, abolishing circadian rhythms. When
fetal brain tissue containing SCN nerve cells is
transplanted into the brains of these animals, cir-
cadian rhythms are restored (129) (figure 3-5).

Light in the environment influences mammalian
circadian rhythms by synchronizing the SCN. Light
activates cells in the eye, which in turn activate the
SCN (122,149,154). Recent animal experiments
have shown that light activates the c-fos gene within

Figure 3-5-The Transplanted Pacemaker

Photograph of transplant of fetal hamster suprachiasmatic nu-
cleus (arrow) into the brain of an adult hamster.
SOURCE: P.J. DeCoursey  and J. Buggy, “Circadian Rhythmicity  After

Neural Transplant to Hamster Third Ventricle: Specificity of
Suprachiasmatic  Nuclei,” Brain Research 500:263-275,  1989.

cells in the SCN (figure 3-4) (79,132,150). The c-fos
gene is a proto-oncogene, which is associated with
growth, stimulation of nerve cells, and, in pathologi-
cal conditions, tumor formation.

It is clear that the SCN serves as the primary
circadian pacemaker in mammals, but there are still
many unknowns concerning its activity. How does
the SCN, with its tens of thousands of nerve cells and
a wide variety of brain chemicals, generate circadian
rhythms? How does the SCN coordinate or drive
overt circadian rhythms in the animal? Little is
known about how the SCN interacts with other parts
of the brain to generate and synchronize overt
rhythms. Is the SCN the only circadian pacemaker in
mammals? There is evidence that other areas of the
nervous system produce circadian rhythms. For
example, data suggest that cells in the mammalian
eye are capable of generating circadian rhythms
(135,169). Also, circadian rhythms of meal anticipa-
tion and temperature have been reported to persist
despite destruction of the SCN (147).

HUMAN CIRCADIAN RHYTHMS
Consider the following reported data: the fre-

quency of heart attacks peaks between 6 a.m. and
noon (117, 140); asthma attacks are most prevalent at
night (96); human babies are born predominantly in
the early morning hours (57,73). While these pat-
terns do not necessarily indicate that the events are
driven by the circadian pacemaker, they do suggest
temporal order in the functioning of the human body.
This temporal organization appears to be beneficial;
the human body is prepared for routine changes in
state, such as awakening each morning, rather than
simply reacting after shifts in demand (113) (figure
3-6). In addition, these regular cycles in the body
present considerations for diagnosis of health prob-
lems and for the timing of medical treatment
(62,102) (box 3-A).

Although daily fluctuations in various human
functions have been documented for more than a
century, that does not prove that they are controlled
by the circadian pacemaker. Not until individuals
were examined in temporal isolation could human
circadian rhythms be verified. The first studies
sequestering humans from all time cues were
reported in the early 1960s (10). During the course
of these and other studies, which lasted days, weeks,
and even months, individuals inhabited specially
designed soundproof and lightproof rooms that
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Figure 3-6-Human Circadian Rhythms
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SOURCE: Adapted from G.S. Richardson and J.B. Martin, “Circadian Rhythms in Neuroendocrinology  and Immunology: Influence of Aging,” Progress in. . —

NeuroEndocrinlmmuno/ogy  1 :16-20,  1988.

excluded any indication of the time of day, such as
clocks, ambient light, or social interactions. In this
temporal vacuum, individuals were instructed to
sleep and eat according to their bodies’ clocks.
These studies indicated that daily fluctuations in
some human functions are generated by an
internal clock (35,192). While these studies of
humans isolated from time cues provide insight into
the operation of the human circadian pacemaker, the
approach presents difficulties; it is time-consuming
and expensive, and it is difficult to recruit subjects
for extended study. Alternative methods have been
developed for evaluating human circadian rhythms,
and these are discussed in subsequent sections.

In the following sections, an overview of various
human circadian rhythms is presented, as are some

medical implications (boxes 3-A and 3-B). Data on
human sleep and performance rhythms, which are
intimately related to shift work concerns, are dis-
cussed in detail.

The Body Circadian

Several hormones are secreted in a cyclic
fashion (181). The daily surge of prolactin and
growth hormone, for example, appears to be trig-
gered by sleep (182,183). Sex hormones are secreted
at varying levels throughout the day, the pattern of
secretion reflecting the fertility, reproductive state,
and sexual maturity of the individual. Secretions of
glucose and insulin, a hormone important for regu-
lating the metabolism of glucose, also exhibit
circadian rhythms. Glucose concentrations in the
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Box 3-A-Circadian Rhythms and Drugs
Since the human body is not static Or constant in its function over time, its responses to drugs are likely to vary

over time. Thus, not only the dosage, but also the timing of administration influences a drug’s effects, both
therapeutic and toxic. Chronopharmacoloy, the study of circadian rhythms and the timing of drug treatment, has
important clinical implications.

From the time a drug is administered until it is eliminated from the body, it is acted on by many organs,
including the intestines, the cardiovascular system, the liver, and the kidneys. Absorption, distribution, and
elimination of drugs--i. e., pharmacokinetics—are subject to circadian variation. A tissue’s responsiveness to a
drug, which may reflect the number of receptors, or binding sites, on target cells or their metabolic activity, also
exhibits circadian rhythms. Changes in the effects of a drug when administered at different times over the course
of a 24-hour period stem from the circadian variation in pharmacokinetics and tissue responsiveness. Proper timing
of drug administration can enhance its therapeutic actions and diminish unwanted side effects.

The most advantageous schedule of administration must be determined for each drug. Even drugs with only
slight differences in structure maybe handled differently by the body. For example, injection of the anticancer drug
adriamycin into the abdomen of rats leads to toxic effects on bone marrow; intravenous injection has toxic effects
on the heart. Different scheduling of these two modes of adriamycin injection significantly reduced these side
effects. Ideally, the administration of drugs in clinical situations should be adapted to each patient’s circadian
rhythms.

The main reason to consider circadian rhythms when timing drug administration is the balance between the
toxicity of a compound and its therapeutic. effects. Anticancer drugs are the most prominent example. Many
anticancer drugs currently in use kill replicating cells—all replicating cells, malignant or not. The side effects
associated with these drugs generally limit the amounts that are administer@ seriously restricting their
effectiveness. Attempts to minimize the toxic side effects of anticancer drugs, thus permitting increased doses,
presumably with improved effectiveness against the disease, lie at the root of the search for an optimal drug delivery
schedule.

Optimal drug delivery schedules for more than 29 anticancer agents have been determined in animal studies.
Furthermore, the action of newer agents, including tumor necrosis factor and interleukin-2, has demonstrated a
sensitivity to circadian rhythms. Studies have also been implemented to determine the optimum timing of anticancer
drugs used in combination, a common medical practice for the treatment of cancer.

The chronopharmacology of several anticancer agents has been studied in humans. Specific therapies evaluated
include the agents 5-fluoro-2-deoxyuridine (FUDR) for the treatment of metastatic adenocarcinoma and the
combination of doxorubicin and cisplatin for ovarian and bladder cancer. The regimens chosen were found to
diminish side effects significantly and in some cases to extend survival time. FUDR was delivered by an automatic
pump, which can be programmed to release drugs at a variable rate over time. This device is surgically implanted
in the patient and can be noninvasively programmed by an external computer.’ Drug supplies in the pump are
replenished via simple injection, In general, clinical studies to date, while preliminary, suggest that by carefully
timing the administration of anticancer drugs, their therapeutic effects maybe improved, toxic effects diminished,
or both.

SOURCE: Off!ce  of Technology Assessment, 1991. -1
blood peak late at night or early in the morning has important clinical implications. For example,
(181), and insulin secretion peaks in the afternoon
(118).

The secretion of cortisol, a steroid hormone
important for metabolism and responses to stress,
fluctuates daily, peaking in the very early morning
hours and falling to a negligible amount by the end
of the day (181). Besides its use as a marker for the
internal pacemaker, the circadian rhythm of cortisol
secretion may drive other rhythms in the body and

blood tests used to diagnose suspected excess
cortisol production will be most sensitive during the
evening. Also, cortisol-like steroid hormones used
therapeutically to treat asthma and allergies and to
suppress the immune system, are best administered
in the morning, when they interfere least with the
body's  own cortisol production.

Circadian rhythms in cardiovascular function
have long been recognized. Indicators of heart and
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Box 3-B-Cycles That Last From Minutes To Days

Circadian rhythms are a basic and well-recognized feature of human physiology and behavior. However,
biological rhythms that repeat more or less frequently than every 24 hours are also fundamental to the body’s
function. In general, ultradian rhythms (those with a length of less than 24 hours) and infradian rhythms (those with
a length greater than 24 hours) do not coincide with conspicuous environmental cues, and how they are generated
is not well understood.

Sleep cycles were one of the first ultradian rhythms characterized in humans. A complete cycle of dreaming
and nondreaming takes place about every 90 minutes. This finding prompted researchers to hypothesize that cycles
of enhanced arousal followed by diminished activity typify both waking and sleeping periods, This theory of a basic
rest-activity cycle has led to many studies of ultradian cycles in alertness-sleepiness, hunger, heart function, sexual
excitement, urine formation, and other functions.

Hormones are also released in ultradian cycles. Many are secreted in a more or less regular pattern every few
hours. More frequent cycles of release, every few minutes, have also been documented. Although the mechanisms
of hormone secretion have not been uncovered, patterned release has been shown to be extremely important for
proper functioning. For example, experiments have shown that, when replacing a deficient hormone, pulses of the
hormone, not a continuous supply, are required for effectiveness. Also, abnormalities in the production cycle of
hormones have been correlated with altered function. Although these cycles do not appear to be tightly coordinated,
it is clear that ultradian rhythms with a cycle of 90 minutes, as well as with cycles of a few minutes to several hours,
are a basic component of many human functions. How they are generated is unknown.

The most prominent infradian rhythm in humans is the menstrual cycle. Through a series of complex
interactions between the brain and reproductive organs, an egg is released by an ovary approximately every 28 days,
and the reproductive organs are prepared for possible fertilization. During each cycle, hormones are secreted in
varying amounts, and the reproductive tract and breast tissue are altered. Other systems, such as those involved in
immune function, may also be affected.

Although the menstrual cycle has long been recognized, how it is generated and how it interacts with other
factors have not been completely detailed. It is clearly affected by circadian rhythms. For example, a peak in the
secretion of   luteinizing hormone, which triggers ovulation, usually occurs in the early morning hours. Also, phase
shifts, such as those produced by transmeridian flight, may interfere with the menstrual cycle. The menstrual cycle
may also have therapeutic implications. A recent study of the timing of breast cancer surgery in relationship to the
menstrual cycle has found fewer recurrences and longer survival inpatients whose surgery occurred near the middle
of the menstrual cycle rather than during menstruation. That biological rhythms are often ignored is also indicated
in this study: less than half of the records evaluated in the study recorded the time of the last menstrual period.

SOURCE: Office of Technology Assessment 1991.

blood vessel function that demonstrate daily rhythms of the respiratory system. Which respira-
rhythms include blood pressure, heart rate,
blood volume and flow, heart muscle function,
and responsiveness to hormones (84). The daily
fluctuations in cardiovascular function are further
illustrated by symptoms of disease. Data have shown
that abnormal electrical activity in the heart and
chest pains peak at approximately 4 a.m. in patients
suffering from coronary heart disease (189,190). As
stated earlier, the number of heart attacks has been
shown to peak between 6 a.m. and noon (1 17,140).
These temporal characteristics of cardiovascular
disease indicate the importance of careful timing in
their assessment, monitoring, and treatment (120).

The widely recognized pattern of nighttime in-
creases in asthma symptoms highlights the circadian

tory functions are responsible for nocturnal asthma
symptoms? Exposure to allergy-producing sub-
stances, the respiratory system’s responsiveness to
compounds that can initiate an asthma attack, daily
changes in the secretion of certain hormones, cells in
the lung and blood that may be important mediators
of asthma, and the recumbent position have all been
suggested as possible mechanisms (16,163). The
prevalence of asthma attacks at night has led to drug
treatment approaches that take circadian rhythms
into account.

Other organ systems also reveal circadian fluctua-
tions. Kidney function and urine formation vary over
the course of a 24-hour period; there are daytime
peaks in the concentrations of some substances in



Chapter 3--Circadian Rhythms ● 45

the urine (sodium, potassium, and chloride) and
nighttime peaks in others (phosphates and some
acids) (78). Urine volume and pH also peak during
the day. Immune system and blood cell functions
cycle daily, as do cell functions in the stomach and
intestinal tract (85,1 12).

The Timing of Sleep

Daily cycles of sleep and wakefulness form the
most conspicuous circadian rhythm among humans.
Traditionally, about 8 hours each night are devoted
to sleep. While neither the function of sleep nor how
it is regulated is completely understood, it is clear
that sleep is a basic requirement that cannot be
denied very long. Even a modest reduction in
sleep leads to decrements in performance, espe-
cially at night. Furthermore, when deprived of a
night or more of sleep, individuals can find sleep
impossible to resist, especially in monotonous
situations, and they experience brief episodes of
sleep, called microsleeps (45,104).

Classic studies indicate that sleep is not a homo-
geneous state (42,75). Polysomnography, the meas-
urement of electrical activity in the brain, eye
movement, and muscle tone, has revealed distinct
stages of sleep (table 3-l). During stages 1 through
4, sleep becomes progressively deeper. In stages 3
and 4, which constitute slow wave sleep (SWS), the
eyes do not move, heart rate and respiration are slow
and steady, and muscles retain their tone but show
little movement. Dreams are infrequent. As sleep

continues, dramatic changes occur: brain activity
appears similar to that seen during wakefulness,
heart rate and respiration increase and become
erratic, dreams are vivid and frequently reported,
and the eyes move rapidly. This stage of sleep is
rapid eye movement (REM) sleep. Typically, cycles
of non-REM sleep (stages 1 through 4) and REM
sleep repeat every 90 to 100 minutes throughout the
course of a night’s sleep.

When synchronized to the 24-hour day, the
timing of sleep usually bears a characteristic
relationship to the environment and to other
circadian rhythms in the body. In general, humans
retire for sleep after dark, when body temperature is
falling. Morning awakening coincides with an up-
swing in body temperature. With the exception of an
occasional afternoon lull (box 3-C), wakefulness
continues throughout the day, and body temperature
reaches its zenith during the late afternoon.

Studies of humans isolated from all time cues
have unveiled several characteristics about the
timing of the sleep-wake cycle and the circadian
pacemaker. In isolation, circadian rhythms are
approximately 25 hours long (figure 3-7). While the
sleep-wake and body temperature cycles are a
similar length at first, their relationship gradually
changes, until body temperature decreases during
wakefulness and increases during sleep (34,35).

Prolonged temporal isolation, for many days or
weeks, sometimes leads to a dramatic dissociation of

Table 3-l—Differences Between Rapid Eye Movement (REM) Sleep
and Slow Wave Sleep (SWS)

Factors concerning sleep REM sleep SWS (stages 3 and 4)

Brain
Measured activity High Low
Cerebral blood flow High Low
Oxygen consumption High Low
Temperature High Low

Body
Eyes Rapid movements No movements
Pupils Dilated Normal
Heart rate Increased and variable Slow and steady
Respiration Increased and variable Slow and steady

Behavior
Movements Occasional twitches None
Dream reports Frequent and vivid Infrequent and vague
Deprivation Agitated and impulsive Withdrawn and physical

complaints

SOURCE: Office of Technology Assessment, adapted from D.F. Dinges, “The Nature and Timing of Sleep,”
Transactions & Studies of the College of Physicians of Philadelphia 6:177-206,  1964.
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Box 3-C—Napping

Are human beings biologically programmed to
nap? Divergent lines of evidence, both direct and
indirect, suggest that midafternoon napping is an
inherent aspect of human behavior. No other
species exhibits exclusively once-a-day, or mono-
phasic, sleep patterns. Indeed, as children develop,
the midafternoon nap is generally relinquished only
when school interferes. Adult napping is more
prevalent  than most Americans realize, especially
in other cultures and among persons who may be
sleep-deprived, More than 50 percent of all college
students, for example, nap at least once a week.
Napping also appears to increase among retired
Americans.

There are other indications that a midafternoon
nap is natural in humans. When human circadian
rhythms are analyzed in a time-free environment,
napping is common. The postlunch dip, or the
midafternoon decrease in human performance re-
gardless of food intake, may reflect a proclivity for
sleep at that time. Decreased human performance
presumably accounts for the midafternoon peak in
traffic accidents. Moreover, the decline in human
performance corresponds to peaks in sleepiness.
Measures of sleepiness using the multiple sleep
latency test demonstrate a more rapid onset of sleep
in the afternoon. Pathological conditions, such as
narcolepsy, or frequent, uncontrolled sleeping, also
exhibit a midafternoon peak in sleep episodes.

Insight into human napping behavior may have
some practical implications. While mood and
subjective feelings of sleepiness may not be af-
fected by napping, performance during extended
periods of work can be improved. In addition, the
scheduling of brief episodes of sleep during sus-
tained periods of work maybe optimized: research
suggests that napping before, rather than after,
extended periods of work is best for reducing the
effects of sleep loss.

SOURCE: Office of Teclmolo~  Assessment  1991.

body temperature and sleep-wake cycles, a state
called internal desynchronization (10) (figure 3-7).
In some individuals, while the body temperature
cycle maintains a 25-hour length, the sleep-wake
cycle may become 30 to 50 hours long, with sleep
occupying 6 to 20 hours per cycle. Despite the
apparent lack of synchrony between sleep-wake and
body temperature cycles, further studies show that a
relationship is maintained between the two (34,204).
REM sleep is more prevalent as body temperature

Figure 3-7—Human Circadian Rhythms in
the Absence of Time Cues

I
~ ,.. . --- - ,
I

,,1
,(1

Free-run desynchronizat ion

:<
/qcdg  L.m ● ,,tu, e : “

I 1 ),9 (1,,1!  r )

An idealized example of human sleep-wakefulness and tempera-
ture rhythms in a time-free environment.

SOURCE: D. F. Dinges,  “The Nature and Timing of Sleep,” Transactions
& Studies of the College of Physicians of Philadelphia 6:
177-206.1984.

rises. Similarly, wake times correlate to rising body
temperature, regardless of when the sleep period
began. Sleep is of short duration if it begins at the
body temperature’s low point; sleep is long if it
begins near the peak of the body temperature
rhythm, with wake time occurring at the next body
temperature peak. These studies indicate that
circadian rhythms influence total sleep time
(165).

Other characteristics of the timing of sleep and
wakefulness have been discerned. How long it takes
to fall asleep in a sleep-promoting environment at
different times throughout the day can be measured
using the multiple sleep latency test. Studies using
this technique have shown that individuals fall
asleep most rapidly at two times, during the
middle of the night and during the middle of the
afternoon (figure 3-8) (19, 138). Conversely, experi-
ments have demonstrated that there are times
during the course of the day when falling asleep
is very difficult (81).

In summary, sleep is a necessary component of
life. When synchronized to the 24-hour day, sleep
typically occurs during the night hours and bears a
constant, if complex, relationship to other circadian
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Figure 3-8-Sleepiness During the Day
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SOURCE: M.M. Mitler,  M.A.  Carskadon, C.A.  Czeisler,  et al., “Catastro-

phes, Sleep, and Public Policy: Consensus Report,” S/eep
11:100-109, 1988.

rhythms. Particular components of sleep, including
total amount of sleep and sleepiness, are governed
by the circadian clock. Therefore, periods of sleep
are not readily rescheduled, deferred, or resisted.
The requirement for sleep and the control of its
timing have important implications for work sched-
ules and shift work (see ch. 5).

Human Performance

Physiological variables such as body temperature,
hormone levels, and sleep are not the only human
functions that exhibit circadian rhythms. Human
performance, including psychological processes and
mental functions, also exhibits circadian fluctua-
tions (26). Diverse components of human perform-
ance, including memory, reaction time, manual
dexterity, and subjective feelings of alertness, have
been dissected experimentally to ascertain when
they peak during the course of a day and how they
are affected by circadian rhythm disruption.

Research conducted during the first half of this
century indicated that some aspects of human
performance improve over the course of the day,
climaxing when peak body temperature is achieved.
Subsequent experiments determined that the timing
of peak performance varied with the nature of the
task being assessed. Several factors, including
perceptual involvement, the use of memory, and
the amount of logical reasoning required, appear
to be important in determining when particular

types of performance peak during the circadian
cycle. Performance of tasks involving manual dex-
terity, simple recognition, and reaction time appears
to parallel the circadian rhythm of body temperature,
peaking when body temperature is highest, in the
late afternoon (54,107,110,111). Verbal reasoning
seems to peak earlier in the circadian cycle and may
adjust more quickly than other types of performance
to such disruptions as jet lag (box 3-D) (69,107,
110,11 1). An individual’s assessment of mood and
alertness also exhibits circadian rhythms. For exam-
ple, when subjects are asked to indicate their level of
alertness, weariness, happiness, or other moods on a
visual scale at regular times throughout the course of
the day, consistent circadian patterns emerge (figure
3-9) (54,106,108,109,173).

Variation in performance may also reflect subtle
differences between tasks and the way in which a
task is approached (53). For example, when subjects
were asked to identify the larger of two spheres, it
was found that, if speed of identification was
assessed, the usual relationship with temperature
held—that is, subjects became faster over the course
of the day. However, if accuracy of response became
the benchmark, peak performance occurred in the
morning (27,107). Short-term and long-term mem-
ory also appear to peak at different times during the
24-hour cycle (53). Motivation can influence per-
formance, too. It has been shown that when an
incentive is offered, such as a significant sum of
money, circadian decrements in performance maybe
overcome to some extent (26,68). The latter study
(68) indicated, however, that sleep deprivation and
circadian rhythms can overcome even the strongest
incentive influencing performance. Further compli-
cating the picture is the observation that individuals
are not always accurate judges of their own mood,
alertness, or ability. For example, a short nap maybe
able to counteract decrements in performance
caused by lack of sleep without alleviating subjec-
tive feelings of sleepiness (56).

Many aspects of human performance decline
to minimal levels at night, reflecting not only the
influence of the circadian pacemaker, but also the
lack of sleep (14). Sleep deprivation, even for one
night, is one of the most important disrupting factors
of human mental and physical function (46). Sleep
loss influences several aspects of performance,
leading to slowed reaction time, delayed responses,
failure to respond when appropriate, false responses,
slowed cognition, diminished memory, and others.
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Box 3-D—Jet Lag

Transmeridian air  travel, especially across several time zones, can severely disrupt circadian rhythms. It may
produce an unpleasant and somewhat disabling constellation of symptoms collectively labeled jet lag. Jet lag varies
among individuals and may include trouble sleeping, daytime sleepiness, gastrointestinal disruption, and reduced
attention span. Physical and mental performance may also be seriously diminished following transmeridian flight.

What precipitates jet lag? Stress and loss of sleep associated with air travel certainly contribute to postflight
fatigue; however, these factors alone do not interrupt circadian rhythms. Rather, conflict between the traveler’s own
circadian clock and external rhythms in a new time zone is the primary agent of jet lag. The timing of meals, activity,
and sleep no longer coincides with that customary in the new time zone. Furthermore, environmental cues,
especially light, promote synchronization between circadian rhythms and the new time zone. Since different
circadian rhythms may adjust to the new time zone at different rates, the air traveler experiences a period when
internally generated rhythms are no longer in synchrony with each other. The lack of synchrony between internal
and external rhythms, as well as among different internal rhythms, probably results in the malaise and diminished
performance associated with jet lag.

How long it takes to adjust to a new time zone and recover from jet lag depends on several factors, including
the number of time zones crossed, the direction of travel, differences among individuals, age, and the particular
circadian rhythm involved. The number of time zones crossed, or hours phase shifted, significantly influences the
occurrence and duration of jet lag; resetting the circadian system can take as many as 12 days following a 9-hour
flight across several time zones. Even a l-hour time shift can require at least a day for complete adjustment.

The direction of air travel may also influence the severity of jet lag. Most, but not all, studies indicate a more
rapid adjustment to westward than to eastward travel. Also, the severity and duration of jet lag vary markedly among
individuals. One rule of thumb is that persons with less variable body temperature rhythms become synchronized
to a new time zone more rapidly. (Older persons, who may exhibit a reduction in circadian variation, generally have
more difficulty adjusting to a new time zone.) What mechanisms determine how quickly phase shifts occur is not
known. As mentioned, various circadian rhythms adjust to external cues at various rates. For example, it may take
2 days for the sleep-wake cycle to adjust to a 6-hour time zone shift but 5 or more days for body temperature rhythm
to be entrained. Furthermore, recovery from jet lag may not proceed linearly: some data indicate that sleep and
performance may improve the first day following a phase shift and languish the next.

Measures to hasten adjustment to a new time zone, including the use of certain drugs, bright light, exercise,
and diet, are under investigation. Improved understanding of human circadian rhythms has prompted
recommendations from scientists about how best to confront jet lag. Short trips of only a few days across time zones
probably do not warrant an attempt to adjust to the local time zone. In these situations, it is best to try to schedule
activities and sleep as close to one’s internal clock as possible in order to avoid jet lag. For longer trips, suggestions
for resetting one’s interred clock include adopting the new schedule immediately and maximizing exposure to
environmental cues, especially light at specific times (figure 3-12). The problems are very complex for international
air crews, who fly rapid sequences of transmeridian flights (see ch. 4) combined with irregular hours of work and
rest. The kinds of jet lag countermeasures that may suffice for occasional transmeridian travelers (use of hypnotics,
scheduled bright light exposure, and so on) are generally not practical-and may even be hazardous-for
individuals exposed to repeated time zone changes. These issues are being addressed in a broad program of field
and laboratory research being conducted by the Aviation Human Factors Branch at the National Aeronautics and
Space Administration’s Ames Research Center (see app. B).
SQUR~: Ol%ce of Teckology Assessment 1991.

The circadian clock also leads to a nighttime or mood assayed. Other factors, such as fatigue and
minimum in many types of performance (26,104). motivation, also profoundly influence human per-
Thus, sleep deprivation combined with the influence formance. Furthermore, a discrepancy may exist
of the circadian pacemaker can severely curtail between an individual’s own assessment of his or
performance at night. These factors have important her ability to perform and the performance that is
implications for shift work (see ch. 5). actually demonstrated. When individuals are syn-

I n  summary, circadian rhythms can cause per- chronized to the natural day-night cycle, many types
formance to vary according to the nature of the task of performance reach minimum levels during the
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Figure 3-9-Circadian Rhythms of Alertness
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The circadian rhythms of subjective alertness and body tempera-
ture from persons synchronized to a 24-hour day.
SOURCE: T.H. Monk, M.L.  Moline,  J.E. Fookson, et al., “Circadian

Determinants of Subjective Alertness,” Journa/  of  Bio/ogica/
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night, reflecting the combined influence of the
circadian pacemaker and the lack of sleep.

DISRUPTION OF CIRCADIAN
RHYTHMS

When rhythms generated by the body conflict
with those in the environment, function is compro-
mised until the rhythms are realigned. Patterns of
sleep are disrupted, performance may be impaired,
and a general feeling of malaise may prevail. Data
linking disrupted circadian rhythms with some
mental and sleep disorders also point to the impor-
tance of an intact circadian system for health. The

following section discusses specific situations, other
than shift work, that may be associated with altered
or disrupted circadian rhythms. Shift work is dis-
cussed in chapter 5.

Aging and the Body Clock

Are circadian rhythms altered by the aging
process? The stereotypes of diminished daytime
alertness and early morning rising among the
elderly l hint at possible circadian alterations. Stud-
ies confirm that many physiological and behav-
ioral functions that typically display circadian
rhythms are altered with advancing age in
humans. For example, there are usually conspicuous
changes in sleep habits, such as earlier onset of
sleepiness, early morning awakening, and increased
daytime napping (93,101). During sleep, there is an
increase in the number and duration of waking
episodes, there is a reduction in the nondreaming
phases of sleep, the first REM phase occurs earlier
in the night, and the tendency to fall asleep is
increased during the day (18,20,29). Other circadian
rhythms, such as body temperature, activity, and the
secretion of hormones, including cortisol, are also
altered with age (29,93,138,193).

While factors such as changing social habits,
medication, and disease processes can impinge on
functions that exhibit circadian rhythms, such as
sleep, activity, alertness, and hormone secretion,
research suggests that aging affects the circadian
system itself. A decrease in the amplitude and length
of various cycles with age has been observed in
animal studies, including longitudinal studies (114,
126,196). 2 Studies of various circadian rhythms in
humans have suggested that the length of the
circadian cycle shortens with age and that the
amplitude of circadian rhythms is blunted
(28,105,160,186,193). Furthermore, coordination of
various circadian rhythms, such as body tempera-
ture, hormone levels, and the sleep-wake cycle, may
be lost with age (105,186).

What is the basis for these changes in circadian
rhythms with age? It has been suggested that a
decreased number of nerve cells in the SCN corre-

l~nge~ ~ c~=&m rh~s ass~~ted with aging,  as  discussed in this sectiom may refer to different POptitions of older PeOPle. Most res~ch
on sleep parameters focused on subjects age 65 or older. Anatomical changes in the brain have been observed in subjects over 80. Di.filculties  associated
with shift work or jet lag have generally been studied in subjects age 45 or older.

?Lmgitudinal studies involve analysis of aparticularfimctionin  individual subjects over a period of time. They areespeciallyuseful  for detmnining
effeets that exhibit a great deal of variation among individuals, as circadian rhythms do. While longitudinal data emcerningcircadian  rhythms in animals
have been collected (114, 126), no similar data are available on humans.
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Figure 3-10-Aging and the Pacemaker
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lates with a decrease in cycle length and perhaps
dampened amplitude (figure 3-10) (29,139). Support
for this idea is derived from several studies: when
some SCN neurons are destroyed in young animals,
the length and amplitude of circadian rhythms are
diminished, much as they diminish with advancing
age (37,123). A decrease in the number or function
of SCN neurons has been associated with aging in
rats (24,141). Similarly, a decrease in the number
of SCN neurons and the overall size of the SCN was
documented in humans over the age of 80 (66,
166,167).

Other biological changes with age may impinge
on circadian rhythms. For example, relay of syn-
chronizing cues, such as light, may be hampered.
There is evidence that some eye problems that occur
with age may impede the transmission of light
information to the SCN (162). It is possible that
changes in the eye may precede and even induce
changes in the SCN. Several studies of humans and
animals have reported diminished responsiveness to
synchronizing cues with age, despite a decrease in

the amplitude of circadian rhythms, which normally
eases synchronization (29).

While many elderly people fail to report any
circadian rhythm-based problems, some studies
have illuminated difficulties. For example, adjusting
to rotating shift work schedules and transmeridian
flight is more difficult among older people (134). In
addition, advanced sleep phase syndrome, a disorder
in which sleep occurs earlier than usual, appears to
be common among the elderly (174). A considerable
proportion of older people complain of sleep prob-
lems: one study found that 33 percent of older people
visiting a general practitioner complain of frequent
early morning awakening (97). Lessened perform-
ance and alertness during the day may result from
fatigue or the lack of synchrony among circadian
rhythms. Thus, changes in circadian rhythms with
age may cause a broad spectrum of effects,
ranging from no complaints whatsoever, to dis-
turbances of everyday life, to severe health
problems.
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Sleep Disorders

Just as the timing of sleep is the most prominent
indicator of circadian rhythms in humans, it may
also be the cycle most susceptible to disruption (32).
It is now recognized that some types of insomnia
most likely result from abnormalities in circa-
dian rhythms. In the recently revised International
Classification of Sleep Disorders (2), several sleep
disorders are ascribed to problems with circadian
rhythms, including:

. advanced sleep phase syndrome,

. delayed sleep phase syndrome, and
● non-24-hour sleep-wake disorder.

Advanced sleep phase syndrome is a common
sleep disorder among the elderly, affecting up to
one-third of that population (97). It involves early
onset and offset of sleep. Research indicates that
diminished circadian cycle length and amplitude
underlie the disorder (28,193). Advanced sleep
phase syndrome may have several consequences,
including decreased daytime alertness, overuse of
hypnotics and other drugs, and social disruption.

Delayed sleep phase syndrome, or insomnia, is
characterized by abnormal delay of sleep onset and
waking (2). Persons with this form of insomnia are
generally teenagers and young adults. They com-
plain that, on retiring at a bedtime common for most
individuals, they are unable to fall asleep. Waking in
time for early morning classes or work is also
difficult, and they may suffer from fatigue caused by
inadequate sleep at night. If individuals with this
disorder are permitted to retire and arise at a later
hour, although out of step with the environment and
society, they can achieve an adequate amount of
sleep. It is postulated that the cause of this disorder
may be either an abnormally long circadian cycle or
a diminished responsiveness to cues in the environ-
ment that reset the circadian pacemaker each day
(33,119).

Non-24-hour sleep-wake disorder is also likely to
reflect disruption of the circadian system. Individu-
als suffering from this disorder find themselves
retiring for and waking from sleep at progressively
later times (2). When the timing of sleep onset and
awakening coincides with that of the world around
them, individuals with this disorder are asympto-
matic. When their circadian rhythms are not in
synchrony with the environment, individuals with
this disorder complain of insomnia, difficulty awak-

Photo credit: Neal Owens, Sun Box Co., Rockville,  MD

A light box used for the treatment of SAD.

ening, and fatigue. One survey showed that 40
percent of blind persons may suffer from non-24-
hour sleep-wake disorder (100). These data indicate
that the inability to perceive light-dark cycles
probably causes the disorder.

Chronobiology and Mood Disorders

While seasonal tendencies in mood disorders
have been noted for hundreds of years, the recent
surge in research into circadian rhythms has trig-
gered a systematic examination of this phenomenon.
Several current hypotheses suggest that an alteration
of circadian rhythms leads to various mood disor-
ders. Furthermore, exposure to bright light appears
to be an effective therapeutic intervention in some
cases. Continued research is necessary, however, to
verify the link between circadian rhythm disruption
and mood disorders. In the 1980s, researchers first
documented a mood disorder involving a recur-
ring autumn or winter depression (144). Cur-
rently, this form of seasonal affective disorder
(SAD) is the subject of extensive study; although the
symptoms and diagnostic criteria are somewhat
disputed, SAD and its treatment with bright light are
generally recognized by the psychiatric community
(1,17,58). Each fall or winter, individuals suffering
from SAD may tire easily, crave carbohydrates, gain
weight, experience increased anxiety or sadness, and
exhibit a marked decrease in energy (144,146). With
protracted daylight in the spring, patients emerge
from their depression and sometimes even display
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Figure 3-1 l—Levels of Light
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modest manic symptoms. Epidemiological studies
indicate that SAD is related to latitude, with the
number of cases increasing with distance from the
equator (127,143).

Although there is no agreement about how light
therapy works, data from several studies suggest that
it is a useful treatment for SAD (144,170). The
recommended protocol for treatment involves expo-
sure to light with an intensity of 2,500 lux (which is
equivalent in intensity to outdoor light at dawn) for
2 to 5 hours per day (figure 3-1 1). Some researchers

have asserted that shorter periods of exposure to very
bright light (e.g., 10,000 lUX for 30 minutes) may
also relieve symptoms (170,172). Data from several
studies suggest that morning exposure to light is
most effective in relieving symptoms of SAD,
although this issue is unresolved (17,89,170,172).

The cause of SAD and the way in which light
therapy alleviates it are not known. It has been
hypothesized that circadian rhythms are delayed or
possibly that the amplitude is dampened (17,86,89).
To date, however, SAD has not been proven to be
a circadian rhythm disorder. Problems that plague
this area of research include heterogeneous popula-
tions of study subjects, small sample sizes, lack of
adequate controls, lack of longitudinal studies, and
the absence of controls for the effects of sleep,
activity, and light on circadian rhythms (17,1.72).
Further studies are necessary to delineate the basis of
SAD.

Nonseasonal depression is a significant cause of
mental illness in the United States, affecting nearly
1 in 12 Americans. Although not proven, several
observations suggest a link between altered cir-
cadian rhythms and nonseasonal depression (17,32).
Among persons suffering from depression, mood
typically fluctuates daily, with improvement over
the course of the day. Persons also demonstrate
seasonal patterns, with an apparent increase in the
incidence of depression, as indicated by hospital
admissions, electroconvulsive therapy, and suicide
records, in the spring and autumn. Various physio-
logical functions may exhibit an altered circadian
pattern in depression, notably the timing of REM
sleep. In people suffering from depression, the frost
REM episode occurs earlier after sleep begins, and
REM sleep is abnormally frequent during the early
hours of sleep (80). Rhythms of body temperature,
hormone and brain chemical secretion, and sleep-
wake cycles deviate during episodes of depression,
peaking earlier than is the norm or, more commonly,
exhibiting dampened amplitude.

The action of various antidepressant drugs and
therapies provides further evidence for a link be-
tween circadian rhythm disruption and depression
(49,58). Some animal studies have shown that
several classes of antidepressant drugs either lengthen
the circadian cycle, delay distinct circadian rhythms,
or influence synchronization with environmental
cues. Studies showing that late-night sleep depriva-
tion temporarily alleviates depression also suggest,
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but do not prove, a link between circadian rhythms
and nonseasonal depression. Assessment of 61
studies, with more than 1,700 patients, indicated that
missing one night’s sleep halted depression immedi-
ately in 59 percent of the patients (the next sleep
episode usually resulted in the return of depression,
and in more than a quarter of the patients a manic
episode was triggered) (198).

While this information suggests a potential causa-
tive relationship between circadian rhythm disrup-
tion and depression, little direct evidence supports
the hypothesis that nonseasonal depression is a
circadian disorder. For example, only a few studies
have indicated a phase advance or blunted circadian
amplitude. Most studies share similar problems as
those described above for SAD, including heteroge-
neous samples, small sample sizes, and failure to
evaluate circadian rhythms isolated from the influ-
ence of the environment.

CONTROLLING CIRCADIAN
RHYTHMS IN HUMANS

Interest in manipulating the internal clock has
grown with improved understanding of human
circadian rhythms and increasing awareness of
circadian rhythm disruption, whether precipitated by
intrinsic factors (e.g., sleep disorders, blindness,
mental disorders, or aging) or extrinsic factors (e.g.,
air travel across time zones and shift work) (box
3-D). Several agents are under investigation or have
been proposed for use in manipulating circadian
rhythms. In order to assert that an agent’s primary
action is on the circadian system, several questions
must be addressed, including: How are circadian
rhythms modified? Are all circadian rhythms altered
or only certain rhythms, such as the sleep-wake
cycle? How is the circadian pacemaker influenced?
Does the effect vary at different times during the
circadian cycle (i.e., has PRC been evaluated)? Does
the agent have any side effects or drawbacks?
Several agents show promise for manipulating
human circadian rhythms, including:

●

●

●

●

●

light,

melatonin,

benzodiazepines,

other chemical substances and diet, and

activity.

Light

Light-dark cycles are the single most impor-
tant environmental cue for synchronizing the
internal clock to the Earth% 24-hour cycle. As
mentioned, light’s ability to reset the internal clock
was first discovered by exposing organisms to
pulses of light at “different times throughout the
circadian period (40,65,125). In these experiments,
exposure to light at night produced the largest shifts
in rhythms, with late-night pulses advancing
rhythms and pulses during the early part of the night
delaying them. Other studies have shown that the
phase-shifting effects of cycles of light and dark are
similar to those of light pulses.

The synchronizing effect of light on human
circadian rhythms has only been recognized in the
last 10 years (33). Previously, social contacts were
thought to synchronize human circadian rhythms,
since light-dark cycles apparently failed. This con-
clusion was questionable, for several reasons. First,
subjects were permitted to use lamps at will in the
original study and therefore were never completely
limited to an imposed light-dark cycle. Also, the
design of the studies prevented discrimination be-
tween the effects of social contact and those of rest,
activity, or eating. A subsequent study reported
synchronization of human circadian rhythms when
an absolute light-dark cycle was imposed, but the
experiment did not differentiate between the effects
of the light-dark cycle and the timing of sleep on
circadian rhythms, since subjects always retired to
bed at the time lights were turned out.

The discovery that bright light (2,500 lux) sup-
presses the production of the human hormone
melatonin (92) triggered a reassessment of light’s
effects on human circadian rhythms. In one study,
light-dark cycles were shown to significantly syn-
chronize human circadian rhythms (195). Subse-
quent studies illustrated the phase-shifting effects of
light on humans. For example, in one study,
exposure to 4 hours of very bright light (7,000 to
12,000 lux) was shown to delay circadian rhythms in
a single subject whose rhythms were unusually
advanced (figure 3-12) (28). These and other studies
support the hypothesis that bright light shifts human
circadian rhythms, the size and direction of the shift
depending on when in the cycle exposure takes place
(38,39,43,44,47,67,9O,91,1O3, 195).
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Figure 3-12—Resetting the Human Pacemaker
With Light
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More recent studies report a human PRC to light
(31,194). For example, one study exposed human
subjects to varying cycles of very bright light (7,000
to 12,000 lux), ordinary room light, and darkness
(31). The greatest shift in circadian rhythms (several
different rhythms were measured) was produced
when the exposure to very bright light occurred
approximately 3 hours before the usual waking time;
exposure immediately preceding or following this
time maximally delayed or advanced rhythms,
respectively. This study also suggested that low-

evaluate and manipulate circadian rhythms differ
from the methods used in animal studies, leaving
room for speculation concerning the mechanism by
which light produces its effects. The influence of
sleep, fatigue, or darkness in these studies is not
known, nor is the mechanism by which light
influences human circadian rhythms well defined.
However, accumulating evidence shows that, as in
other animal species, light, especially bright light,
is effective in shifting human circadian rhythms.
The phase-shifting properties of bright light have
been applied in several situations:

●

●

●

●

Exposure to bright light is now used in certain
clinical centers and research settings to treat
some sleep disorders and elderly persons suf-
fering from circadian rhythm disruption.
A published research plan for exposure to
sunlight has been proposed to speed recovery
from jet lag (figure 3-13) (36).
Recent studies have evaluated the influence of
bright light and darkness cycles on the cir-
cadian rhythms, sleep, and performance of
workers at night (see ch. 5) (30).
Although the basis for SAD has not been
definitely linked to circadian rhythm disrup-
tion, bright light therapy appears to be benefi-
cial for patients (145,170).

The potential adverse effects of using light to reset
circadian rhythms (as well as in the treatment of
SAD) have not been systematically studied. Since it
is a nonpharmacological intervention, it probably
presents fewer detrimental effects. It has been
argued that since the intensity of light used to
modulate human rhythms is far less than the
intensity of outdoor daylight, there is little risk
involved. However, experience with SAD has led to
some concern that artificial bright light may present
a risk of damage to the eye (171). To date, studies
evaluating the health of the eye following bright
light therapy for SAD have failed to document any
damage, although the risk of long-term effects has
not been ruled out. Also, it is not clear what harmful
consequences, if any, would result from repeated
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Figure 3-13-Bright Light and Air Travel
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resetting of the circadian pacemaker, such as when
using bright light to help shift workers adjust to their
changing work schedules.

Exposure to ultraviolet (W) radiation is another
potential concern raised by the use of bright lights.
In research and clinical settings (for the treatment of
SAD), fluorescent lighting, both that emitting W
radiation and that designed to limit it, has been used.
One study reported that exposure to W light was

Melatonin

The hormone melatonin is produced by the pineal
gland, a small, pealike structure that in humans sits
deep within the brain. In lower vertebrates, the
pineal gland is positioned near the top of the skull
and detects light directly, thus its designation as the
third eye (3). In m ammals, including humans,
information about light in the environment is

transmitted from the eye through multiple nerve
cells to the pineal gland (74,200). Melatonin secre-
tion is normally limited to nighttime hours, a pattern
of secretion that is. regulated in two ways: 1) light
suppresses the pineal gland’s production of mela-
tonin, and 2) melatonin secretion is regulated by the
circadian pacemaker, exhibiting a circadian rhythm
even in the absence of environmental cues (figure
3-14) (94,95). For this reason, melatonin can be used
as a marker for circadian rhythms (90,91); however,
its usefulness may be limited because it is so readily
inhibited by light.

In many species, melatonin is a gauge of day
length, or photoperiod. Seasonal changes in day
length alter the amount and duration of melatonin
secretion, thereby regulating the timing of fertility,
birth of offspring, and other functions. Although
responsiveness to day length generally has not been
considered a prominent human feature, several
human functions, including the onset of puberty,
semen production, and some forms of depression
(see earlier discussion), display seasonal patterns.

The pineal gland’s nighttime secretion of mela-
tonin is postulated to be important for circadian
rhythms in many species (178). In some species,
including some birds, the pineal gland serves as the
circadian pacemaker (99,203). In other species, the
pineal gland does not serve as the primary pace-
maker, but its removal disrupts circadian rhythms
(8,156). Studies have shown that daily melatonin
injection can synchronize circadian rhythms in rats,
apparently by a direct effect on the pacemaker in the
brain (7,21-23,133,137). These and other data sug-
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gest that the pineal gland and melatonin production
may synchronize various circadian rhythms in at
least some mammals.

The effect of melatonin on circadian rhythms has
also been examined in humans. In some early

studies, melatonin both succeeded and failed to act
as a synchronizing agent. Other studies reported that
melatonin counteracted subjective feelings of jet lag
(4,8,121) (see box 3-D), although how it did so was
not clear. Some data indicated that melatonin
directly influenced circadian rhythms (4,8); how-
ever, others failed to confirm this effect (6). Further-
more, the effects of melatonin on jet lag varied
considerably among individuals (4). It was sug-
gested that melatonin counters jet lag by facilitating
sleep, since it has sedative properties.

A few studies have used blind persons, who are
often not synchronized with the environment, to
assess melatonin’s effect on the circadian pace-
maker. In one such study, it was reported that
administration of melatonin synchronized the dis-
turbed sleep-wake cycle of a blind individual (5). In
another study, a phase advance was produced by
daily administration of melatonin in four of five
blind subjects with free-running rhythms (151,152).
More recently, orally administered melatonin syn-
chronized circadian rhythms in a blind subject (153).
Also, melatonin has been reported to cause circadian
phase shifts, the direction and magnitude of which
appear to vary with the timing of its administration,
in sighted individuals (87,88). While another study
failed to demonstrate administered melatonin’s abil-
ity to synchronize or shift circadian rhythms (55),
this failure may be due to the timing of melatonin
administration. Further study is necessary to
delineate melatonin’s action on human circadian
rhythms.

Benzodiazepines

Several studies in rodents have shown that treat-
ment with benzodiazepines, a class of hypnotic
drugs which includes Valium, can alter circadian
rhythms (130,179). The phase-shifting effects of the
short-acting benzodiazepine triazolam (trade name
Halcion) have been most extensively studied in the
golden hamster. In most of these studies, the timing
of locomotor activity (i.e., wheel-running) has been
used as a measure of circadian rhythms, although
hormonal secretions have also been used. Injection
of triazolam produced pronounced phase shifts in
wheel-running, the particular effect depending on
the dose and timing of administration (177). Tria-
zolam’s ability to shift wheel-running was attenu-
ated after a few days of repeated administration,
indicating a growing tolerance to the drug.
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Besides its ability to cause phase shifts in
circadian rhythms, triazolam was also shown to
synchronize circadian rhythms when regularly ad-
ministered. Furthermore, when hamsters experi-
enced a shift in the timing of the light-dark cycle,
administration of triazolam at the appropriate time
expedited their readjustment (187).

Some data suggest that triazolam’s influence on
circadian rhythms in hamsters is predicated on its
ability to induce locomotor activity (1 16). Triazolam
treatment of hamsters increases activity (176). When
locomotor activity is suppressed in hamsters, tria-
zolam no longer produces phase shifts (188). How-
ever, stimulation of activity may not be necessary for
triazolam’s circadian effects in all species.

Is triazolam, or other benzodiazepines, likely to
emerge as a jet lag pill, capable of shifting human
circadian rhythms? Preliminary studies in humans
have suggested that it may facilitate shifts in
circadian rhythms, or at least promote sleep when
circadian rhythms are in conflict with the environ-
ment (184). In addition, the activity and safety of this
class of drugs have been well characterized in
humans, since benzodiazepines are commonly used
to manage insomnia and anxiety. However, while
benzodiazepines are useful pharmaceutical agents,
they do carry the risk of serious side effects,
including memory problems and agitation. They can
also exacerbate depression. Long-term use of this
type of drug can lead to dependency; therefore,
repeated use of benzodiazepines for circadian
rhythm adjustment is not tenable. Furthermore, any
effects of benzodiazepines on circadian rhythms
in humans have yet to be thoroughly evaluated.
As is the case for their effect on activity, the effects
of benzodiazepines on circadian rhythms in humans
may be very different from their effects on hamsters.

Other Chemical Substances and Diet

Researchers have speculated that several other
chemicals may manipulate circadian rhythms in
mammals, including carbachol, phenobarbital, theo-
phylline, and lithium (11,148,175,191,197). Many
of these agents affect specific chemical systems in
the brain that are important for nerve cell communi-
cation and impinge on the circadian pacemaker.
Other agents are characterized by generalized stimu-
latory or sedative properties (157,164). There are
no data, however, indicating that these sub-
stances influence human circadian rhythms. Fur-

thermore, powerful unwanted side effects cast doubt
on the usefulness of many of these substances in
counteracting jet lag or shift work.

A popularized diet has been said to manipulate
circadian rhythms and has been promoted as an
antidote for jet lag (51,199). These claims are based
on hypothetical effects of the diet on chemical
systems in the brain. Specifically, it has been
asserted that morning meals rich in proteins boost
concentrations of catecholamines in the brain and
consequently stimulate activity. Evening meals rich
in carbohydrates purportedly increase concentra-
tions of serotonin, a sleep-inducing chemical in the
brain. While a few animal studies suggest that diet
can modulate these brain chemicals (82), the proto-
col used in these experiments does not relate directly
to the recommendations for humans. This dietary
protocol has not been shown to influence cir-
cadian rhythms in humans.

Activity

That the timing of arousal and physical activity is
intimately linked to the time of day and circadian
rhythms appears self-evident; a few studies suggest
that physical activity or arousal can synchronize the
internal clock (176). The apparent link between
triazolam’s stimulation of activity and its circadian
effects on hamsters has renewed interest in this
30-year-old proposal (9,176). In fact, many agents
purported to alter circadian rhythms also alter the
amount of activity in animals.

Experiments in rodents demonstrated that simply
having access to a running wheel changes the length
of the circadian cycle (13,201). A few other studies
indicated that when specific periods of physical
activity or other forms of arousal are provided, a
phase shift in the circadian cycle can be produced
(116,128,176). One study reported phase response to
“doses” of activity: variable phase shifts resulted
from periods of arousal or social activity at different
times during the 24-hour period (115).

Although these studies suggest that activity
modulates circadian rhythms in animals, further
experimentation is necessary to characterize this
effect. Since the state of being active or aroused is so
general, there is some question as to what specific
features of this state affect circadian rhythms.
Finally, the impact of activity and arousal on
circadian rhythms has yet to be carefully evaluated
in humans.
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SUMMARY AND CONCLUSIONS
Research has indisputably demonstrated that liv-

ing organisms, ranging from single cells to humans,
are able to keep track of time and to direct changes
in function accordingly. Such functional cycles that
repeat approximately every 24 hours are called
circadian rhythms. Circadian rhythms are generated
by living organisms and are genetically determined.
Environmental cues synchronize circadian rhythms
in organisms, the most important cue being light-
dark cycles. In mammals, including humans, a
region of the brain called the suprachiasmatic
nucleus serves as the circadian pacemaker.

Most organs in the human body display circadian
rhythms. Especially significant for shift work are
sleep-wakefulness and performance rhythms. Daily
cycles of sleep and wakefulness are a conspicuous
circadian rhythm in humans. Studies have shown
that the circadian pacemaker significantly influ-
ences the timing and quality of sleep. Therefore,
periods of sleep are not easily rescheduled, deferred,
or resisted. Human performance, assessed by meas-
ures of reaction time, cognitive processes, and
mood, also displays circadian rhythms, which vary
according to the nature of the task or mood assayed.
Factors such as fatigue and motivation also pro-
foundly influence human performance. When indi-
viduals are synchronized to the natural day-night
cycle, many performance rhythms diminish to mini-
mal levels at night. This nighttime attenuation of
performance reflects the combined effects of cir-
cadian rhythms and the lack of sleep.

Research during the last few decades has demon-
strated that humans have an internal clock and
suggests that violation of its temporal order may
exact a price in health and performance. When
internally generated circadian rhythms conflict with
environmental cycles, which happens following
transmeridian flight and in some schedules of shift
work, performance may be impaired, sleep disor-
dered, and a general malaise experienced. Data
indicate that the generation of circadian rhythms is
altered with aging and in certain sleep disorders.
Circadian rhythms may also be altered in certain
mental disorders.

Several agents, including light, melatonin, benzo-
diazepines, other chemical substances, diet, and
activity, are under investigation for their ability to
adjust or shift circadian rhythms. Data indicate that

bright light, the most extensively studied agent, can
shift human circadian rhythms. How it does so,
however, is not completely understood. Further
research is necessary to substantiate the circadian
effects of the other agents in humans.
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