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The influence of the environment on sleep is a vast area
for study. The study comprises both the phylogenetic
and ontogenetic disciplines and is concerned not only
with the alteration of sleep patterns as a function of
upbringing and maturation, but also with the effects of
geographic and ecological conditions on sleep and their
resulting interplay with psychosocial factors.

This review deals only with human sleep. It is neces-
sarily limited to the influence on sleep of the few envi-
ronmental factors which have been studied, such as
noise and temperature. We know practically nothing
about the influence of living conditions (urban vs coun-
try living, a nomadic vs sedentary existence, etc.) or the
influence of climate and latitude on the endogenous
sleep-wake process.

As life styles change, the question of the endogenous
flexibility of the sleep-wake process becomes more and
more important. It is critical to know how sleep-wake
cycles can be adapted to modern living which often
forces people to work at varying times or stay up for
prolonged periods, as for example during transoceanic
flights. This question is particularly critical in today’s
world where greater numbers of people are forced to
extend or radically alter their sleep-wake cycles.

As if this were not enough, modern day sleep-wake
problems are further exacerbated by factors such as
noise, pollution and stress associated with work and
crowded living conditions, all of which must be better
understood.

Man has no doubt always adapted his sleep-wake cycle
to environmental conditions. Among them, the search
for a safe place to sleep was of particular importance.
Later, the discovery of fire and the development of
clothing and housing freed man from the pressures of
the external environment. It became possible to take
pleasure in sleeping.

Ironically, today we are again confronted by environ-
mental problems, although, as we have noted, they are
of an entirely different sort. But in addition, the inter-
nalization of existing, environmentally produced daily
stress may add another dimension to problems with our
sleep-wake cycles.

The first paper by D.S. Minors and J. M. Waterhouse
introduces the problem. They describe the exogenous

and endogenous components of the human sleep-wake
cycle, and stress the characteristics and the limits of the
entrainment by Zeitgebers of the sleep-wake circadian
oscillator.

T. Akerstedt presents the latest data on the influence of
work schedules on sleep. He clearly shows that work
schedules interfering with normal hours for sleeping
generally induce fatigue and subjective/objective sleep
disturbances, which are indicative of the limits of adap-
tability of the biological sleep-wake process to abnor-
mal routines.

J. Foret analyzes the relationships between daytime ac-
tivity (physical and mental) and subsequent sleep. This
article suggests that diurnal activity is able to modulate
sleep need and sleep patterns either on a short term or
on a long term basis by modifying the internal environ-
ment of sleep.

The next two papers deal with the problem of inter-
actions between external conditions (temperature and
noise) and sleep. The first paper, by A. Muzet, J.-P.
Libert and V. Candas, shows that ambient temperature
affects sleep in different ways depending on the balance
between thermoregulation control and sleep needs. The
results strongly suggest a coupling between the thermo-
regulatory system and the sleep mechanisms. The sec-
ond paper by M. Vallet and J. Mouret makes clear that
a typical nuisance such as noise is disruptive of sleep
and there is little habituation, at least for cardiovascular
responses. Unfortunately, we do not yet know if noise
experienced during the waking state (for example, on
the job or in the everyday surroundings) has a similar
disruptive effect.

In the final paper, I present a tentative view of the
homeostatic and adaptative role of sleep.

It became strikingly evident, in the course or writing
this chapter, how immense the need is for research
which will improve our understanding of the roles of
genetic and environmental factors involved in a given
sleep-wake behavior and the possibilities of different
biological sleep-wake processes to adjust to a particular
environment.
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The sleep-wakefulness rhythm, exogenous and endogenous factors (in man)

by D.S. Minors and J.M. Waterhouse

Department of Physiology, University of Manchester, Manchester M13 9PT (England)

Introduction

Man is a rhythmic creature living in a rhythmic world.
Even though the external peridicities to which he is ex-
posed range from years (e.g. sunspot cycle) through an-

nual, monthly (tidal) and daily rhythms, the dominant
one shows a period of 24 h in attune with the solar day.
Rhythms which follow this period are termed circadian.
The movements (tropisms) of leaves are in phase with
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that of the sun as too are the habits of many animals
that either hunt by day or avoid capture by being active
at night. As far as man is concerned, in a hunter-gath-
erer society an adherence to the light-dark cycle im-
posed by the sun is marked; in an industrialized society,
a 24-h or nychthemeral pattern is observed also, but the
factors which are responsible for this are different.
Thus, the advent of artificial lighting and methods of
storing food have freed man from a subservience to the
light-dark cycle. Nevertheless, the 24-h rhythms persist,
now due to the impositions of a social structure which
determines when we should sleep, eat and arrange work
and leisure.

The problem we shall be concerned with in this paper is
the extent to which the sleep-wakefulness or activity cy-
cle is determined by such external or exogenous factors
rather than be some internal or endogenous «clock-
like» mechanism. Recent general accounts of the field
have appeared and act as broad introductions to it?**,

Endogenous component to the activity cycle

Personal experience suggests that factors exist other
than external ones, since we feel we are becoming
drowsy in the evening and that, for some time after
getting out of bed in the morning, we are in the process
of ‘waking up’. This is particularly noticeable if we stay
up all night: until about 04.00 h we feel progressively
more fatigued, but thereafter we begin to improve, even
though our sleep deprivation has increased.

More formally, the presence of an endogenous compo-
nent to the activity rhythm can be established by a
number of protocols, as below.

1. The constant routine and related protocols

In the constant routine, rhythmicities in the external en-
vironment are minimized as much as possible” . In its
most refined form, the experiment is performed in cons-
tant lighting, humidity and temperature, and subjects
are required to remain awake and to show equal activ-
ity and social interaction throughout the experimental
period. In addition, food intake is by regular and equal
snacks, the composition of which is regulated so that
the total 24-h intake is approximately normal.

Clearly, sleep and wakefulness cannot be measured un-
der these circumstances. However, it is possible to as-
sess fatigue and the assumption is that fatigue assesses
the requirement of the body for slecp and the ease of
falling asleep. One study which fulfilled many of these
requirements lasted just under 3 days and used army
personnel’. The results are shown in figure 1. Not sur-
prizingly, although the general trend was for fatigue to
increase throughout, in addition there was a super-
imposed rhythmicity which peaked during the night and
was at a minimum during the day.

2. Sleep at abnormal times

Several groups have investigated the ability of subjects
to sleep at abnormal times">'"*. There are the general
findings that to fall asleep in the hours immediately be-
fore noon (07.00-11.00 h) is difficult and that sleeps
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Figure 1. Mean self-rating of fatigue, measured every 3 h in 63 subjects
over 72 h during which no sleep was allowed. Note that, despite the
overall gradual increase in fatigue, circadian changes can also be seen.
(Data of Fréberg ct al.”).

started then tend to be short. Also, sleep onset is easiest
at about 04.00 and sleep duration is longest when
started at about 19.00 h. Note that this last finding ar-
gues against the effect being wholly due to prior wake-
fulness since, in that case, the best time would have
been after 19.00 h. It has also been found that if people
are woken from their sleep for 15 min, then the time
taken to get back to sleep is not constant at different
times of the nychthemeron®. In these experiments,
rhythmicity is not due to external factors, noise etc.,
since these were controlled.

After a time-zone transition there is a sudden change in
the external environment as the traveller is exposed to
the new local time. For some days after the flight, often
in spite of having lost sleep, the traveller has difficulty
in sleeping at the new local night-time. In addition, at
certain times of the day (late afternoon after a westward
flight, morning after one to the east), fatigue is marked.
The explanation is that the internal clock is still ‘regis-
tering’ the old time so that fatigue is expressed during
the old night-time and there is difficulty in sleeping at
the former day-time'.

3. Sleep under free-running conditions

Subjects can be placed in environments in which there
are no cues as to real time. Environments that have
been used are caves and specially-constructed isolation
units'®"™*44_In such circumstances, subjects do not be-
come arrythmic; instead they continue to show a rhyth-
mic pattern of sleeping, waking, mealtimes, as well as of
body temperature, urinary excretion, etc. all of which
‘run slow’ with a period in excess of 24 h. This, of
course, was the classical way of demonstrating an endo-
genous clock with a circadian (circa — about: diem -
day) period. More recently a major study upon over
150 subjects has enabled many properties of the rest-ac-
tivity cycle to be determined™.

A major factor is its reliability with a period of
25.0 + 0.5 h (mean £ SD). However, the major labora-
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tory studies have all found various irregularities in a
proportion of subjects: on occasion these develop after
some days in isolation, but at other times they are ob-
served at the onset of the experiment'®'s4:4,

4. Sleep on non-24-h schedules

When pilots are involved in long-haul flights around the
globe their duty schedules can become irregular®®*>*, In
some cases, sleep times do not become equally irregular
(fig.2). Part of the sleep is taken as a nap before or after
a flight, but there is also a tendency for sleep to be
taken progressively later (free-running rhythm?) even
though this might not coincide with local night. In cases
where performance decrement due to sleep fatigue is to
be avoided, hypnotics have been recommended as a
counter-measure® ¥,

A schedule which, though often difficult to carry out,
gives valuable information is that involving subjects liv-
ing on days of abnormal length. In this, subjects
shielded from real time cues are required to follow wat-
ches that run at the wrong speed, so that real and local
days do not coincide. In the experiment shown in figure
3, a 21-h clock was stopped after 4 whole days by local
time but, in reality, only 3% days — that is when local
and real time were 12 h out of phase. At this point the
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Figure 2. Times of sleep (black bars) in 2 cockpit crews on commerical
flights. The right of each plot shows the city of residence on each day. A
slash indicates days on which flights were made. (LON, London; KAR,
Karachi; HKG, Hong Kong; HON, Honolulu; TOK, Tokyo; SF, San
Francisco; ND, New Delhi). a Pilot on a 12-day tour from London/
Honolulu/London; b Pilot on Far East tour, London/San Francisco/
London. Note that in b on the westbound flight (day 13 on) the times of
sleep become progressively later. (Data of Preston3%),
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subject was asked to continue the experiment by esti-
mating time ‘as well as you can’. For some days after
the clock was stopped, the activity cycle continued to
advance with a period close to 21-h as though some
internal clock or oscillator (that had previously adjusted
by the experimental clock) was continuing to run®.
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Figure 3. The sleep-wakefulness rhythm (black bars indicate time in
bed) and rhythm of rectal temperature ( X indicates daily acrophase) in
a single female subject studied in an isolation unit. Initially, the subject
lived on 24-h time but at the point marked ¥ the clock in the unit was
adjusted to run fast so that when it indicated the passage of 24 h, only
21 h had actually elapsed. At the point marked V the clock was
stopped and the subject allowed to free-run. For clarity, the time scale
represents over 24 h. (From Minors and Waterhouse®).
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Figure 4. Temporal position of the acrophases of urinary potassium and
water excretion, rectal temperature and activity as a function of the
period of the light-dark cycle. Acrophases expressed relative to the
middle of the light time. Data from 6 subjects with 13 light-dark cycle
periods. Hatched area represents dark time. (From Wever®, fig. 5).
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In other experiments (fig.4) the phasing of the rhythm
relative to imposed light-dark cycles of different lengths
was investigated”. If the rhythm were determined
wholly by the external cycles, then its phasing would
not change relative to it, for example, always at ‘lights-
on’ or in the middle of the light time. The results indi-
cate that relative phasing of activity varies with the im-
posed period.

5. The development of rhythms during infancy

Data from studies investigating the development of
rhythmicity during infancy imply the presence of an in-
ternal oscillator controlling the activity cycle®. Figure 5
shows the development of the rhythm of sleep and
wakefulness over the course of the first 6 months of
life”. The child was demand-fed and lived in an envi-
ronment in which there was an alternation of light and
dark. The observations, that sleeps were ‘appropriately’
phased during the night by about the 17th week of life
and that they were distributed randomly up to week 10,
do not enable a decision to be made as to whether the
circadian rhythmicity was due to an internal oscillator
or external factors. However, the observation that ac-
tivity rhythms with a period in excess of 24 h were
present from weeks 1017 does suggest than an internal
component, not yet entrained to the nychthemeron, was
present.

6. An oscillator model of activity

All these results can be cxplained more easily if it is
postulated that the allernation between sleep and wake-
fulness depends partly upon some internal oscillator.
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Figurce 5. The distribution of sleep (black bars) and wakefulness in an
infant from the 4th to 182nd day of life. Dots indicate feeds. (From
Kleitman and Engelmann'®, fig.3).
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This idea has been developed by Aschoff and his col-
leagues™***. They investigated the relationship between
sleep length and prior wakefulness in a number of spe-
cies, including man. The intuitive result — that long peri-
ods of wakefulness would be succeeded by long periods
of sleep — was not borne out by their data. Instead, an
inverse relationship was found. This fits in better with
the view that the alternation between sleep and wake-
fulness is determined by an oscillator. Thus, if the oscil-
lator were responsible for causing waking to occur at a
certain time each day, then a late night would be fol-
lowed by a short sleep and an early sleep onset would
be followed by a sleep that was longer than average.
Even though data in favor of this view were found by
Aschoff et al. from their own studies, data from a more
recent study upon free-running subjects did not support
it8,4l.

Are the activity and body temperature rhythms indepen-
dent?

So far we have described the experimental protocols
and some of the data that suggest that sleep and wake-
fulness are determined by an internal oscillator. Such an
approach has been used to indicate that almost any bio-
logical variable had some degree of endogenous rhyth-
micity! Now a basic knowledge of human physiology
suggests that many variables influence each other.
Thus, it would not be surprising to learn that the circa-
dian rhythms of excretion of sodium and chloride are
closely linked"”. Other links are, perhaps, not as ob-
vious. Thus, a relationship between the timing of
rhythms or airway resistance and blood cosinophil
counts might exist since both are influenced to some
extent by plasma cortisol levels. However, the phase-
locking between the two rhythms need not be strong
since cach is affected by other factors.

This concept of a nexus between dfferent rhythms has
been discussed elsewhere in more detail*>*- %, The circa-
dian rhythm of body temperature, in particular, effects
many other circadian rhythmicities including that in ac-
tivity as will be considered later. An implication of this
is that many of the observations already cited in favor
of sleep and wakefulness being due to an oscillator
would occur also if sleep and wakefulness were a conse-
quence of the temperature rhythm. In order to establish
that activity 1s produced by an oscillator different from
that for body temperature, it becomes necessary to in-
vestigate if there is any independence between the two
rhythms.

This can be approached in a number of ways: what
these ways have in common is that cach is an attempt to
change the timing of the two rhythms by different
amounts, thereby showing that neither can be wholly
responsible for the other.

After shifts in external rhythms (as after time-zone tran-
sition when all shift by the same amount, or during
shiftwork when only some change), it is possible to
investigate whether the rhythms adjust at different
rates. This has proved useful for many cases (e.g. uri-
nary functions, plasma cortisol, deep body temperature)
but is far less so for the sleep-wakefulness rhythm® ™.
This is because most subjects consciously change their
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activity pattern to accord with new local time or a new
shift, thereby over-riding any effect that an oscillator
controlling this variable might have.

In the time-free environments of caves and isolation
units, it has often been found that various anomalies of
the sleep-wakefulness cycle occur. Figure 6 shows data
from Chabert, a volunteer who spent 4 months in isola-
tion in a cave'>. The periods marked i and ii in this
figure show anomalies of the sleep-wakefulness cycle
and similar anomalies have been observed in isolation
unit experiments also®'®*'*. What many of these
anomalies share is that activity continues to behave
rhythmically, but no longer with a circadian period.
Thus, rhythmicity can be an alternation of long and
short sleeps 180° out of phase (i in fig.6) or a period of
about 50 h (ii in fig. 6). Importantly, at the same time,
the temperature rhythm continues to show circadian
rhythmicity.

An even more convincing independence between the
two rhythms can be seen in cases of spontaneous inter-
nal desynchronization (fig. 7, days 16 onwards)®. In this
the sleep-wake and temperature rhythms take up differ-
ent periods. This phenomenon is generally believed to
provide same of the strongest evidence that more than
one endogenous rhythmic influence can affect the body.
Normally, the two oscillators controlling activity and
temperature are coupled but uncouple spontaneously in
about one-third of cases*. When this has happened, the
sleep-wakefulness rhythm shows a period of about 33 h,
and that of deep body temperature decreases by about
0.5 h when compared with the value when the rhythms
were synchronized (fig.7). (Sometimes the activity pe-
riod shortens to about 16 h: in these cases the tempera-
ture rhythm lengthens by about 0.5 h). These results are
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Figure 6. The rhythm of sleep {black) and activity (white) in Chabert
during 4 months’ temporal isolation in a cave. The periods marked i

and ii correspond to the anomalies described in the text. See text for
further details. (Data of Jouvet et al.'?).
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interpreted to mean that the free-running period obser-
ved in subjects with internally synchronized rhythms is
a compromise between the different periods of two os-
cillators: it is a period far closer to that of the tempera-
ture oscillator since the former is considerably (about 9
times) stronger than the latter.

Recently, attempts have been made to model the human
circadian system'>'¢, In these models, two or more oscil-
lators (with properties believed to mimic those of the
temperature and activity oscillators in man) are coupled
and the output from such a system is computed after
it has been exposed to simulated time-zone shifts, non-
24-h days etc. Certainly, the results are impressively
similar to those from real studies upon humans: the
problem is to know how closely the components of the
model, and their interaction, mimic the situation in
vivo.

The concept that different oscillators have different
strengths, implies that they might be differently affected
by rhythmic external influences (zeitgebers). Thus, the
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Figure 7. Circadian rhythms of wakefulness and sleep (black and white
bars respectively) and of rectal temperature (A maxima, ¥ minima) in
a subject who lived alone in an isolation unit without indication of the
time of day. Successive days are plotted from above downwards. From
days 1 through to 14 the subject is internally synchronized with the two
rhythms showing similar periods (25.7 h). At day 15 spontaneous
desynchronization takes place so that hereafter the two rhythms show
different periods (rectal temperature 25.1 h: sleep-wakefulness 33.4 h).
Open triangles show temporally corrected positions of temperature,
maxima and minima represented by corresponding black triangles.
(From Wever®, fig. 7).
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stronger the oscillator the less will it be adjusted by the
zeitgeber and the smaller will be its range of entrain-
ment. These are implications that can be tested. Thus,
first, figure 4 shows that changed zeitgeber periods have
a marked effect upon the activity rhythm (whose phase
therefore changes little) and a much lesser effect upon
the temperature rhythm (whose phase changes much
more). This result confirms that the two oscillators are
of different strengths. (Strictly, the same result could be
obtained if the two rhythms were influenced to different
extents by a single oscillator, but the present result is to
be interpreted against the background provided by the
spontaneous internal desynchronization result, already
described).

Secondly, one can attempt to adjust the different
rhythms to zeitgeber periods deviating progressively
more from 24 h. The work so far reported* indicates
that the temperature oscillator cannot adjust to zeit-
geber periods in excess of about 27.5 h and that the
oscillator concerned with activity cannot adjust to a pe-
riod above about 35 h. Figure 3 shows results from an
experiment in which a zeitgeber of 21 h was used
(beyond the range of entrainment of the temperature
oscillator). Until day 10, the sleep-wakefulness rhythm
was imposed upon the subject by the experimental pro-
tocol but thereafter the subject was free to choose her
habits. It will be noted that, from days 10-13, the activ-
ity rhythm continued with a 21-h period independent of
the temperature rhythm. This not only implies the pres-
ence of more than one oscillator but also that the activ-
ity oscillator alone had been entrained to the 21 h day.
By day 14, the two rhythms were again in phase, and
thereafter the activity rhythm followed that in tempera-
ture; this last result suggests again that the temperature
oscillator is stronger than that causing the rhythm in
activity™.

Finally, if more than one oscillator cxists, it might be
possible by manipulation of some of the zeitgebers to
affect the different oscillators differentially. Much work
along these lines has been performed upon the squirrel
monkey by Moore-Ede and his collcagues™ *-* *, How-
ever, the work on humans is extremely scarce. An expe-
riment which demonstrates this technique has been re-
ported by Wever. A subject was given a 24-h light:
dark zeitgeber and he showed internal desynchroniza-
tion with an activity period of 33 h and a temperature
period of 24 h. This was interpreted to indicate that the
temperature oscillator was entrained at a time when the
activity rhythm was not. Note that the reciprocal result
~ that the activity but not the temperature rhythm had
been entrained - would not provide such strong evi-
dence for the presence of separate activity and tempera-
ture oscillators. In such a case, the activity might have
been imposed by the light-dark schedule rather than re-
sult from an entrained oscillator controlling activity.

Interaction between activity and temperature

Even though the circadian rhythms of activity and tem-
perature can be separated, they are normally coupled to
each other; recent interest has been shown in attempts
to assess the extent to which the temperature rhythm
influences that of activity. As has already been men-
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tioned, it has been found that not only the time it takes
to fall asleep, but also the duration of sleep, depends
upon the temperature cycle****. Thus, to get to sleep
when body temperature is rising or high is difficult and
sleep duration is longest when sleep onset coincides
with a falling deep body temperature. These points will
be discussed further in a later paper in this volume.

Such results cannot be interpreted only as a direct effect
of temperature upon activity since they might be due
instead to an effect upon the activity oscillator. The
normal ‘trapping’ of this oscillator by temperature has
already been discussed and can be seen on days 13+ in
figure 3. However, a direct effect of temperature can be
inferred from free-running experiments showing sponta-
neous internal dissociation (fig. 7) or other irregularities
(fig. 6). In these, a component of activity shows a period
equal to that of the temperature rhythm and is appro-
priately phased: that is, activity decreases and ‘naps’ are
most likely to take place whenever the temperature
rhythm is at its nadir®.

The interaction between activity and temperature
rhythm is a two-way process; activity has a direct effect
upon the body temperature and there is also some evi-
dence that the activity rhythm can entrain that of tem-
perature.

Sleep directly depresses body temperature by about
0.2°C and this effect has been called ‘masking™* 4,
An implication of masking (which is by no means con-
fined to the temperature rhythm) is that when rhythms
are measured nychthemerally, that is when sleep is al-
lowed, they might not reflect accurately the internal os-
cillator. Thus, after time-zone transition experiments,
the rates of adaptation often reported might be over-es-
timates®. More accurate cstimates of the rate of adapta-
tion can be obtained by removing masking effects by
placing subjects on a constant routine. Results indicate
not only that rates of adjustment might be slower than
once thought but also that adjustment to an eastward
shift (when local time is advanced) takes place by a
delay of the internal clock more often than was once
supposed”. So far, adjustment to shift work has been
studied under nychthemeral conditions only.

Finally, there is some evidence that regular sleep pat-
terns can entrain a free-running temperature rhythm.
When subjects were placed on irregular sleep-wakeful-
ness schedules, their urinary and deep body temperature
rhythms demonstrated a period greater than 24 h*->.
When measured under nychthemeral conditions,
rhythms could be stabilized to a 24-h period by taking
4-h sleeps (‘anchor’ sleeps) at the same time each day
despite a second 4-h sleep being taken at an irregular
time. Measured this way, the stability could have been
an artefact due to the masking produced by the regular
anchor sleep. That is, regular sleeps would produce
regular falls in a variable and this would produce what
appeared to be a stable circadian rhythm independent
of what was happening to the internal oscillators. These
internal oscillators were assessed more directly by mea-
suring the circadian rhythms under constant routine
conditions. When this was done, two endogenous com-
ponents to the temperature rhythm were found; one of
these had been stabilized by the anchor sleeps®.
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