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Slow-Wave Sleep: A Recovery Period After Exercise 

Abstract. Sleep recordings were carried out on athletes on four successive nights 
after completing a 92-kilometer road race. Significant increases in total sleep time 
and slow-wave sleep were found after this metabolic stress. The results show a 
dejinite exercise effect on sleep and support sleep-restoration hypotheses. 

Recent research has lent credence to  
the hypothesis that sleep and in particu- 
lar slow-wave sleep (SWS) (I),  is a re- 
covery period for daily metabolism (2,  
3). Evidence in support of this theory 
includes the synchrony of growth hor- 
mone release with SWS in humans (4), 
the suggestion that optimum conditions 
for anabolism prevail during sleep ( 3 ,  
and studies showing SWS duration to be 
proportional to preceding wakefulness 
(6). Although many other studies (7) 
have yielded supportive evidence for the 
theory, the prediction that daytime exer- 
cise would increase SWS has produced 
equivocal results (8). Possible reasons 

Slow-wave sleep 

I Awake Stage Stage Stage Stage REM 
1 2 3 4 sleep 

Control 1 2 3 4 

Nights after extended marathon 

Fig. 1. Total sleep time (mean 2 standard 
error of the mean) and mean number of min- 
utes spent in each sleep stage on control 
nights, after the 92-km marathon, and on 
three subsequent nights. 
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for these conflicting findings include the 
variable fitness of the subjects tested (9 ) ,  
the time during the day at  which the 
exercise is performed (lo), and the abso- 
lute amount of exercise (11). The abso- 
lute amount of exercise is relevant since 
it is the increase in energy expenditure 
during exercise over and above basal 
metabolism that would be expected to 
influence the amount of SWS. To  evalu- 
ate the theory that SWS is a recovery 
process and to resolve the question of 
the effect of exercise on sleep, an experi- 
ment was carried out in which the sleep 
patterns of six subjects were studied 
after a 92-km marathon. We thought that 
this extreme event would highlight the 
effect of a large increase in energy ex- 
penditure on sleep. 

All subjects (age, 18 to 26 years; mean 
age, 21.7 years) slept for two nonconsec- 
utive nights (with two intervening nights) 
in the sleep laboratory 2 weeks before 
the marathon. The first of these was to 
allow for the "first-night effect" (12) and 
was not recorded. The second of these 
was used as a prerace baseline level. 
Sleep patterns were recorded on the 
night of the marathon (night 1) and for 
the subsequent three nights (nights 2 to 
4); they were recorded again 2 weeks 
after the marathon as a postrace control. 
Of the six recorded nights, the only day 
on which any specific exercise had been 
performed was that of the extended mar- 
athon (13). None of the subjects were 
taking medication, and they did not drink 
alcohol or coffee on the days of the 
study. Sleep recordings were made in the 
standard manner and were scored blind 
by two trained scorers according to stan- 
dard criteria (14). All six subjects had 
previously completed several standard 
marathons over the preceding year, and 

three had in previous years completed 
this extended marathon. Five of the six 
subjects were tested for treadmill maxi- 
mum aerobic power (Vo, m',?) and degree 
of fitness 3 weeks before the marathon. 
Lactic acid turn point (15) was over 70 
percent of vo, m,,r. for all but one of these 
subjects, indicating a high state of fit- 
ness. The range of vo, for these five 
subjects was 3.56 to 4.07 liters 
(55.8 ? 2.2 ml per kilogram of body 
weight per minute, mean ? standard er- 
ror of the mean). The marathon started 
at 0600, and the subjects required be- 
tween 8'/2 and 10% hours to  complete the 
92 km (average speed, 10.7 to 8.6 kml 
hour). Body mass of the runners de- 
creased (despite considerable fluid in- 
take during the marathon) from 70.2 ? 

2.6 to 68.1 ? 2.7 kg [intrasubject com- 
parisons, t (5) = 4.20, P < .01], and rec- 
tal temperature increased from 
37.6" ? 0.15" to 39.1" ? 0.16"C [ t  
(5) = 13.33, P < .001]. 

Environmental wet- and dry-bulb tem- 
perature ranges during the race were 
10.2" to 19.2"C and 10.4" to 26.2"C, re- 
spectively, and wind velocity ranged 
from 0.2 to 3.5 mlsec. 

The analysis of the sleep records 
showed no significant differences be- 
tween the 2-week pre- and 2-week post- 
marathon nights; therefore, the mean of 
these two recordings is used as the base- 
line sleep values. The baseline values 
were similar to  those obtained in norma- 
tive studies of males of similar age (16). 

Total sleep time increased significant- 
ly over control times on each of the four 
nights after the marathon [F(4, 20) 
=21 .3 ,  P <  ,051 (Fig. 1). Wakeful- 
ness was greatest on the night of the 
marathon, perhaps because of muscle 
and blister pains; this result could ex- 
plain why the longest sleep period occurs 
on the second night after the marathon. 
Subjective sleep ratings for the seven 
laboratory nights showed that four of the 
six subjects reported having slept best on 
the night 2. 

stage 4 

W Stage 3 

PI 1 

-- 

Control Night 1 N ~ g h t  2 Nlght 3 Nlght 4 

Nights after extended marathon 

Fig. 2. Slow-wave sleep as a percentage of the 
total night's sleep on control nights, the night 
after the 92-km marathon, and on three subse- 
quent nights. 
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The percentage of SWS increased on 
both nights 1 and 2 (Fig. 2) [F(4, 20) 
= 44.0, P < .001]. This is predominately 
due to a marked increase in stage 4 (the 
deepest stage) on night 1 but is more 
equally divided between stages 3 and 4 
on night 2 (Fig. 2). Significant increases 
were shown for both stages 3 and 4 
individually on night 2, but only for stage 
4 on night 1. When expressed as  a per- 
centage of total sleep time, neither SWS 
nor stages 3 or 4 individually was signifi- 
cantly raised on nights 3 and 4. 

The increase in SWS on nights 1 and 2 
(Fig. 1) is more remarkable because of 
the extended sleep period and is accom- 
panied by a decrease in rapid eye move- 
ment (REM) sleep particularly. A rela- 
tive decrease in stage 2 sleep occurred 
on nights 1 to  3. Sleep onset latency 
(timed from lights out to first appearance 
of stage 2) was significantly shorter on 
night 1 [Friedman two-way analysis of 
variance, x,2(4) = 1 1.7, P < .05]; stage 4 
(but not stage 3) onset was also signifi- 
cantly shortened on night 1 [x,.?4) = 
12.1, P < .05]. There were no changes in 
sleep onset latency on any of the subse- 
quent nights. 

We conclude that in a group of highly 
fit subjects SWS increases after an ex- 
treme metabolic load. This increase ap- 
pears to have components of both time 
and intensity. Intensity factors are sug- 
gested by the dominance of stage 4 sleep 
and the decrease of stage 4 onset latency 
on night 1 but a surge of stage 3 on night 
2. Temporal aspects are shown by the 
significantly raised percentages and ab- 
solute amounts of SWS on nights 1 and 2 
and the decline over the next 2 days. 
The possibility that recovery after severe 
exercise in the form of SWS does not 
occur completely on the first night was 
suggested to  us by a pilot study on a 
single subject in whom the typical de- 
cline in SWS throughout the night to  
very low levels toward the end of the 
sleep period did not occur; that is, the 
last third of the night after a heavy 
exercise load still had a high percentage 
of SWS. We have shown a relationship 
between a measured amount of exercise 
and SWS (11). Most studies in which fit 
subjects have been tested show an in- 
crease in SWS after exercise ( 9 ) ,  but this 
is not the case with unfit subjects (10). It 
may be that an inadequate exercise 
load was used with unfit subjects, or the 
strain caused by an adequate load may 
have disrupted sleep as  it did to some 
extent on postmarathon night 1 of this 
study. Increased metabolism has been 
shown to be related to an increase in 
SWS under a variety of circumstances 
(17). 

The quantitative increase in total sleep 
time and particularly in SWS and the 
qualitative shift toward more stage 4 
sleep immediately after metabolic stress 
support the theory that sleep (particular- 
ly SWS) is a recovery period for daily 
activity. This conclusion does not imply 
that restoration is an exclusive function 
of sleep, and several hypotheses of the 
function of REM sleep are still tenable 
(3, 18). 
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Retroactive Interference in Discrimination Learning 

Abstract. In stage I of this experiment pigeons were trained to  discriminate 
between two levels of noise or two colors by pecking on one of two disks. In stage 2 
the discriminative stimuli were not presented, hut pecking on the disks was rewarded 
on a random schedule. The second procedure caused the pigeons to forget the 
discrimination they had learned. 

Events that affect an organism after it 
has learned something new may cause it 
to forget what it learned. This retroactive 
interference (RI) has been _studied in 
many experiments with human subjects. 
In most of these, the event considered 
the possible cause of forgetting is a sec- 
ond learning experience. The usual ex- 
perimental procedure involves two 
groups of subjects and three treatment 
phases. During phase 1 the two groups 
are trained identically, for example, to  
recite a list of words or nonsense sylla- 
bles. During phase 2 the control group 
rests while the experimental group learns 
a second task, and during phase 3 both 

groups are tested for retention of what 
they learned in phase 1. 

Numerous experiments on RI have 
also been done with animal subjects. 
Most of the more recent ones have been 
concerned with the effects of events that 
intervene between the presentation of a 
single stimulus and the opportunity to 
make a learned response to  that stimulus 
(the delayed matching-to-sample para- 
digm) (1). Such experiments differ from 
the work with humans in two important 
ways. (i) They deal with short-term rath- 
er than long-term memory, and (ii) the 
postlearning event examined as  a possi- 
ble cause of forgetting is usually a simple 
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