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20, (continued)

- T72% on the next day. The oxder of the two sxperimental conditions, which
iy i B, were separsted by two weeks, was counterbalanced. Polyhyprographic

- recordings were carried out during the 7-min "in bed" periods, and psycho-
motor testing (one and two-handed vesction time tasks) was conducted in
the middle of the 13-min wake period@.

In agreement with cur praviaus studiwﬁ, there wers small snd nonsignif-

_ dcant differences between the smounts of sleep in each condition. Subjects
- slpt 51% of the time in the attempting sleep condition and 45% of the tine
v -the ' resisting sleep condition. The structure of sleepiness also

agres with our previous results., There were two sleepiness peaks: a

midsftexnoon peak, and a major nocturnal peak, and two "forbidden'* zones

for sleep at approrimately 11¢0h, and between 1900 and 2100b. The yesults.
~ of the sleep data are described in grest detail im Appendix 1.

Significan» cixcadian offects were found for the two components of the
psychomotor performance: reaction time end movement time.: The difficulty
Ievel of rhe task only siguificantly affected movement ;iﬁe. in both
experimental conditions. The experimental conditfion (gttempting vs. xesist-
ing sleep) had & zignificant effect on the speed of reaction time wnd on the
stabllity of wovement time, Fox all levels of tasks® difficulty, performance
was poorer in the the yesisving sleep condition. There was no interaction
howevmr between the level of difficulty and the circadisn variations.

&.

% In spite of the great 2imiiarity between the clrcadian variations in
sleepiness and the circadian varistions in performance, corrxelating these
two variubles for 12h biocks revealed randcw and nonsignificant correlations.
This negates a causal relationship bhetween the smount of sleepiness and
performance, and suggests that both are modulated by a common underlying
circadian cscillator et das )
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i. Introaduction
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1.1 Fast and 810w4U1tradian Rhythms

Spontaneous fluctuations in vigilance levels have been
the subject of intensive experimental effort. HMHost studies
have agreed that there are at least two types of fluctuarions
in vigilance: civcadian rhythms in the order of 24h, and
ultradian rhythma in the order of 1.%h and 4-0UGh. Btudies
conducted in our laboratory in recent years have investigated
ultradian rhythms in vigilance and their interaction with the
slower ultradian rhythms.

Lavie and Scherson (1981) postulated that ultradgian
rhythwmas, if present, should be reflected in subjects’ ability
to fall asleep at different times during the day. ihey
tnstructed subljects to close their eyes aind to {fall asleep

o

duwring $ min periods of darkness at 20 min intervals for 12

hours. Sleep and wakefulness were defined

electroencephalographically. Significant 1| 1/2h ultradian i(
rhythms 1 sleep stage 1 were evident. Ae one might expect,

ability to fall rasleep was also modulated by the ciicadian

i
oty

rhythmicity, with increased wake time toward the evening

%%

how s, and increased sleepiness around midafternoon.

»
Consequently, the 1.5h ultradiaen variations in alertness v
h"‘
K
. - HEN |
levels wer e much more promineat dur ing the morning. -
X
Ihe rhiythmic occurrence of naps during the day was also

& -
observed in patiente suifering from pathologic somnolence. o
. o
. )"
In a recent study, Volk et al. (1984) i1nvestigated the ‘-
"0
i
=
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temporal satructure of the diurnal sleep attacks in

narcoleptic patients. These patients cauffer {vom

ﬁ uncontroellable naps during the day, sometimes in combination
with an inability to control their muscles.. For somes
narcoleptics, napping occurrod cyclically, with a periodicity

! of about 1 1/2h.

tavie and Zomer (1983) inveatigated the relationship

j beltween daytime rhythms in the ability to fali aslieep and the

{; ;i*; ‘ slieep REM-NOMREM cycles. They awakened subjects from either
:". f1: REM or NUNREHM periods and instructed them, as in the study by

Lavie and Scherson (1981) to attempt to fall asleep during 5-
min periods of darkness at 1%5-min intervals for 8 hours.

' Similar experiments were also carried out without prior sleep

between 1600 and 2400. The resultas of this study showed that

the wltradian variations in the ability to fall asleep during
the day show twe different ultradian components: A 1.%5h
ultradian component which was found only in the morning
experiments and appeared to be synchronized, albeit weakly,

‘ with the REM-NUNREIM cycle,. and a second morning component of
abbout 3 1/2h.  There were no slgn?&icant ultradian componentg
duw-ing the after%noon—evening e oy imente.,

Evidence for the existence of a second ultradian
component in sleepiness that is slower than 1 1/2h was
prouvided by other studieas as well. In the second part of the
ctudy by Lavie and Scherson {(1981) mentioned previously, the
vrifuects of sleep deprivation on the ability of subjects to

¢ tall asleep at different times of the day was investigated.

Under these conditions, the 1 172k wltradian rhythmicity wea

|
|
N
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modi fied toward a much slower rhythmicity of about 3 1/2-4h,
These appeared synchronized acroess subjects. 1t should be
mentioned that the subjects *n the study by Lavie and Zomer
(198%) were alao partielly sieep-deprived because of the
early REM and NONREM awakenings which could account for the
slow ultredian component detected in tha% study. Two studies
that investigated fleep-wake cycles under the conditions of
prolonged continuous bedirest also provided evidence for the
existence of alow wltradian cyclicity {n alertness (Nakagava,
1980y Campbell, 1984). In both studies a sleep-wake cycle of
about 3-4h was evident although itu statistical reliability
had not been determined.

Gertz and Lavie (1983) investigated the possible
existence of ultradian rhythma in electroencephaliographic
alertnerss in yet a different way. lhey recorded S5-min
electroencephalographic activity from 11 subliecte at 10-min
intervals for 7 1/2h, under baseline and bilofesdback
condi tions, In the latter conditions subiects attempted to
eithor raise or lower the frequency of their EEG with the aid
of biofeedbaci:. Rath in the baseline and in the feedback
conditions there were ultradian irhythms nf 7.2 ¢/d-14.4 c/d
{corresponding to periodicitries of about 100 min/sevele) in
the mean frequency of the EEG and in the integrated amplitude
of the EEG. The biotfeedback taask had l1ittle effect upon the
ultradiau rhhythms with reaspect to baseline.

Ukawa, Matouselk and Feterson (1984) investigated the
vococuwrrence ot spontaneous fluctuations in vigilance, measw ed

by continuous electr ographic recordings in subiects whio were

-

T



encouraged tn continue thelr normal daytime activities.

Their regsulits showed that vigilance fluctuations ocourred
cyclically with periodicities within the wide range of &0 to
110 min. The authors indicated, however, that the
fluctuations were more rapid and nronouced during the first
halfd of the day and there was evidence_fur even longer
periodicities in the data. As reported by othera; the
ultradian rhythme were unstable when within-subjects
comparisong were made betwaen experiments conducked several
weelks apart. Tivery concluded that the daytime ultradian
rhythms may be explailined by the simultaneous occurrence of
several freguencies.

Hanseaw and Iroughton (19684) also investigated the
occurrence of ultradian rhytms in electroencephalographic
activity of awake individuals dwing the habitual waking day.
lhey vecorded frontal and parietal EEGs every 19 min for a
duration of 100 sec from elght adults for- 8 hows. Spectral
analysis showad the presence of significant 16 «/d
(corresponding to periodicities of 72 to 100 min/cycle)
rhythms {n the total power of the EEG, of esach hemiephere.
The ultradian rh;thms in electrocortical activity were
synchronized betveen the two hemispheres. For individual EEQ
bandwidths, only the {rontal theta shoewed a marked, though
not statistically significant, ultradian rhythem at the
expected 16 o/d freguency. In agreement with other studies,
a substantial number of epectral peaks were at the slowoer

; frequency of B c/d, corresponding to periodicities center ed

at. . a Ah/cycle.
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1.2 Gatea of Sleep

The accumul ated findings, coming from studies employing
widely different methodelogical approaches, indicate that
there are shorti-term rhythmic variations in the level of
alertness during the habitual waking day. Although

admi ttedly these cycles are unstable, having large intra- and
intégr-aubject variability, at certain portions of the
habitual waking day they appear remarkably pirominent.

é Furthermore, these special phases which 1 suggest to call
"gateg", have im&ortant roles in the 24-h regulation of
alertneas and may have an affect on performance as well. ihis
necessitates a revision of the prevailing views regarding the
structure of the diurmal vigilance levels.

It has generally been agreed in the literature that in
subjects living under normal sleep-wake schedules, cycles of
arousal , synchronized with the cyecles in body temperature,
reach a peak during the second half of the day, and a nadir
during the second hal+ of t“e night. fy more complen: function
is emet qiing l’r'orn:(:n..lr data. Figure 1| deplabts a schematic
representation of the 24h variations in the probability of a
vwake-sleep transition (F (W-> &) ). the reason for
representing the sleepipness rhythmng as a g obability dunction
ta that 1t provides a guantitative measir e of sleepinese
whiich is concveptually easy to under stand and practically
convenient to easuee, Evidentally, the changes in

sleepiness across the 24 are comprised of both cir cadian

'A“‘t&\x\}.\;\'\i \(‘-‘“r S “-l{h"ﬁﬁ.ul'} .\.‘H"‘; "a.,‘.'r N,
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and ultradian components.

The ultradian rhythmicity which is superimposed on slow

e

circadian trends reflects the periodic activation of sleep
i inducing mechanisms. Sleepiness 'gates" occur more X
frequently during the first half of the day, with periodicity
ciose to the sleep REM-NREM cycles, than during the second
half¥, when they are less fregquent and less pronounced. The
two most distinctive sleepiness gates are the midafternon and
the noctuwnal gates, which are about 8h apart (at about 1600
— 2400h) . It should also be noted that ultradian rhythms in

sleepiness are superimposed on the nocturnal crest of

sleepiness as well.
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1.5 Effects on performance

lhe concept of a sleepiness gate ies rather new: it
implins that there are abrupt physiological changes in the
readiness to sleep, rather than an exponential increase in
sleepiness assuned by homeostatic sleep theories (Daan et
al., 1984) 1The assumption that the noctwrnal sleep gate is

switched on as "an all or none”" phenomenon raises the
important question of how these gates affect bhuman
pertormance. Do the clircadian rhytihms in performance, which
were ertensively documented in recent years follow the cow se
af changes in alertnesss 1s the noctuwrnal sleep gate
coinciding with a cosparable "per{formance gate"? or perhaps
the assocliation of alertness with performance is an indirect
one, via a third under lying circadian facto . It is possible
that while slecpliness 13 gated as an "all or oone”
phenomenon, per for mance is modulated as a continuously
clianaing var itablo. Another question 1s the behavioral
consequences of the midafter noon secondar y gate ot sleep.

A

Can we find a conparable dip in per tor mance, Ihe literatw e
about midday variations in per formance 18 far {r om being
deoialve, A post - lunch dip ton per tor mance was originally
tepor ted by Hlale (19/1) but others repor Led that the

decr ease in per tormance ia taste dependent, and in some taaks

Lhere ds a midatter noon ymprovement of performance (Falkard,
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the purpoar nf the present study was to lnvestigabte the
I6h structure of sleepiness and ite relationship with
peychomator performance after 28h period of sleep
depr ivation. lThe structure of gleepinesa was investigated
under the conditions of instructing subjects to attempt to

fall asleep, and then to attempt to v ist sleep.

2. Melthod and Deasign

2.1 Subjects -~ Eight subjects aged 19 to 25 ‘mean age = 22.4
+1.76) participated in this study. A1l were healthy and did
noet have any sieep related complaints. Subjects had two
adaptation nights to the laboratory and then participated in
two 36h periods of uvltrasiort sleep—wake schedule, after 28h

nf sieep deprivation.

2.2 Experimental paradigm - In each of the euperimental

per tods aubjectﬁfcmme to the laboratory at 2300 after having
a normal day without naps. They spent the night awake in the
labor atory under supervision until 1100, At 1100 a schedule
ot elther 7-min sleep atteapt in bed, I3 min awahe outside
the bedroom, or 7 min resisting sieep attempt in bed, 13 nin
avake outaide the bedroom, was begun and maintained for 3&4h
antil Q300 the next day. The order of the two experimental

conditione, which were separated by two weehks from esach
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pthier, wam counterbalanced scross the sight subjects. Ag in

+
*

ouw previous superinents {(Lavie and Scherson, 1981: Lavie and

<«

lomer, 19833 Lavie; in preass) polyhypnographic 2cordings

viere performed during the 7-min "sleep and resisting sleep"

- T G

attempts, and psycho-motor testing was carried out during the
13-min scheduled awake times outside the bedrocom (sec later).

Light manacks and soft drinks were provided every 2 hoursg

throughout the experimencal period.

E W N

2.3 Performance Feasurements —  Although we planned to test

owr gubjects on a two-dimensional tracking task, because of
various technical difficulties we decided to use the
computer—-controlled, one-handed and two-handed reactiocn time
task. In this task, after a "no" eignal, subjerct=

simul taneously initiate either one-~handed or two-handed
movements to targets of disparate or equal difficulty and

uistancy, Figure 2 {llustraltes the esperimental apparatus.

=

°
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>
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Faigure dr Schemalic representation of the oxper amenbal

apparatus.,
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It conuimated of a plexiglase base (76 cm long, 16 cm wide and
2 om thici) , mounted on a standard table, Two contact
switches, centered 0.5 cm apart served as the home keys., The
fouwr targets were pomitioned along the longitudinal center
line of the basey two large targeta (7 cm in diameter) at a
distance of 22 cm from the home keys, and two small targets
(3.5 cm in diameter}) at a diastance ot 4 cw from the home
keya. A single target was used in the one-handed conditions,
and two targets were used in the two-handed conditions. A
red light emitting diode served as the warning signal, and
similar diodes mounted above the targets served as the "go
signal and designated the targets. Stimuli presentation and
data collection vere controlled by a FDF 11734 minicomputer.,
the subject 's task was to wove his index finger from the
home keys to the target as fast, and as accurately, as
possilile, after receiving the "g&" signal above the
appropriate target. The “"go" signals were given | sec after
the warning signal. Five combinations were presented in each
20 min sessiont 1) right hand "rnear" target, 2) right hand
"far" target, 3)"two~handed "near" targets, 4) tvo-handed
"far" targets, and B) right hand "far" combined with left
hand "near” targets. Each of the combinations was presented
5 timeas with an average intertrial interval of 5 sec. The
ordur of presentaetioneg was randowmirzed and two practice
triale, which were not included in the fiual analysis, were
pvearnted at the beginning of each session. 4 the aubject

migaed the target, that trial was ercliuded and another trial
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wags prerented by the computenr.

-4

(n each trial, both reaction timee (the btime from the
"ya® sigeial to the relwase of the home keya, and acvement

timea (the time from the release of the homwe keys until

— G WK

reaching the targnis) were reglatered by the compuber.

From the triale of easch combination, mean reaction time
and mean movement time were cosmputed.  Since there wers two
one—handed conditions and 3 two-handed conditions, there were
8 separate means for each geesslon. For the purpose of the
present presentation, the results were grouped into three
levels of difficulty. 1) the mean of all the single-handed
responses, 2 the mean of all the symetric two-handed
responses, and 3) the mean of the asymetric two-handed
response.

The reasons for selecting the coordinated reaction time
tagk are as follows: 1) ouw previous studies demonstrated
that the performance of this teaek {follows the couwse of the
varifations in sleepineas, 2) by wsing puth single handed and
symmetric and asymmetric.two~handed responges, it enables
manipulating the level of difticulty of the task and to
eramine the inLep'ﬂactiun of task difficulty with sleepiness,
3) dividing the responses into reaction time and movemerst
time, which represent different psychological precesses allow
the eramination of the diftferential efiects of sigepiness un

these types of pwocesses,
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3. Resulte

Sl Amounts of aleosp

i4

E Six Ss completed the entire experimental protocol. 1lwo
S, one in the resisting sleep condition and one in the
atteanpting slerp condition, terminated the experiment after

' 18 hrs (at O50U) because Of extreme fatigua. thedr data until

; the breaking point wer-e included. Table 1 presents the mean

; Lﬂ213“1= Fean sleep stages per trial (Un mins).

i

ATTEMNFTING SLEER

3I-4 REM  total

! 1.07 1.3 0.02 0.01 92.44

= 1.10 1,50 0,00 0,00 3,00
: ] 157 2,06 Q.16 G300 X689
; A F.7% 0 2.87 0.3 0,02 L3R
! E Q.90 2,10 0,21 0,07 3,29
b 0.91 2.469 0,10 0,08 .80
7 1.0 X.09 0.15% 0.12 4.40
8 .88 1,45 0,11 0,09 2,54

e e s e s M o0 Mt S S L oty e w494 Ao WA S

[ R Q.09 E.46
Q.07 0,0

1,08 2,19
0. &4

ineary
=1¢} 0,20

Ve c———— e~ e e
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percentages of sleep stages 1, 2, 3~-4 ang REWM for each of the
sub jects for the two experimznial conditicona. Ha in our
previous experiments there were only marginal and

nonsignificant differences in the ampunts of aslieep between

the "sleep" and "resisting sleep"” conditions. Subjects slept
Ul.47% of the total time aliocated for sleep in the "sleep”
condition, as compared to 48% of the total time in the

"resisting sleep” condition. Four subjects had more sleep in

: the "sleep" ceondition, while 4 subjects had more sleep in the

; "resisting sleep" condition. For more information on the

f structure of sleepiness see Appendix 1.

é

%

!

' 3.2 Ferformance

!

|

i

; J.2.1 Effects of Level of Difficulty

!

i Table 2 presents the mean reaction times and mean
movement times sepsrately for each uf the eight different

! responses, and for the three levele of difficulty (aingle-

4
handed responses’, symmetric two-handed rewvponses and

asymmetric two-handed responges) grouped together.

N repeated meaaures ANOVA (subjects » level of difficulty
blocks) was pertormed to determing {4 the level of
d.fficulty had a significant effect on per formance. For the

purpose of this AHUVA, trials were grouped into & blocks, of

L

& hows each, or of 18 trials,
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Table 21 Mean reaction times (RT) and movement times M),
itn mmec, for the three levels of difficulty for the 6
blocks of trials.

hor SRR

Resisting sleep

EXS .

Rlock single-handed symm. two-handed aaymm. two—-handed
RT MT RT. MT RT MT

1 A442.7 163.4 4%6.0 184.3 44bH.6 219.%

2 467.2 175.5 463.0 212.2 474.3 243.6

3 8552.3 283%.4 8951.4 2276.2 563.9 307.2

4 553.1 224.3 540.5 268.9 - 655,86 309.2

S5 H520.2 208.9 S085.6 245.6 S5922.9 2086.3

6 494.3F 20%9.8 494.9 259.2 507.6 293.0

Attempting sleep

RT MT RT M1 R1 MT

i 4%51.2 164.1 443.9 194.0 461.4 2Z3b.7

2 452.9 175.6 441.4 208.0 462.2 2856.4

3 535.9  225.7 926.7 273,59 534.1 312.7

¢ 4 527.7 213.3 H522.9 26%.8 S29.0  304.9
5 488.2 198.% T 430.% 251.2 496.8 298.9

6 458.6 19%.4 447.9 229.8 463.5 287.9
Reaction time - Tor bolh attempting sleep ard resisting

sleep conditions, the AHOVA revealed significant main effects
ot subjects and blocks ( for both, p < ,0001), but there was
netther a significant effect of difficulty level, nor a
significant interaction of difficulty level x RBlocks. Fig. X
and 4 present the mean reactinn times for each of the &

blocks for the two enperimental conditions.
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REACTION TIME
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Fra. 4: Plean reaction times for each ot the & Llocks ten the
; three levels of difticalty (1 - single banded,

symnett 1o two-handed) = asymmetric two handed) fon
the attempting =) eepn condition.,
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The circadian effect s very clear. Fost hoc Duncan's
i miltiple range tests organized the & blocks in the resiating
; sleep condition into 4 groups: Group 1 inclvded the first
; block, Broup 2 —~ the second block, group 3 - the fifth and
the sixth blocks and Group 4 — the third and the fowth
blocks. l
The organization of groups in the attempting sleep condition

was alightly ditferent. OGroup i included the first, second

and siuth blocks, Group 2 — {4ifth block, and group 3 -~ the

——— e

third and fouwith blocks., Thus, unlike the resisting sleep
condition in which subjects level of perfoarmance during the
fast &6 howrs was significantly lower than during the first {2

hours, the last 6 hours level of performance in the

TR e w— ——— G- % -

attempting sleep condition was not significantly different
from the level of the first 12 hows., This indicates a
stronger circadian effect in the attempting sieep condition,

or a lesser sleep deprivation effect.

Hovement time — Unlike the nonsignificant effect of the level

af difficully on reaction time there was a aignificant efifect

e et e o —r e e .

of difficulty le&el on movement time, in both experimental
condittiona., In addition, there were significant main effects
of sublects and blocks (for all p < .ou0l). Fost hoo
Duncan s tests revealed signifticant diftferences betuween eacl
pair of difiiculty levels, for bolh experimental cunditions.
MHovement times of the two-handed asymoebrico responses were

signiticantly lohwer than the two-banded symmeiric @ esponses

and the single-handed responses. The two-handed symmetr tco

N
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respImBes were significantly longer than the single-handed

<!

respunses. Figs 5 oand 6 display the movement time data.

MOVEMENT TIME
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These Figures clearly demonstrate the lack of interaction
between level of difficulty and blocks. The second and third
levels of difficulty caused a constant increase in movement
time above the single-handed performance level, which
remained the same across the entire 36-h experimental period.
The & blocks were organized by the Duncan’'s tests in a
similar way to the slocks organization for the reaction time
data in the resisting sleep condition. Group 1 included the
firat and second blocks, group 2 - fifth and sixth and group

Z - the thirvd and fourth blocks.

.53 Interaction between experimentel condition and

per tormance

Since the level of difficalty had a significant ef fect
on moverent time, the possible eftect of the erperimental
condition (Mresisling” vs. "attempting” sleep condition) was

assesseaed for each JTevel of dit{icultbty, ageparately.

Keaction Time - 0 repeated measures ANOVA (subjects o block
sleep condi bion) ’t evealed significant main eifects of
Hubrierctls, BHlocks and bBaperimental condition, for each one of
the three lTevela  of difficulty., In each level ) reaisting
sleep per formance vas worse than attemnpting sleop

per formance. The signiticance Yevels aerer o po0 .07 (o 1 he
aingle handed esponacag o L0uY dor the aymmets 1o b -

handod 1 evsponasesy; and poo L0d far the mited responisers

(lablie

N L e
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Movement Time — None of the corresponding AHOVAs for movement

time ylelded significant F ratios. Thus, although there were

¥
3
E no significant differences between the amount of total sleep
| 3
t obtained in each of the experimental conditione, instructing

sub jects to resist sleep resulted in poorer reaction times,

but did not affect movement times.

3.4 Ferformance stability

Visual observatiocn of the data revealed that in spite
of the lack of significant differences between movement times
in the two experimental conditions, there was a large
difference in the stabllity of performance. This was
confirmed by statistical analysis. ANOVAs performed on the
standard deviations (calculated over all 18 trials in each
block) revealed significant bLetween-conditions differences
only for the movement time data. For two of the tihnvee
difficulty levels, the standard deviations in the resisting
sleep condition were signiflcantly larger than in the
attempting aleep'cundition. the signiticance levels were
p < .03 for the single-handed responses, and p < .0Ud +or the
aymmetric two-handed (esponses, Therefore, although there
were no aigniflicant between-condations differences for
movement time, per formance in the resisting sleep condition
Wag mignificantly less ntable than in the attempting sleep

condition.
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5 3.5 "Sates" of Sleep and "BGates" of Fertormance
¥

To determineg the possibie effects of the sieep gates on

performance levela, we correlated the timing of the noctwrnal

% “"wieep ga?e" with the timing of the "switchover" in
pertormance from below to above the JI6~h mean.
"sleep gate” was defined in the following wayt The first
resisting or atteapting sleep trial after 1900 with at least
507 sleep which was followed by at least O out of & trials
meeting the same criterion. A "switchover" in performance was
| defined as the first trial ir which performance changed ¥rom
E below to above the 36-h mean followed by at least B out of 10

trials in the same direction. Since only 6 8s completed bolh
condi tions, to increase the number of subjecis, the data of 4
Ss who participated in a similar experiment from 0700 until
0700 the next day, were also included.

Fig.7 prescnts the scatter diagram for the sleep gates
and the performance swi*chover for the two exper imental
conditinons, for ‘he movement time and for the reaction time
data. It can be clearly seen from the figures that there was

: a strong linear relalronship between the two events,
Subjects with delayed sleep gates, also had delayed
switchovera in poerformance. The Fearson product moment
coryelatiaons between the timings of the sleep gate and the
switchovers in porformance were all bhighly significant (at

least n - Jul),
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Fig. 7: Scatter diagrams for the sleep gate and the pevformance switch-over
times for the Attempting Sleep [s3) and Resisting Sleep {(RG) conditions,
for Movement Time (MT) and Reaction Time (RT) data.
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4. Discusaion

The design of the present study reguived subjects to
repaetitively perform a pesychomotor tasi for an extended
period of time, after & 24-h period of sleep deprivation,
while obtaining only partial amounte of siesep. In spite of
the accumuiated sleep lows, performance did not progressively
deteriorate but instead showed a marked circadian
modul ation. The appearance of the circadian modulation wes
evident in both experimental conditions of attempting sleep
and resisting sleep, and in both agpects of per{urmance,
reaction time snd movement time.

Reaction time and movement time reflect two different
cogni tive processes. Reaction time, the time elapsing from
the warring signal until releasing the home keys, reflects
seiective attention processes. 1t was assumed to be
independent of tael difficulty level (kKelwo, 197F).
Movement—- time, the time from releasing the home keys until
hitting the taroets, reflects the retrieval and sxecution of
specli fic motor programs necémnary to perform the specific
movement. Movement time most prebably involve short term
memory processes, and was shown to be affected by task
difficulty.

The assumption that reaction Lime and movement time are
differertially linked to variables related to tsek difficulty
i cleariy supported by the present results. Analysis of
variance revealed that movement time was significantly

aftfected by task oy 'Hiculty. The times to execute the two-

.
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handed asymmetric responses were significantly longer than
the execution times of the single-handed responses and the
symmetric two-handed responses. Also, the erxecution times of
the symmetric two handed responses were longer than that of
the single-handed responses. In contramt, tashk difficulty
level had no discernible effect on reaction time.

Based on previous results of the effects of cleep
deprivation and circadian rhythmicity on performance, an
interaction between task difficulty and circadian effects was
expected. Johnson(1982) predicted that a difficult tasi,
which involved memsry-related processes, would sufier more

from aleep deprivation than simpler taska. The present data

?: i do not support this assumption. There was no signifirant

ﬂ; interaction between htask difficulty ancg how of testing.

‘} This was clearly evident from Fig., § and &. The variations in
'; movement time in each level of difficulty paralleied each

}  octher with ro evidence for a larger modulation of the most

} difficalt tashk in comparison with the most simple task., Thus,

it appeared that at least with respect to psychomotor tasks
which involve & retrieval of preprogrammed motor schemes, the

widely held view that simple Lauks sufier less from sleep

deprivation than difficult tasics should be reconsidered.

; The ciose similarity between the the variations in total
#leep and the varlationz in perforsmance suggested a causal
relationship petween the two variables. lhis was also
supported by the tendency toward an overall significant
positive correlations hetween totel sleep and performance.

However , the suggeation that the aimilarity betwesn the
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amounta of total slesp and performance Indicates a direct
dependence of performance én sleep should be rejected.
Removing the circedian effect by calculating the aleep--’
performance correlations for 12-h periodes, yielded few
signiflicant correletions, mastlyv¥ur the L12~-h night period
(23-1100¢). Thie lezads to the conclusion that at least during
the day perlod'thera waw no relationship between sleep
propensity end performance, which was independent of the
circadian ef zctas. [t suggéﬁta, instead, that bolth the
amount of sleep and the level of performance have thelr own
independent osciliatore, which are synchronized by the nare
circadian zwvitgebere. The persistent correlation during the
night period might reflect & common linear trend of
increagring amounts of sleep and progressively deteriorating
performance.

The suggestion that ths circadian cycles in
performance are incenendent of the <iracdisn cycle in
sloepiness was also made by Wevar (1982). He showed that
under light-dark conditions thae clrcuadian rhythms o sleep-
wake and performance could be separsted from each other.

The Lesrporsel correlation between the sleep goate andg the
pertormance gate was rather remarkable. Both performance
components, reaction time and movemaent Ltime switched from
beluw to above the mean in close prodimity to the {ndividual
sleep gate. This aynchronicliity may be explalned in several
ways., First, it could sungeest a mawking efiect of the s!leep
gate on pecrformance. That fe, ol though Yhare was no overall

correlation between the circadian roybbs {n sieeplneess and

®
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that in parformance, there was an immediate eftfect of opening
the sleep gate on performance. The fact, hovever, that in
some cases the switchover in performance actually preceded
the sleoep gate, makes this explanation unlikely. 8Second, it
is possible that both circadian cycles obeyed the mame
enviornmental zeitgebers (time givers), such as changes in
light-dark cycie, feeding times, etc. This euplanation can
also be reijected. Although the enviornmental conditions were
comnnn to all subisects, 2ach had higs own preferred sleep gate
which was stable over a two week period. 1f indeed the
changes in slegpiness and performance were induced
rogenously, then a more uniform timing was expected. Thusg,
wer remain with the third possibility that both variables were
entrained to the same undeviying factor, which say be called
a citcadian vriwyvthm in arousability. It should be emphasited.
once moere that the postulated underlying circadian cycle in
arousabii bity should not be equated with thecivecadian cycle in
sleepiness seaswed 1o the present study. The latter can be

as a cyole of sleep propensity reflecting the

probability of making a wake Lo sieep transition (see Flg. 1
)

in Ietroduction).

the tack of a signidicant correlation betvwesn the amount
o @mseep atd performance during the first 12-hr indicates
that the secondary mid-atterncon slecp gate does not have any
bethravior &l conmegueaences. 1Tt also precludes the possibility
that the nadir a1 sleepiness ocourring just before the sloep
gabte vas assoctated with sy dopirovemont Ao perfor mance.

fhis dissnciation betwesn the strivtive of sleepinesse and

- > 4
.
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performance during the first 12 hr indicates that although
both variables were entrained by the same underlying
circadian factor, the control mechanism of sleepiness is much
more complex than that of performance. Thus, in conditions
of sustained operation under a prolonged sleep deprivation
condition, unltesa subjects actually fall asleep duwing the
midafternoon period, no decrement in perceptual -motor
per-tormance should be anticipated.

The emerging differences between the effects of the two
esiperimental conditions of attempting to fall asleep and
attempting to resist sleep on performance are interesting and
important. Although subjects obtained exactly the same
amounts of sleep in the tuo experimental conditions, the
specific instructions had differential effects on
performance. Subjects performed significantly worse under thei
resisting sleep condition. Reaction times were significantly
slower and movements time were significantly less stablie.
These results indicate two things. First, al though
unsuccessfully so, subjects indeed invested an effort in
order to remain awalbkes; second, the invested effort came on
the account of pér{wrmnnae level. thus, under the same sleep
deprivation conditions operators attitude toward steep t.e.,
avoiding sleep as much as possible, o getting some sleop
whenever poasceible, miaoht have a protound eftect on the
operator proficiency level.

finother peoint of intereast is the differential eftects of
the exper tmental conditions on the two behavioral components

which comprised the total reeponse. While attempling to

|
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resist sleep actually decreased the level of reaction time
performance, it only affected the stability of movement time.
This fact and the fact that only movement time was affected
by the task difficulty level support the previocus assumption
that each relys on different cognitive processes which are
Qifferenttally affected by subjects attempt to resist sleep.
s previously mentioned, reaction time reflects processess
involving selective attention wvhile movement time involves
short term memory and activation of preprogrammed motots
schemes, 1t is possible that when resisting asleep subjects
consciously, o unconciously, searched for subjective sleep

sensations and sleep related signs which could enable them to

fi ; “}. anticipate impeding sleep. This constant search for sleep
indicators was particularly intensive when subjects were in
bhed attempting to resist sleep. Most probably, however thiﬁ
searching activity continued outside the bedroom during the
13-min waking periods. Thus, it can be suggested that the

3 allocation of attention to gsearch for sleen signs intertferes
b with other attention demanding tasks. Since movement time did

not. depend on attention level 1t was not atfected.

The destabilization of movement time by the attempta to
- reasist sleep can be enplained in the followiong way. Unce the
home keys were released the speed of the movement was

dependent upon two factora: first, retrieving the apecific

motor scheme from menaory storages, and sccond, 1ts propor
activation., Both types of operationa are automatic and are

telatively independent of attention level. thus, the

3 I N TS . Tiadmer,

instability 111 movement time can be seen as occasional
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failurs either to retrieve the specific motor scheme or a
jailure to activate it. Such a failure could ocewr, for
instance, {f a "sleep sign" was detected concomitantly with
the motor scheme activation. This suggestion is further
supported by the fact that the mest significant effect wasa
not found for the most difficuli response level of the
asymmetric response combination, but for the easier single-

handed and the two-handed symmetric responsee.

e
~ LS
SR

. . ) O .\‘»:-\ OO m\:- » .\.“‘\ e J'.‘.‘ ‘t..\“ N et
SR L VPR VR S e TR N AT PR PR LRI e N

B L D T A




33

5. Appendix 1e “"OATES" AND "FORBIDDEN ZOMES" FOR SLEEF

5.1 Introduction

Insight inco the laws that govern the timing of sleep
and waking has been mostly obtained in environments free of
time cues. lsolating humans from al1 geophysical =zeitgebers
releases the endogenous sleep-wake cycle from its periodic
environmental constrainte. In such conditions sleep and
vwaking continue to replace each other periodically with
peried lengths longer than 24 s (for an extensive review
see Wever 1%979). In most of these studies, naps, or short
sleep episodes other Yhan the major nocturnal sleop
episodes, were either not allowed, or were eliminated from
the data before final analysis. Implicitly at* least, the f
vaking phase of the 24 h slieep—- wake cycle has been
considered to be homogenous with respect to the level of
arousability,.

This hiighly idealized_assumption wgs refuted, however,
in studies investigating daytime alertness tevels using
continuous recording techniques, or fast sampling rates,
These provided evidence that the level of alertress du ing
the waking portion of the 24 h sleep-wake cycle varies in A
cyclic manmer wilth periodicities centered at aboubt 1.9 h
(briphke 1%72% Lavie 1979y lLavie and Schor non, 1561y Uer bt
and Lavie, Y83 Lavie and Zomer 1984 Mansean and Beougitton,
15891 . Such a daytiow cyclicity was previously hypothesiood

by BEleitman (1%63) te be a part of ao onguing 99 b oyotiioi ty
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(ihe Basic Rest-Activity Cycle hypothesis). 1In addition to
the evidence for the eristence of 1.5-h cyclic variations in
alertness, there ig a convincing evidence of a midafternoon
dip in alertness which is unrelated to lunch time and
represents an endogenous diurnal nadiv in alertness (VWebb and
Agnew 19773 Carskadon and Dement 19793 Lavie and Scherson
1981). Broughton (1975) suggested that this hypoarcusal

period might be a part of a 12-h cycle.

In recent years we have utilized an ultrashort sleep-
wake schedule to trace the course of the daytime variations
in zleepiness (Lavie and Scherson 19813 Lavie and Zomer
1983). These studies confirmed the exristence of 1.%-h
uwitradian rhythms in sleepability and indicated that the
cycle has more than a single frequency. Furthermore, sleep

deprivation appeared to modify {he diurnal structure of i

slerpiness toward slower frequencies.

In the present series of thre: experimenta an

B o B o R

ulirashort sleep-wabke paradigm was employed to study the

struclture of silevepiness during the entire 24-h period, and to

- T IR

study the eftfects of sleep deprivation on this structure. 1In

addit.ion, *he effects of contrasting esperimental demandng

. T,

instructing subjects to attempt to fall asleop and
instructing subjects to atteapt to rewist sleep, vwere
investigated. iThe reason for investigating sieepiness undor
both experimental conditlions was to determive it the tempor al
slructiv e of the ability to +all asleep is different from the
temporal structure of the ability to resist sleep. 0 simileas

sbruccwr ¢ would support the itnterpretation that the 24 h
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varjations 1n sleepineas are regulated by an active
modulation of underlying hyprogenic structuires. On the other
hand, different temporal structures would weaken this
interpretation and would suggest instead the possible
influence of factors related to subjects acquired sleep wake-
habits. The present paper describes the basic strructure of
sleepability and wakeability under these exuperimental

conditions in three different esperiments.

5.2 EXFERUFENTAL FROCEDURE - METHOD & DESIGN

S5.2.1 Experiment |

Six healthy young adults, aged 22 to 26 yrs old, with no
complaints about sleep, were paid to participate. Each spént:
a night. in the sleep laboraltory from 2300 to 0700 for
habituation. Dw ing that night electrodes wer e taped in
place, bubt no recordings were performed. During the
experimental periods, sub_iéutss came to the laboratory at
180, af ter havit‘)g A hormal day without naps. lhey were
fitted with electrodes to record EEG, EUG, and ENG. it 1900,
they began a schedule of 7-min sleep, L3-min awake, {24
hreo BEvery 20 min they were tnstructed to lie in bed 1o a
dar Lened sound attenuated bed oom, and attenpt to tall asleep
(Mttempting sleep condi tion — 05) . Electr ophyvstiolongi cal
Proordiaga ver e carrded onl o duwding the 7 omin sleeop atteowpts

to determine Lthe sleep stagea. At the end of each /7 min

E. .~
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trial, whether asleep or awake, subjects were requested to
leave the bedroom. At the middle of the 1%-min scheduled wake

periods, they were tested on one-handed and two-handed

coordinated reaction time tasks. Resultas of the behavioral
testing will be reported in a separate publication.
approximately equal aize meals of light snacks and soft

drinks were available every two hours throughout the 24-h

experimental regimen.

The second part of the experiment which investigated

the temporal astructure of subjects ability to resist sleep

was conducted about 2 weeks

o s

(Resisting sleep condition - RYY,
tater. As in the firat part, subjects came to the laboratory
at 1800, were fitted with electrodes, and at 1500 began an
ultradian schedule of 7-min awake in bed with eyes closed,
13-min awake outside the bedroom, for 24 hra. The specific
instructiona to the subjecta were to lie in bhed ylbth eyes

closed, and try and resist asleep for 7-min

Electrophysiological recordings were performed during the 7-

min Kb trials as before. Here, also, at the end of the 7-min

trials, whether asleep or awabe, subjects vuer e Laken oulside

thee bedh oom and were testeod on the same taslbs.

the ordoer of experiments was counterbalanced acr ous

dsubiecta,. o motivale subjects to cunform te the experimental

demanda, extra monestary bovumes were paid to the best 2

pertorming sabgects in each condi tion.,
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5.2 2 Experiment 2

The second experiment investigated the effects of

sleep deprivation on the 24-h structure of the ability to

fall asleep and on the ability to resiat sleep. Eight healthy

male subiects, aged 23 to 26 yra, were paid to participate.

Hone had any comnplaints related to sleep and all had
guperienced sleep deprivation previously. Each spent a

habitual night as in Experiment 1. Duing the experimental

periods subjects came to the laboratory at 2500, after having

a normal day without naps. They spent the night in the

o caat caid S5 R

laboratory, awake, under close supervision of an

experimenter, At 0700, they began a 7-min sleep, 13-min wake

b
b
E schedule, as in Experiment 1, for 24 fws until Q700 the next
& day. lwo weels atter the first part, they completed the
£
4 second par L of RS condition. The order of experimental
i
T ; conditions was countorr - balanced across subjects.,
..- 4
N - Y
S :
Lo ?
o . ooy Buper tment X
;\h ot t ,
\‘: : The pu pose of Exper iment 2 was to determine if
Y
8 < :
_3 ! extending the sleep deprivation period by 4 hre, uanvil oo,
e and extending the wltrashort sleep- wabe poeriod by 12 hes,
g
‘i' .
e, voudd affect Lhe tesporal atructure of & ertness. Fight
{
< subjects aged 20 Lo D06 yrs were paid to participate. None had
' Ay complaints retated to steep and all bad enxperienced sloep
- deprivation previously. Each spent a habitoual niaht as o
- ‘ trperiment= 1 and 2, and btwo expoerimental periods, o dog Lhe
- k
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sperimental neeiods mubje;ts camne to the laboratory at 2300
a’ter having a normal day without raps. They spent the night
in the laboratory awake under the close supervision of an

mperimenter. At 1100 they began a 7-min sieep, 13-min ewake
schedule as in Experiments 1 and 2, for 36 hre until 2300 on
the next day. Two weeks afier the first part they completed

the sccond part of the RS cvondition., The order of

puperimental conditions was zounterbalanced across subjects.

5.2.4 Data analysis

]
As 1n owr previous studies (Lavie and Scherscn 19815
l.avie and Zomer 1964), each of the 7-min trials was scored
! for slewep stages §, 2y 3-4 and REM, according to
Rechtschaffen and Kales (1948).
! 6.5 Kesults
[
' D.l.s Sleep slages
L]
lables 1~111 pmresent the mean amounts of aleep stages 1,
2y 21 and Ralt per trial 4or sach subfect in the tuwo parts of
the tiv ee expoeriments. There were no significant differences
between the RS and NS conditions tor any ol the stages.
o thermur e, in experiments 2 and 3 ahich involved sloep

deprivation, total sreep was slightly bitgher in bhe RS than

in the NS condibion, 4,010 ve A7 wmin in experiment Wy, and

& PURERER L LA TR AT B CAURL R SR A WY mml\hmwmwim I




3.9 ve J.46 min in emperiment 3. Benerally, in all three

erpariments total slieep was mostly comprised of sleep stage !

and sleep stays 2. The amount of stage 1| was remarikably

stable across the three expvwimenéﬂ ard the two euperimental
]

conditions, overall mean was 1.0 4.3 min. I contrast, there

was a large between-subjects variability in the frequency and

amounts of sleep stages 3-4 and REM. Each of these stages

accounted for less than a ~ean of 15 gec per trial.

g

e could be exnected there were significant group

f differences 1n the amount of total sleen. In both conditions,

-nss.&,\k»ﬂ. S

wore slewp was obtained in experiments 2 and 3 which involved
sleep deprivation, than in Experiment 1 which began at 1900

4 after a normal day. The higheat amount of sleep vwes obtained

in Exneriment 2 in v RS condition (mean = . + &5 min)d .
i Experi t 2 40 tt R ondit ( 24,01 + &9 mind

The same qroup slept a mean of 3.7 + .47 min per trial in the

) NS cundition. The least amount of sleep was obtain=d by
suizjects of group 1, .02 + .98 min in the R8 condition, and

3.6 4+ Lol omin in the AY condition.

AFAFAOAEPy
PR

fmalysia  of variance confliroed the existence of
: significance between-group differences in the amount of total
sleep. Since each of the enperimoents was conducted for a
different length of time, and dw ing a different civ cadian
phame, the ARNUOYA was performed for the time period 1ioo to
1900, which was coumon to all groups. 6n analysis of variance
N | tor a 5o 2oy 9 omived desigo with two vepeated measures was
conputed fu Ytolal sleep pe how Goeoy the mean of total
o sloep in thres consecubive trials). the tactor s weore

exper Jmoental group, exper aeental condition and howr g
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siperimerntal condition (A8 or RS) and howr of day beiny
repeated measured. There wére gignificant maln effects of
hour (F=2.83, df=7,2; pL.007) and group (F=8,6%; df=21,3
PL.007), and a significant interaction of groupxhour (Fe2,22;
dfe14 .3 pLl.007),. vhe significant interaction is explained by
the fact that at 1109 the three experimental groups were
sleep deprived to different degirrees, and therefore showed

ditferent time-related trenda in sleepineas.

U.3.2 Temporal structwe of sleepiness

In gpite of the significant differences in the amount of
total sleep, the three groups had a remarlkably similar
temporal structuwe of sleepiness,. Fig 1-7 present the mean
sleep histograms for the A and for the RS conditions, for
the three esperiments. In each, there was a major nocturnal

slecp eplsode consisting of 0 to 2% consecutive trials with
a sleeop latency (to the first 20 sec of sleep stage 2) of no
more than (.89 min, and a secondary amidafternoon slsgepiness
prak albl around 1600, 'ihesé were evident in both erperimental
conditions. In duperiments 2 and %, there wes a nadir in
sleepiness at around 2000 to 2000, under both 68 and RS
conditions., Subjects of group 2, who began the ultrashort

sleep-wake schoedule at Q700 after 24-h of sleep deprivation,

showed initially elevabted angunts of asloop.
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‘? fable 1 tiean sleep stages per trial (An ming) for the
ﬁ ‘ subjects in Euperiment 1 investigated from 1700 to 1500
5 i without prior sleep deprivation.
5 ATTEMFTING BLEEF
4 Ss 1 2z X-4 REM total
¥ ‘ 1 0.98 9.77 0.0t 0.02 1.79
7 2 V.57 1,82 0013 0,00 2,22
g 3 1.30 1.86 J2.00 0,08 X295
ki 4 0.689 3,13 0.20 0.07 4.3
£ 5 1.37 3.09 0,13 0,094 4,61
E: & .37 1.90 .08 ¢©,00 X,37
i mean 1.07  2.05 0.09 0.03 .26
i sd V.31 052 0.07 0,03 (.11
B
K HESISTING SLERF
] 1 .78 1.15 0.00 0,00 §1.93
i w2 Oobb  1.60 019 0,00 2,46
l 3 .97 2.92 0.0X% D17 4,10
1 4 ©0.8%  2.78 0,37 0.21 4.2%
G 01 2,13 .00 Q.o X014
-] & 0.82 0 1.99 0.09 0.01 0 2,22
y, et o e
T — _omeran n. 11 U O
‘iv wsd L1840 010 (L!. LA
s
W ' ‘
N :
o 3
3 ’
.r
J
f.“
£
N}
A
I
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Table Il: Hean sleep stages per trial (in mins) for the

subiects in Experiment 2 {investigated from 0200 to 0700 after

one night of sleep deprivation,

ATTEMFTING SLEEF
Se 1 2 3-4 REM total

.72 2.23 0.4% 0,00 %,45
f.04 J,04 Q.38 000 4,054
i.20 2.82 0.23 Q.19 4,18
0.7% 2,68 0,19 0,03 T.&9
0.6%9 3.54 0,07 o0.01 4,32
2,00 2,70 0.0H 0,00 4,58
1.1 3F.12 0.11 0,06 4.7
Q.77 1.90 0,00 0,08 2,70

P i e B S

e et savh o4e Yoios Wty (06 W14 e Meat Tk dpeen BeMd M M 6 SMAY $hbes Beath e Bhose e Ak it A e bt ke

M 1.04 2.72 019 0,06 4,01
=d Q.45 0,81 0,17 0,06 0,69

REBISTING SLEEF

1 0,968 2,43 0,38 0.0 3,890 ’
& f.20 2.4% 0,04 0,04 EF,7H
X 193 2,64 0,20 0,08 4,46
4 O.78  2.53% 0,07 Go00 337
O 0.82 Q.16 0014 0,02 Z16
& o.RG .28 000 0.1F% 4,28

7 LA8 2,688 Q.05 O,00 0 ER
8 1.68 1.69 0O.t11 0,07 3,04

mea l U'l " 4':3 €0.12 “N L0
sd Q.40 AL 0012 .04 0,47

(SRS
w
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lable 11lzx Mean sleep stages per trial (in mins) for the

subjects in Experiment I investigated from 1100 to 2300 after

28 howa of sleep deprivation,

ATTEMETING SLEER

G 1 2 3-8 REM total

1 1.07  1.33% ¢.02 0.01 2.449

= 110 §.90 0,00 Q.00 3,00
] 1.37 22,06 0,16 0,50 F.4w
A 1,39 2.87 0,03 Q.02 4,33
! 0.90 22,10 Q.2 GL. 07 Z.29
& D.9L 2,69 0.0 0.08  3.80
v L0l B0 0018 0012 4,40

g G.B8  1.45 0.11 0,09 2.54

Me an l UE} 2. 1“? O.1e 000 K446
ad .20 Q.64 G.07 Q.09 0,76

RES1STING SLEEF

1 O.67 136 0.CB 0,09 2.71

o 143 2,97 0,26 0,00 3,50

4 1,03 1,83 0,02 0.10 .29

4 155 2,37 0,05 0,00 3,97

e OL9E B.T7Z 0 0.18 0,10 5,09

b O.B5  1.47 0,00 0,03 9.3

7 1,35 2,65 0,00 0.16 4.1%

£) V.76 F.20° 0.3 0.76  4.85
My CtL100 202w o010 ool alua
e LY O, 64 .11 0.11 0. 90
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H REM periods appeared in all experimental conditions. In
some subjeﬁts its appearance resembled the peiriodic REM-
NOMREM cycle in uintervrupted sleep periods. The dynamics of
REM sleep in the ultrashort sleep cycle schedule will be

described in a separate publication.

5.3.3 'Gates’ and 'Forbidden Zones’' {for sleep

Al though the average sleep histograms (Figs. 1, 2 and 3)
gtvé‘the impression ﬁf a gradual increase in the amount of
nocturnal sleep, examination of the individual histograms
revealed that the onset of the nocturnal sleep period was

abrapt, almost an "all or none’ phenomenon.

These are exemplifisd in Figs. 4 and % which present
individual histograms of a representative subject. As can be
seen, the onset of the nocturnal sleep period was abrupt and
occurred at approdimately the same time in the two

experimental conditions.

To investigate the stability of the timing of the onset
of the nocturnal sleep episode, a sleep gate waszs defined in
the following wayr the first trial after 19200 containing at
least 507 sleep of any stage, which was followed by at least
3 out of & consecutive triales meeting Lhe same criterion.
Except for & subjects, one In experiment 1 and one in

experiment I, both in the RS condition, a distinct sleep gate

was ldentified in this way for each ot the reat oi the 42
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sperimental petriods. Examples of clearly defined nocturinal
sleep gates are demonstrated in Figs 4 and 5, which present
individual histograms. The timing of the gates was remarkably
stable. Filg. & displays the relationship between the timing
of the onset of the noctuirnal sleep period in the AS and in
the RS conditions, in the three experiments; these varied

from 2100 to 0400 and from 2100 to 0430, regspecti -ely. The

mean onset times (+8d) for the AB and KS conditions were 0016
4+ 2h 135 min and 0056 + 2h 30 min, respectively, in experiment
1y 2330 + 1h 50 min and 2358 + 2 min in experiment 2, and
2312 + 1h 36 min and 2306 + th 36 min in experiment I. The
differences between the mean onset times in each of the three
experiments were not statistically significant. Twelve
subjects showed an earlier gate in the A8 than in the RS
condition, 7 subjects showed the reverse, and 2 subjects
showed no difference. The overall mean diftference (27.6 miﬂ)
between the timing of the sleep gates in the two conditions
only bordered on statistical significance (t=1.443, dif= 19}
pPi.1).

The FPearson product mément correlation coefficient
between the onsel, times of the sleep gates {n the two
conditions was O, 72 (t=4.53%;, df= 15y p<.01). Since there
were no differences between the distribations of onaet tines
in the tivee esperiments,; the correlation was calecuvlated from

the pooled data.
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The fact that there was a within-subject stability of
the timing of the nocturnal sleep gate made it possible to
eramine the Z4-h structure cf sleepineass adjusted to the
individual aleep gate. To de so, rach of the sleep histograms
was phasze-adiusted to the sleep gate, and then averagmd
acroas all subjects in each euperiment. This was done
separately for the two experimental conditions (Fig. 7--9).
The adiusted histograms emphaaize& some trends in the data
vhich were just noticeable in the unadjusted data. First,
adjusting to the sleep gate greatly emphasired the abruptness
aof the nocturnal sleep gate, and the nadir in sleepiness
immediately preceding the gate., From trials 13 to 7 before
the gate,. or from 4 to 2 hows before the gate, subjeocts vere
unabrle to fall asieep when instructed Lo do so and could
easily resist sleep when instructed to avord slesp. 4 second
sleepiness nadir, occcurving 29 hows after the firsht one, wvas
evident ir group 3, investigated for 36 hrs.

In experiments 2 and 5 which began at Q700 and 1100, the
gate adjustment'ﬂmphaﬁized the secondary mid-at ter fioon
sleepiness peaks occuwrring 7 hows + 40 min oefore Lthe major
noctuwrnal sleep gate. The mid-aftervoon pealk 1o group 1, and
the mid-afternoon peak during the second day in group %, vere
less clear olthouah in both experiments thereo was at that
Lime a tendency tor indreased sleepiness, particala 1y in the
RS condition,

the mean histoarams adjusted to the sleep gate ingicate

O L G N e T A o Y N A N N X
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that the mid-afterncon peaks were more pronounced in the RS
than in the AS condition. A vepeated messwres ANOVA (2 » 3 «
9) was performed to determine if thisg difference was
reliable. The ANOVA was performed on the total amounts of
sleep during the following time intervals: fvrom trial 30 to
trial 13 before the nocturnal sieep gate, in groups 2 and 3,
and from trial 42 to trial 59 after the gate in group 1.
These inltervals correspond to the clock time peviod of §300
to i800 which contained the midafternooun peak. A3 expected
the ﬁNUVh revealed a significant interaction between sleep

condition and howr of testing (F=3,67; di=2,3; pc.0d).

5.4 DISCUSSION
Utilizing an wlitrashort sleep-wale schedule has yielded
detaiicd description of the 24-h structure of sleepincss.

Al though the overall general pattern is similar to the

sleepiness pattern obtained by a much less frequent sampling
proceduere (Richardson et al. 1582), it contradicts the
previous results by demonstrating that the onset ot the
noctur nal asleep ;‘,ic-"ri od is abrupt, and not a gradual process
az suggestoed by Richardson et al. 1n fact, this ig the firat
time Lthat it was shown that the timing of the onset of the
nocturnal sleep period in subjects exposed Lo the graphysicatl
zritgebers 1 a stavle individual char acteristic, occurring
azm an “all or none’ phenomenon. Irrespectively of aub jecta”
tnstructions to esist sleep o to atveopl to fall asleep, o

of the lenath of the sleep deprivation period, cach sub iect
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had his own sleep gate occuwrring within the wide range of

2100 to 0400 h. Over a two week period, the sleep aate for

the game subjiect coccurred at approximately the same time,

suggesting that it is a dominant feature of the entrained

slwep-wake cycle. This standa in contrast to Richardson s et

al conclusion that the nocturnal sieep tendency is a

continuously varying smooth function. However, since they

sampled sleep tendency every 2 hours,; they could not possibly

detect the abrupt change in sleep tendency, as seen in the

present < udy.
The present results also stand in contrast to the view

that sleep time is leas predictable than the time of waking

up Winfree 1982). tThis assumption was based on the fact that

the decision when to Qo to slesp is more a matter of perrsonal

decision than wake-up time, Social obligations, studying for
a next morning exam, or a fascination with a boor may
override the inclination to sleep. Sleep duration or walke-up

time, on the obiber hand, was shown to be more closely related

to the circadian phase of core body tenper atwe (Creisler et

4

al. 1280, and therefore considered Lo be aore o edictable.

!
The present results clen ly show that for each individual

there 1o a specific sleep gate from whaach time aon a sleoep-

walke trensition can be easily made.

The finding that the gating of pnoctiweoal sleep L@ o
stable individual chiarvacteristic also agrees with {the
eoperience gained in o clintecal sleep labor atorica. T 18 not
vnecommon for aome 1nsomntac patientas to Tind 1t oy
diiticuollt 1o tall sasleep 1 they pass their poefer ed '
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bedtime. CGthera, on the nther hand, who suffer from the
phase-del ay syndrome (Czeisler et al. 1981) are unable.tc
fall asleep before they reach their preferred bedbtime Iin the
early morning houws=s.

Just before the sleep gate, in both euperimental
conditions, subjiects showed a pronowced decrease in sleep
propensity. that is, at that time, subjects were unable to
fall asleep when instructed tro do so, and could easily avoid
sleep when requested to remain awake. The pre-gate sleepiness
nadir was clearly evident in experiments 2 and 3 in spite of
the promressive sleep deprivation. This was particularly
impressive in euperiment 3 in which there was & sscond
sleepiness nadir 24 hrs after the first one, in spite of the
accumal ation of Z8-hr of total sleep depr'ivé\tion plus J0-h of
partial sleep deprivation under the uvltrashort sleep-wahke
schedule. Theme observations lead to the conclusion that duat
before the sleep gate there ia a "{forbidden zone for sleep.
that is, at that time thore 19 a decreased Likelihood for
malbing a walbe-sloeep transition.

he conclusion that ’..‘he time period just tefore the
sleep gale is in&eud a ‘“forbidden zone’ for sleep, ig
suppor ted by a different observation from ow tabw atar y. In
a patienl suwffer ing from a hypernychtencr-al day (a sleep wvale
cycle Tonger than 24 hrs) whinse sleep-vabe cvole has heen
followed for more than 4 consececive year s, ther e wan a
bimodel distyibotion o sleep onset Lisos peal ing ot 400
L0000 and at around 1700, Juast before the onset of the

nocturnal sleep gate, there was a pronounced nadir in the

el



frequency of sleep mnsatm_(at 2100-2300) . This patient
started a sleep period at 2300 only & times in 4 yeare, while
he started a sleep period 99 times an houwr later, at midnight
(paper submitted to press). Thus, it can be conzluded that
Jjust betore the nocturnal sleep gate, preceding 1t by 2-4
houwrs, there is a ‘forbidden zone’ for sleep, during which
sleep propensity reachea a nadir.,

The structure of sleepiness observed in this study poses
some difficulties to the theories attempting to model sleep-
wake behavior according to homeoaiatic principles. 1l & most
recent theory (Daan et al. 1984) suggested a model which
combined homeostatic principles and a single circadian
oscillator. They assumed that a sleep promolting substance 8
is builbt-up dwing active waling and decrrases during sleep.
Sleep oncsat ia btriggered when 8 approaches an upper threshold
and waking occuras when § reaches a lower threshold. These
thresholds are muggested to be controlled by a single
civeadian oscillator. It ie difficult to reconcile the
structure of sleecpiness duwring the second half of the day as
revealed 1o the present study with a lincar, or an even
expontentioal accumnl ation of a aslecp promobing factor .
frogressive accumud ation of such a substance would predict a
paratlel inog ease in slevepiness untbil the slecp threshold
level in reached. BOth the abruptness of the nocitw nal sleep
gate and the exdstonce nf a “forbidden sone for alteep juast
betore the gate are dncompatible with such an asourplt ion.
Nithough the Daan et al. s model allowus for sho ber sleep -

wal ¢ Cycles under conoitions which ar o eleep inducing i
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therefore reduce the threshold for slesp, neither eleep
deprivation, nor the specitfic experimental demands of AS and
RS affected the basic structure of sleepiness. The stability
of the sleepiness structure under all experimental conditions
implicate a clock lit 2 rather than a homeostatic type of
regulating mechanism.  The close)similarity between the
temporal structuwre of sleepiness underr the A8 and RS
conditions supports the interpretation that the variations in
sleepiness are actively generated by a modulation of
hypnogenic structuwres. Fossibly an ultradian ouscillator
interacting with a circadian mechanism might be involved in
this regulation, although the possibility of two coupled
circadian oscillators cannot be excluded at this time.
Aotually, based on a two-oscillators model Horrnauer and
Strogatrs demonatrated the existence of "forbidden zones'" for
sleep 1n dalta of firee running subjects (Fersonnal
commiicalion).

It is 1nlereating to note in this context that stuwdies
inveastigating the 24 In structure of the propensity to walbe-
up from sieep by a progressive displacement of sleeap,

P evealed a dlff(’l,(,’ll( pattern (Alerstedt and Gillberg 1981) .
The wabe-up propen=sity was lowest between 1100 and 15900 and
monotonically ina eascd from 1900 until vloo, Subiective
rating of sleepineas upon awabdng ftom slieep tended Lo follow
thim pattern. The disc epancy between bhe Wd-h palber ns of
slecp prapensity and walbe o ap propensity sappor La Vhe
conclustion that sleepn unset and wal e onset ar o gowver ned alonn

didter ent pranciples (Winlee 1500, .
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Frevious studies linked varliations in arpumal to the
24 h temperabure cycle ((Crelsler et al. 17805 Zulley and
Schulz 1980) . Bince temperature measurements were not taken
in the present superimentz, nelther the ‘forbiddes cone’ nor
the ‘sleep gate’ couwld be correlated with variations in core
tamnperature. bBut the accumulated literatuwre on the 24h course
of body temperature preclude a aimple or direct slecpiness-
temperatuwre relationship. Feople who are nelther extreme
mor nning, nor extreme evening types, like all ow subjects, as
determined by a two-week slees log, general'ly reach thelr
pealt body tesperatuwre during late afternocon. this time of

deduced temperature peak coincided witih the initial portion

of the down trend of =leepiness in the present studies. The

P

nadiv in slieep propensity was delayed by to I hows with

>
=

respect to the deduced temperatuwre peak, while the sleoep gate
warn delayed by about & to 8 howra. Thus, two diametrically
opposite gotes occwr along the descending slope of the
temperature cwrvie, separated from each other by only 2 to 4
hours, this makes the pmsgibility that under lying changes in
tie phase of the temperature curve are responasiible cor the
opposing gates dﬁlihely.

Another intoresting finding emerging from the present

studies ia the lack of significant differonces betues: the

am*mts uf toltal sleep i the NS and in the RS conditions.
Ihia {ncicates that wihen put in a slecp-inducing enviecommnt
subjects cannotl resist slecp, par ticularl, when sleep
depmprived., this conclusion is not arvw. In 1960, Uswald shimieed

that monotorat stimulation would tnduce sleen in n s
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This conclusion is not new. In 1960 Uswald showed that
monctonic astimulation would indure sleep in normal volunteors
even 1f the monotonic stimuli wefe painful electric shocks.
Hartee et al. (19682) reported that differencen betusen the
results of the multiples sleep latency test and a comparable
prdtocol of maltiple slecp avolding test (which is a
comparable paradigm o the RS condition but with a sampliing
rate of once every 2 hirs) {0 normal subjects, disappeaar aftes
one night of sleep loss.

There is no imnmediate explanation why the midafternoon
sleepiness peak was more pronounced in the RS condition.
Fossibly dynamic inter action between the underlying
variations in sleepiness and the specitic expearimental
demands vesulled in somewhat different time related trends of

slneplnesa,

G0 Summary
Thwree erperiments which utilired an wltrashort sieep-
vaking cycle were conducted toe investigate the 24-h structwe
|
of sleepinesa aiter one night of sieep deprivation under two
euperimental conditiona: itnstructing subjects to altespt te

fall asleep or instructing subjects to attempt (o resist

sleep. $ix suhijects varticipated in erperiment 3. At 17200

they started a 10 min walkting — O min st-ep attempt, o 25 min
vialting — Domin resisting slenpn, wntil 1900 on the nent day.

»

tighl subjects were tested 1 a simdlas way 10 enper iment

which started at wv/oo aftter a night of aleep depr ivatvon and
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lasted for 24 hia., Eight subjects vere similariy tested in
guperinent 3 which started at 1100 after a night of sleep

deprivation and lasted for 26 bre until 2300 an the next day.

The results showed that iv spite of the significance
betwean groups differences in total slesp, Lhe temporal
structure of sleepiness was very similar in the thyree
experiments. In each there was & bimodal ~Alstritation of
elpepiness: a major noctuwrnal sleepioess crest ang a
secondary aidatternoon sieeplineay oesit. Thess were separated
by a ‘ferbidden zone’ for sleep centered at around 20002200,
The onset of the nocturnal sleep period (the sleep gate) was
found to be e dismcrete event peecurring as an ‘all or none’
phenomnenen. lts timing wes stable over a twuo weelk period, and
independent of the specific experimental desands. there were

.y 278

no ¢igri ricant differences betwaeen the AS anag RS conditions
with respect Lo total sleep time or any of Lhe sleep stages.
These resalts, which denonstrate structuwrasd variations

in elecpiness across the nychibhemeron are discusaed in light

of the recent modeling of sleep alony homeostatic principles
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Fig.l:

Fig.2:

Fig.o:

Fig.4:

Fig.5Se
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S.6 Figure Captions

flean sleep histograms for the N8 and RS conditions
of experiment 1 (N=&). Legonds of sleep ztageae are

given in the top of the Figur=.

Mean sleep hilstvograme $or the AS and RS conditions

of experiment 2 (N=8). iegends of sleep stages as in

top of Fig. 1

itean sleep histograms for the A8 and RS conditions

aof experiment 3 (N=8), Legends of sleep stages as in

top of Fig. 1.

A Sleep histogram of a vepresentative aubject from
euperiment I in the S condition demonestrating the-
occwrrence of the sieep gate (3). Note the rhythmic
occuwrrence of REM periods. Legends aof sleep stages

as in top of Fig. 1.

N BSleep histogram of a representative subject from
experiment 2 in the RS condition demonsirvating the
ocourrence of the sleep gate (G). Legends of sleep

sltages az in top of ¥Fig. 1.

Soatter diageram of the timings of the slesp gate {n

the RY ano GE conditions.
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Fig. 71 finte adjusted sleep himtograms for the RS and 0

conditions of szperiment 1. Legends of sleep stagoes

as in Fig. 1

Fig.B: Batc adjusted sleep histograms for the R and AS
conditions of supecriment 2. Legends of slesp stages

as in Fig. 1

Fig.Ye Gate adjusted sleep histograms for the RS and 0%
conditions ' of experiment 3. Legends of slesp stagoes

as in Fig. 1
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