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SLEEP LOSS AND ITS EFFECTS ON PERFORMANCE

Paul Naitoh, Fh.D.

Abstract

The effects of sleep loss on human task performance were discussed under total, partial,
and selective deprivations of sleep. Some of the frequently used psychological tasks in studies
of iLotal sleep loss were described in sufficient detail so that experimenters could choose, on
the basis of materials presented in this monograph, adequate tasks to fit their experimental

objectives. Factors which played critical roles in determining the degree of task sensitivity

to total sleep loss were listed. Effects of shortened hours of sleep on humen task performance
vere discussed. Effects nf selected sleep deprivation on performance were alsu briefly commented
upon. The commentary of this monograph covered almost all studies conducted on sleep loss under
laboratory conditions, including a series of on-going experiments on total and selective sleep
deprivations at the Havy Medical Neuropsychiatric Research Unit, San Diego, California 92152.

The cummentary was followed by a bibliography on sleep deprivativn with author and subject
indices.




FOREWORD

The first version of this monograph was prepared as a paper presented at the Ninth Navy Human Factors
Institute, the U.S. Navy Postgraduate School, Monterey, California, in 1967. Since then, the first version
has been expanded on the basis of three separately prepared papers: "Electroencephalographic changes after
prolonged sleep loss," a paper read at the Western EEG Society meeting in 1968; "Prolonged sleep deprivation
and performence," presented at the Annual Conference of the American Psychological Association in 1968; and
"Role of sleep research in human factors,” a paper given at the Annual Conference on Engineering in Biology
and Medicine in 1968.

The author would like to thank Dr. Laverne C. Johnson for his critical and thorough reading of the

entire manuscript. The bibliographic assistance was received in part from the UCLA Brain Information

Service which is part of the Neurological Information Network of NINDB and is supported under Contract No.

DHEW PH-43-66-59.
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I. INTRODUCTION

Upon occasions, man will be forced to maintain his vigilance and skill for 48 hours or more with a total

abgence, or with reduced amounts, of sleep. The ressons for remaining sleepless by choice are many and varied.

Family, or military, emergencies and heavy work-loade necesparily imvolved in the early phases of meny field
missions, such as space flight and underwater living, are but a few of the many reasons. Despite sleep deprivations
of varying severity, a man would be expected to perfarm his task efficiently and flawlessly (1, 213, 258, 298).

Surely, a man could stay awake and function for a certain period of time by living on "his adrenalin.”
However, what would be the cost of euch sleep loss on work efficiency and human reli->*"'¢,7 What vould be the
general behavioral consequence of prolonged wakefulnese?

So far, only seven men have remained awake far more than 200 hours, and their experiences have been weli-
documented. These seven men are: Peter Tripp (200 howrs sleep loes, studied by West and Williams a&nd their
asaociates), Randy Gardner (268 hours sleep loas, examined by Dement and Johnson), and a group of four subjects;
Dave Grophear, Harvey Hall, Rob Smith and Jay Lampert (20§ hours sleep loes, observed by Kollar and his culleagues).
The psychological observations of these subjects showed a common occurrence of visual and, to much less extent,
auditary illusions. Visual misperceptions, such as & moving door frame and swirling steas from the flour, were
experienced by some of these seven men and by many other sleej~deprived subjects at one time or another (100, 107,
196, 198, 18). In reparting these visual and auditory illusions, sleep~deprived subjects expreased some doubt
generally as to the reality of their perceptual experiences, and they would report sceing an unusus! shismering
object in the air with calm smusement. In other instances, however, the slcep-deprived subjects experfenced viswsl
and auditory perceptions of sn fllusary nsture which succeeded in convincing the sleepy subjects, at least for a
while, of being resl and of being threatening as well. For example, in this author's experience, 8 subject
suddenly stopped performing his tracking task in the middle of & task sessfon. Upon ismediate questioning, the
subject revesled that he had heard distinctly a voice instructing him to “stop perforring and rest,” slthough ne
such instruction hed been given. An episoce of threstening viewal hallucination vas kducrtbcd by Msndu snd his
associates (242). One of the four subjecte, who had bLeen sleepless for 168 houre, arrlv'd at the peychophystolagical
test room as scheduled. After & minute or 90 of tracking & spot of 1ight shown on a cethode ray oscilloscope, the
subject watchad us the oacilicacope transformed fteelf greduslly (nto Mmpty-Duspty, snd, simsitaneously, a gorilla
sppesred in & carner of the roca. The gorills moved down and werged with Mspty-Dumpty to fars & blended picture
of both, The fars then steried to move thresteningly toward the swbject. The threat which this visusl hallucis
ation coused was stem bebiviorslly in the subifect's pantched flight and In his physiolagicel renction. During the
axpericace of viswsl Malluciastion, his heart rate Juaped fres fte wewal 90 to 100 beate per aiswte to 160 bestse
pum-.ummn_mmmmm(fw-n-mmnqdm 148 houre) sustanined
amplitude alpla sctivity (Pigure 1). The tirest cawsed by “Nupty-Dwmpty Corilla™ was, bovever, tremsiest. Ia the
ssssion folioving thie episede, the 2m aguin shbarted the session by bolting fram the mporissnts) resm Wt opee
outside he celad duwn repidly. The third run wes withowt epleedic fright.




Despite dramatic delusional and confusiounal states of some of the subjects whose 8icv| was deprived, the view
of Luby and Gottlieb that rolonged sleep deprivation results ultimately in a paychotic state should be regarded
as A hypothesis because of the emall pronartion of sleep-deprived subjects who have developed a full-blowm
systematized paranoid delusion. Those sleep-deprived subjects who developed florid psychotic behaviors appeared
to have had atypical personality and personal histories (146, 195, 294, and 128). Therefore, with Johnson (128),

the author has reached the conclusion that no new psychopathology would occur a nouvesu after prolonged total

sleep deprivation.

In his daily routine, a wan obviously would not be required to stay sleepless for 200 hours. MHe might, for
one reason or another, be forced to stay awake for 48 hours or less, but the risk of developing visual and auditory
hallucinations and paranoid psychotic behavior severe enough to interrupt tne purformance schedule under such
circumetances would be negligible. It would be equally urlikely in field missions that any crew member would be
required to remain fully awake on duty for more than 48 hours. Thus, the problem of induced "sleep loss pesychosis”
remsing a matter of academic interest only.

Nonetheless, there is experimental evidence that short sleep loss can cause viswal and auditory misperceptions,
disorientation in time, deficiency in short-term remory, and can cause some minor changes in personality. while
moasured effects of these perceptual, behavioral, and social effects of sleep losa have been small, they could
well become of grave consequence in any long-term field operation, such as living in a capsule in the vacuum of
space, in a habitat under the hyperbaria of the ocean, or in a tunnel hsbitat under the ice of Antarctica. Under
such living conditions, a crew member has to sustain skilled performance and remain slert. Any 1ife-support
system must be chécked regularly with much care given to details.

In many wodern occupations, such as sirline piloting, ocean fishing, long~distance trucking, and most
particularl; ¢n wmedical practice, the effects of small losses of sleep have a werious impact cn carrying out
profeesional routines. A man whose vork results in an irregular time for meals and for sleep often accumulates
8 sleep dedt (113).

Even hospitalized patients have not Leen completely freed from the undesirabls effects of ubiquitous sleep
disturbances and subsequent slesp loss. Tor example, Yornfield and he associa®es (163) have reported that the
frequent swakening of open-hedrt surgical patients during 8 period of intensive post-operative core for the
varisty of medical chacks necesstry reaulted in interrupted aleep and loss of sleep. HRecause of this sleep loes,
some patisnta dave shown behaviar reported to be delirious.

in field operations ae well 8 in long=ters duty, the pmimg of sleep "logisticians” must bLa ¢ carefully
considered a8 the planning for food, clothing, etc., (333). C[ven the best work environsents snd the best
cortrolled equipment dasign would be ineffective in sustaining bumn shills over an extended jericd of tiee
without an sdequate plan Yor the logistics of alesp, i.v., providing "human engineered” sleeping quarters snd o
work-rest scheduls which aspures the crew sufficlent periocds for efficient sleep. The loviaible, ever
avcumlat ing tmdidions sleen dedt cen sake husmn ubjmi ouddenly Jaitar sither in the wost obvius menner, by
ummiq sansary (ilusicos, alareing Wlivcinstions, treneient parsnclé idesticna, or {n the sare subtle
mnner by decransing the ability to ;urfors 8¢ ohown by sn increase in errors of omisefon or by en laability
to tahe ar give commmnds (200, ;. 87).

Wfertuastely, the icportante of slesp logistice hua net deen Nlly recognized in planning extended atlssiors
or In prefessiomst ectivities, 31though Truabull (293 and Adess snd Chiles (1) have streseed the importswce of




the work-rest schedule. Recently, Alluisi and his colleagues (7) summarized their findings on the unusual work-
rest cycle ot humen performance which indicated clearly the critical role played vy sleep. Alluisf et gl found
that the work-rest cycles, other than the one to which rman is normally accustomed [namely, 16 hours off duty/8
lours on), disrupted human efficiency and lowered reiiability. After 96 hours, they tound that keeping crew
members on a schedule of 6 hours on duty and 2 hours off (6/2) resulted {n severe performance degradation. Why
was there such performance deterioration? Part of the reascn was lack of sleep. With the 6/2 schedule, crew
members avergged less than 4 hours of sleep per 24-hour periocd. This sleep was far too short to be sustained
over a long period. With a work-rest schedute of 4/2, crew members slept 5.5 hours or more per 24-hour period.
This extension in hours of sleep permitted some of the highly motivated crew members to maintain their level of
perfarmance for a period of at least two weeks. However, the strain of working under even this demanding schedule
vas clearly shown by a mavked deterioration in pertormance when the crew underwent total sleep loss for three
nights (114).

The inability of the Cemini IV crew to adapt to the theuretically and experimentally considered best wark-
rest schedule, 4/4, further illustrates the general failure of past attempts to modify man's hasic 8/16 work-
rest rhythm (237, Pp. 172-173; 152, Pp. 175-177; 114).

This monograph was prepared with an attempt to provide sufficiently organized informstion on sieep loss and
husan performance to point up empirical facts which appear necessary and to emphasize where theuretical
refarmulation is mandatory. This monograph started 8lso with the tacit agrecnent that eleep loss has been &
serious issue. There is no elatorate effort made herein to conv.nce resders that sleep deprivation constitutes
operationtl problewe. Far that conviction, readers are referred to Unit Repart No. 68~22, Navy Medical

Neuropeychiatric Ressarch tmit, San Diego, California 921%2.




1T, TOTAL SLETP LOSS

The various procedures for keeping subjects awake are gensrally not fully described. A customary procedure,
rowever, is to keep 2 2!-hour continuous surveillance over the subjects by a team of experimcnters. lie lack of
privacy under thic condition is unavuidable. While brief eye closures were ususlly tolerated, the subjecic are
quickly awakeped when eye closures are associated with head-bobbing or chin resting upea chest. Standing ar
valking subjects are assumed to be avake, even when their eyes are almost cuompletely closed.

Finding effective techniques to keep subjects anake often test experimenters’ ingenuity. Fur total eleep
loss of less thun 4C hours, reading, writing, watching TV, listening to the record player, playing cards, working
on lLobby-crafts, ping-pong playing, and other recreatiocnal activities are generally effective in keepirg subhjecta
swake, For much longer periods of sleep deprivation, a long welk and an intermittent exposure to cild are found
to be relatively effective. However, with loss of sieep longer than 100 hours, only coutinuous proddings by the

experimenters could keep the subjecte “awake."

Effects of Total Sleep Loss on Perfarmance

The fir:t study un acute total sleep loes wos conducted by Patrick and Gilbert (243) of the University of
Iowa in '896. Physiological and peychulogical observations, such as reaction time, pain threshold, visual acuity,
and memary fur uonsense syllables were made on three subjects who stayed aweke for 90 hours. The observed
de ~adations in test performance were not reliable. Since this study, many papers have been published on the
effects of toral sleep 1088 on human performance but nost of the early studies failed to discover predictable
and corsistently detrimental effects of loss of total sleep on perforsance. Indeed, the only reliable change,
8s a result of total sleep loss, was subjective in attitude (111). Such lack of total sleep loas effects on
rerformance was surprising, considering how sleepy the subjecte were outside the testing room.

Robinson and Herman (261) kept three subjects awake for 65 hours and tested them on hand grasping, tapping,
aining, reading letters, and menta’ multiplication. These subjects were tested once a day for 11 to 26 deys
befare sleep deprivation, ana for 4 to 5 days after deprivation. The experimciters concluded that insomnia
did not affect test results in any marked or consietent anner. Lack of performance decrewent was ascribed to
an increased amount of effart by the subjecis. Laslett (178 and 174) conducted total sieep loss experiments
of up to 72 hours to detarmine the effects on tests of repeating 12 digits backwerd, code, and analogy.
kesulte ot; these tests were inconclusive due to the compensatory effort made by the subjecte. Robinson and
Hermsn (261) indicated, hiowever, that complex and longer tasks were affected more by sloep loss. Weiskotten (312)
atayed swvake far 62 hours, during which time he tested himgelf in learning and re-learning nonsense syllables.
His conclusion vas,that moderate sleep deprivation had little effect on accuracy and the chief deterioration
weas found in the powar of concentration.

Before sleep daprivation studies were able to produce consistent and replicable sete of results, mjor
rufinements in the metbods of handling performance data were necessary. In the new point of visw, the abjence

of responssd, not the en tted responses, became & wajor target of ressarch. In contrast to the earlier hypothesis




vhich emphasized accuracy of perforasnce, this new approsch stressed that the ever-increasing number of absences
or pauses in 2 subject's respunses was the xjor belsvioral symptam of sleep deprivation. Each brief epizcde of
"no respouse” constituted perforsance decrement due to sieep losa. The absence of an appropriate response, or
"lapse,” vas predicted to inciease in frequency and in durstion with increasing amounts of sleep loss. This
approach recognized that, even after extended sleep deprivation, there resained alweys a period of time during
which the sleep deprived eubjects would perform accurately, regarciese of how brief and intermittent this lucid
period might become with avcumulating hours of sleep deprivation. Any perfarmance messures, e.g., accuracy,
which could not pin-foint these brief periods of lapse, would be wable to uncover the effects uf sleep depri-
vation on perfarmance.

Investigatars at Walter Reed Army Institute of Reszearch were instrumental in pointing out the importance
of this lack of response (229). Hence, this new approach was labelled "™walter Reed Lapse Hypothesis.” The use
of "lapse” as a messure of perfarmsnce degradation wes not, however, ariginated by this group. FPatrick and
Gilbert (243) described the failure of one of their subjects to meworize the digits because of hiz imability
to focus his attention. They called such failure a "kind of mental lapse.” Bills (23) noted that blocks
occurred in mentai task perfarsances. Bills also found that the frequency and duration of these blocks increased
with fatigue and that errors tended to occur at the time of these blocks. He concluded, after detailed studies
of these blocks cr lapses, that they were imvoluntary rest periods which delayed the start of fatigue. Warren
and Clark (306) applied this concept of blacking to ~ sleep loss study to determine if mental work could be
blocked and, if 80, would the t.ock be similar to that caused by fatigue. After 65 hours of total sleep loss,
all four subjects in thia test showed an increased number of biocks on tasks of alternate addition and subtraction
and on color-naming, but they did not show an increased blocking in their performances of the finger tapping task.
The exrors in mental aritheetic and colar-naming had no apparent relationship with hours of sleep deprivation.

Far both the sleep-deprived and cortrol subjects, however, errars tended to occur at the time of blocking.

Bjerner (24) studied blocke, or the periods of lowered reactive capacity whichk serve as involuntary rest with
recuperative effects from fatigue, in rive subjects who stayed swake for two nights. Simultaneously with each
subject's performance on a self-paced serial reactfor test, he cbtained electroencephalograma (EEG's) and
electrocardiograme (EKG's). He cbserved that thoee responses which had more than twice the average reaction time
were accompanied by a trangient fall in pulase rate and a decrease in EEG alpha activity. For those responses with
a reaction time of § seconds or longer, the period wes characterized by brief sleep -~ EEG alpha disappeared and
wae replaced by Jdelta, sleep spindles, and K-complex. Carmichael and his associates (111) noted in their summary
of the World War II study at Tufts College on fatigue and sleep deprivation that the basic deterioration of
perfarsance was not due to a loes of a particular skill but, rather, due to periodic blocking.

In 1986, the Walter Reed group undertcok a series of studies on sleep loss and performance designed to
evaluate "teosts far their sensitivity to sleep loss, and to construct tests that would be reeistant to sleep loss"
(339). Blending their results from fatigue and total sleep loss led to the formulation of four predictions which
have become the core of the Walter Roed Lapse Hypothesis. They are:

(1) Sleep deprived subjects show brief intermittent lapses. These lapses increase in frequency &nd duration
a9 hours of sleep loss increase.

(2) Certain factors in a test situation tend to alert the subject, thus preventing or shortening these




lapees. Some examples of the alerting factors would be (a) the maseive sensory stimulation cavaed by physical
exercise, electric shock, loud noise, adrenergic drugs, etc-, (b) uncertainty, (c) feeddack of informstion upon
the quality of performince, and (d) task change.

{3) Autoomtic response sequences are relatively resistant to sleep loss.

(4) Many, but not all, tests will be affected by diurnal rhythm.

The lapse hypothesis has been effective in focusing atiention on the aspects of task performances
influenced wost by total sleep loss and in explaining some of the performance decrements due to sleep loas.

It should be noted, however, that Willimms himself (315) recently raised a question dealing with tha merit of
holding onto and continuing to use the lapse hypothesis. Willisxe et al (335) mmintain that hypotheses, other
than the lapse hypothesis, would be required to explain the effects of sleep loss on the recall test znd on the
uncertainty of the task. The lapse hypotheeis cannot predict eluggishness in the informstion processing as
revealed by the fact that taska with a high degree of uncertainty of informetion were mxe affected by total sleep
loss. The lapse hypothesis also camnot specifically predict the impairment of tesparary memory storage due to
total sleep loos.

The lapse, in context of total sleep loas research, best summarizes a variety of situations in which there
are absences of the motar respouses needed to perfarm the task or there are intermittencies in motar performance.
In other words, the concept of lapse would offer us a sharthand language for describing errors of omission,
absence of adequates motor responses, and for describing responses with long reaction time.

Specific Tasks Sensitive to Total Sleep Loss

Addition Tesks

An adding task can be tailored to detect total sleep loss by either increasing its complexity, its duratiom,
or both. Williame et al (341) found that a completely self-paced S-minute paper-and-pencil task, consisting of
adding pairs of one-digit numbers, resulted in a significant decrease in the mumber of additions attempted after
28 hours of sleep losa. Bu; the accuracy of addition was not affected to the same degree even after a total
sleep lose of 68 hours. Wilkinson (318) asked subjects to add a list of five two-digit numbers for 25 minutes
and later he extended the period of this task to coe full hour (328). When the performance measurs was the
waber of additions attewpted, sleep loss of only 5 hours influenced the performance detrimentally, i.e., the
number of summations attewpted decressed. An experimenter—paced addition task was reparted by Williams and
tabin (m). In this task a pair of digits, which subjects were to add, were tape-recorded and presented at
one pair per 2 seconds, one pair per 1} seconds, one pair per 1} seconds, and, finally, one pair per 1 eecond.
¥ith an increase in the nusber of additions to be completed per wmit of Lime, the effect of two nights of sleep
loss vas reliably demonstrated as a decremse in the number of additions completed. While this “speed losding”
of additions made the task sensitive to sleep loss, the sams tuthars cbserved that "cognitive" loading would also
enhence the sensitivity of the task to total slesp loss. In what the authars called a two-step test of additiom,
subjects were instructed to add a constant of 8 to esch sum just obteined without any paper and pencil. A pair
of digits wae presented every 2 seconds. Under this cognitive loading -~ because adding 8 was executed entirely
by thinking without sxterns) promptings —- the adding task was able to reveal & slesp loss of one night.

Vigilance Tasks

One of the vigilance tasks, which can be used either in visml or auditory wode, is the Continuous Performance




Task (CPT) devised by Rosvold and his group (267) for brain damegc study. In the visual mode of the CPT, the
subject saw the letters in a random sequence one at a time on a viewing screen. The task waa to press the
response key whenever the letter X appeared on the screen. In the auditary mede of the CPT, the subject
responded to a tape~recorded voice reading a list of letters, including X. Another version of the auditory
CPT required the subject to press & respense key if, and only if, the letter X was preceded by the letter A.
Approximtely 10 minutes on either the auditory or visuml CPT was euff:iemt: to detect sleap loss of roughly 50
hours by measuring errors of omission, i.e., the failure of the subject to report each occurrence of the letter
X or X preceded by A. The auditory and visual CPT were task-paced ar experimenter-paced, whereas a paper-and-
pencil version of the CPT task was a subject-paced, X-crossout task in which the aubject wus instructed to cross
out the letter X wherever it abpelred in a nonsense word with as much speed and accuracy as the subject could
command.

Another form of the vieual vigilance task is the Pentagon Test which consists of a display penel of five
different colered lights in a pentagonel configuration. The center of the pentagon is 5 feet above the floor
and 8 feet from the seated subject. The subject was trained to press a response key each time the red light
flashed on and to refrain from pressing the key when all other colored lights came on. The rate of light
presentation was 1 per second. Thirty light presentations were grouped to make one test set. Eight lights out
of one set of 30 lights were red signal lights. Three different kinds of constraints were placed on the manner
of red eignal light presentation. In the Redundant Pentagon Test (R task), the red light was presented in
succession, as red, red, red, for eight times. In the Standard Pentagon Test (S task), the red signal light
appeared with ss much randomness as the letter X in the CPT of Rosvold. The red light appeared in a fixed
sequence with other colored lights mixed in a random fashion. After practice, the subject could learn such
sequence with some accuracy. In the Uncertain Test (U task), the red light appeared with as wuch randomness
a8 possible. Thus, the S task contained more information per stimulus than the R task. The U task contained
the most information per stimulus, forcing the subject to be more vigilant and take more time in his processing
befare his decision to press, or not to press, the response key. The uncertainty factor introduced in the §
and U tasks was observed to enhance its sensitivity to the effects of loss of total sleep by messuring the
pqxcmﬁgo of omissisn errars msde by a subject after two nights of sleep loss (341 and 338).

The auditory vigilance task of Wilkinson (331) involved a detection of an infrequent and irregular burst
of sound, given at the rate of 40 signals per howr. The oubject heard a {-second, non-signal tone, repsated
every 2 seconds. Occasionally, one of thess tones was elightly shorter in duwration than the rest and the
tubject wms to detect that tone. Both signal and non~eignal background tones were buried in an intends white
noise to ronder the task more difficult. With normsl and non-slesp-deprived subjects, practice resulted in
roughly 70 per cent successful detection. With thie seemingly simple method, Wilkinson was able to measwxe
the eSfecte of roughly thres hours of slesp loss occurring during & single night.

Reaction Time Tegks
A five~choice test of sarial reaction was used by Wilkinson in many of his studied (328). One inetrumented

version of the five-ch-ice serial reaction test — a modification of the method of Leonard (181) - consisted
of a stimilus panel and response panel. On the stimulus panel were five lights arranged in & pentagon. At
one time, one of the five light disce would be lighted. The subject responded by tapping a corresponding




disc on the response panel with a special stylus. As soon as the subject responded, the stimulus psnel light
was extinguigshed, but another disc on the panel came on, indicating the beginning of the next trial. No
restriction was imposed on speed of respouse. In this self-paced task, a measure of the gap -~ the period of
no reaponse — was found to be very seneitive to total sleep loss. If the duration of the task was longer than
30 ‘ninutel, the task was able to detect 30 hours of sleep loes.

Bjerner (24) also used a serial reaction task to show sensitivity to total sleep loss.

Memory Tasks
By using an immediate recall test, Williams, Gieseking, and Lubin (335) and Williams and Williams (343)

demonstrated what was interpreted as a deficiency in memory-trace formation after 31 hours of total sleep
loss. The Word Memory Test consisted of tape-recorded lists of words which were selected from the AA category
in the Thorndike-Large Word List. In this test, each ward was pronounced, spelled, and then was followed by
a 10-second interval of silence during which time the subject wrot> the word down. After the entire list of
25 words had been presented, the subject corrected any spelling errors or omigsion 2rrars with the assistance
of the experimenter. Immediately after making his corrections, the subject wrote down all the words he could
recall in any sequence on a blank piece of paper. Under these conditions of minimal rehearsal and immediate
recall, Word Memory Test measured a short-term memory.

Although memory inpairments after total loss of sleep were reported often (248, 318, and 82), no detailed
study of the effects of sleep loss on memary processes, i.e., sensory registration, formation of the memory-
trace, its ltougc,' and the retrieval of the trace, was made until the work of Williame, Gieseking, and Lubin
(335).

In contrast to shart-term memory impairment, Williams and hig group (835) found no definite impairment
of long-tern memary after 34 hours of total sleep loss. A test for evaluating long-tern memory impairment
involved recognition of 25 previously shown identification photographa out of 75 such pictures obtained froa
& 1944 Arsy Yearbook.

Irackine Tasks

Pursuit motor tracking tasks were used by Pepler (247) while Malmo and Surwillo (208) used the auditory
compensatory intensity form of tracking task. In the latter study, the subject wac trained to turn a control
knob until a 1,000 Hs tone could not be heard in the earphones. Each task trial was 5 minutes long, followed by
2 l-minute rest period. With a deterioration of tracking performance, hester coils on the legs became wara to
provide an added incentive for the subject to better his performanuce as severe detericration in his performance
could result in pafnfully intense heat (204). Ten tesk trials were performed in each one hour experimental
session. Tracking performances were not impaired sfter 60 hours of total sleep loss.

The resistance of tracking tasks to sleep loss effects is not pussling as the subjects are usually over-
trained in routines of tracking taske, receive immsdiate feedback of their response, and the task duration is very
short. These conditions of over-lesrning, knowledge of the result, and shortness of the task durstion make
tracking tasks very resistant to total sleep loss effects. Pigure 2. shows the tracking errors of four subjects
on 8 nidiwensionsl compensatory tracking task. The subjects stood one at a tise, in a semi~darkened quiet roocm,
and, from s distance of 3 feet, viewed a target circle of 1 em. in diaseter displayed ca & 8 inch ocecilloscope.
Shown also on the scope wad a 2 ma. diameter light spot which wes driven vertically over a 6 cm. course by &




sinusoidal signal from a low frequency function generator. The subjects were trained to keep the spot of light
at the center of the target circle by manipulation of a hand-held thumb-wheel. With compensatory movementa of
the thumb-wheel, the oscilloscope showed only the voltage difference between the trecking signal and tracking
responge, i.e., & moment-to-moment display of the tracking errors. The task difficulty was easily changed by
varying the frequency of the tracking signal from, for example, 0.2 He to 0.3 Hz. Subjects were not penalized
for excessive tracking errors, and the quality of tracking performmnce wne left entirely to the subject. The
upper section of Figure 2. defines the tracking errors by showing the actual tracking recard of subject H. H.
This record showe 8 lapse or inability of roughly 20 secorids duratior in tracking the sighal on chanrel 2.

During this period of lapse, the tracking errors incressad, as they shvuid, to 100 per cent ss shown in channel
8. The lower section of Figure 2. illustrates two facets of the total sleep loss effects on trecking performunce.
Firstly, there is increased tracking error after total sleep loss of 100 hours or more. This was in spite of the
built-in ruggedness of the tracking task. Secondly, the tracking errors consisted of two kinus: 1) a camplete
absence of the tracking (i.e., lapse), and 2) deteriorated, poor tracking. As long as the subjects were able to
respond, they performed well, indicating that the skill of tracking was not affected. Records marked as Rl and
R2 in Figure 2. were taken after one and two nights of recovery sleep and show some effects of residusl sleep
loss on performance.

Figures 3. through 10. show results of the sleep deprivation study now in progress under laverne C. Johnson
and Ardie Lubin of the Navy Medical Neuropsychiatric Research Unit, Ssn Diego, California. These figures describe
the most ccmonly used tasks vhich have been tailared for their sensitivity to total sleep loss. In the figures,
the x axis is identified by the days of the experiment. The task sessions were held at approximately the seme
time each day, and labelled as baseline data (beseline day 1, Bl through B4, sleep deprivetion data (after sleep
loss of ome night, D1; two nights, D2), and recovery day data (PR1, PR2, RS, and M4). Tia type of sleep the
subjecte were allowed after two nights without sleep differed. If the subjects were assigned to Group §, their
first and second recovery sleep, after 54 hours of total sleep loss, was interrupted by the sxperisenter so that
they received no slow wave sleep (the slesp stages III and IV). Subjects in the R Group were deprived of REM
sleep. The C froup subjects enjoyed uninterrupted sleep after total sleep loss. Setting aside the ratiomsl for
such experimental sleep interruption for a moment, the reader's attention is directed to the effects of lose of
total aleep on the performances of the subjects.

Figure 3. showe the preliminary results of a paper-snd-pencil test devised and designed by Wiliiame and his
group (338) prisarily for teeting the subject's ability to retatn 30 commonly used words over a brief pariod of
time. Each test was adadnistered in emactly the ssme maoner as the Word Memary Test of Williams. The results
shoved that significent decreases in words recalled after a totsl sleep lose of one night and two hights were .
cbearved. Even though the muber of subjects vaa smsil (N = 10), the effects of sleep l0ss on shart-ters semory
were significently detrimental.

Pigure 4. showe the resulte of a task perfarmance requiring addftion of five two-digit mumbers for one hour.
The subjects were told to compute 8a many additions as poseible without sscrificing sccurscy in adding. Resulte
revedled thet both the maber and sccuracy of additione decl.ned significently with total sleep lose. The A Oroup,
n which subjects were not sleep deprived, comtinued to improve its performance. This suggested the ;cesence of
the practice offect.

Figurce 8, &, and 7. {llustrate the performance resuits of mental sddition task, Plus 7. This task wes




performed for 50 consecutive minutes. During the task, the subject reclined comfortably in bed with electrodes
attached to him which monitored brain waves (EEG's) and autonomic variables while simultaneously recarding his
adding task performance. The subject's eyes were kept closed throughout the session. Nesr at hand was a response
paael which could be operated by pressing one of 10 keys. On baseline day 1, the task begsn with the subject
adding 1 to 7 while, at the same time, pressing response panel keys 1 and 7, respectively. To the response panel
total of &, he was then instructed to add mentally another 7 for a newly computed figure of 15. Throughout the
test, the subject was instructed to continue adding, pressing the response keys, and mentally computing in this
manner. If the subject lost his place in his mental addition, he could either start over again from the beginning
or could go back to the last sum he could remember. Figure 5. is a polygraphic record of ltbj.ct,‘J-Y., 5 minutes
after the start of the Plus 7 task perforpance on his last baseline day, B4. The twc EEG's (Cx-A2 and 01-A2) show
clear alpha waves. The four autonomic variables, SP (ekin potential), HR (heart rate), FP (finger pulse), and
Resp (respiration), are shown on the four polygraph chammels immediately below the EEG's. The result of the
continuous mental addition is recorded on the last channel labelled TASK. By measuring and interpreting the
heights of the pulses recorded on the TASK channel, the manmner in which the subject performed his mental additions
could be determined. In Figure 5., within a period of 30 seconds, six additions were attempted: 403 + 7, 416 + 7,
417 + 7, and 80 on. Figure 6. illustretes the task performance for the same subject but after two nights of total
sleep loss. During this performance he finished only three additions, 407 + 7, 417 + 7, and 421 + 7, within the
30-eecond period. His performance revetls a considerable amount of irregularity, i.e., lapse, in the pace of his
addition. Associated with these lapses were discermable gape between digital key responses to 414 and & — 21,
poor alpha rhyttms in the EEG's, high amplitude and poorly regulated finger pulses, and shallow, slow respiration
patterns.

Figure 7. shows, on the y axis, the nusber of bey responses which reflect roughly the number of mental
additions perforwed by the subjects. All three groups which underwent sleep deprivetion show significant decrement
in the mmber of responses. A stroung practice effect is evident in the dets {ram Group A.

RMesults of an X-cropsout task are sham in Pigure 8. The purpose of this paper-and-pencil test was to
nessure the mmber of timse the subject could crose out the letter X imbedded in the nonsense words. This ome
hour test comsisted of a bookist of 11,000 10-letter nonsense wards, 168 words to a page, asd M worde to a
column. Twelve of the 34 words in esch column comtained the letter X. The location of X within esch colum was
rendan. A different bocklet was used every day. The totsl mumber of nonsense wards dete ted in ¢0 minutes and the
parcentage of correct carcellations of the letter X were redwed after totsl slesp 1oss. In other wards, all
suljects ia the C, 8, and R Groups soanned significently fewer somsense words and made wore errore by niseing
the X after total slesp loss. ’

tigures *. and 10. show two aspects of the same auditery vigilamce task. The purpese of this task wms to
dotornine the subject's ability to detect an swlitary stisulus vhile ongaged 1s & cemtisucus cousting teek.
kmnno!thm-on-tth-.uﬂn far the PMlus 7 Tuak, sucept that the subject was required
to comt frum 9 dack to 1 by preseing the sarrespanding heye of the 10-kay pamel comtimmlly thwougheut & S0~
sinste paricd.  #ile he wes comting, & click was given tixough an suplifier. The subjeet wae ta tadicete he
hed beard the sigsl by pressisg the sare hay on the pasel snce. Ne then resumsd comstisg. Thure wae & tetsl
of 38 eliche, gisen ot frregular imterwals, during the §0-aimte sessien. The scare fur the cuntinuewe couting
we the tetal nuvber of aisutes epmt in counting vitheut & gop, or 1opes, of 3.8 socends or mave. The sulitwry
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vigilance test was scored on the percentage of clicks the subject detected. Total sleep losd lowered the subject's

ability to perfarm this task significantly.

Factars Influencing Task Sensitivity to Total Sleep Loss
Why are some tasks sensitive to total sleep loss? What factors are responsible for making such tasks
sensitive to total sleep loss? Seven factors have been identified but only a few are well-confirmed experimentally.
The seven identified facturs are:

(1) Duration of tash

The longer the task is, the more sensitive it is to total sleep loss. A total sleep loss of 50 hours causes
impairment to the subject's perfarmance during a continuous visusl vigilance task after only 3 minutes. After 70
hours of total sleep loss, performance will be affected on a task with a duration of 2 minutes (341). Wilkinsnn
(321 and 328) observed that total sleep loss of one night had no appreciable effect on task performances during
the first 5 minutes on his five-choice test of serial reaction, vigilance, and addition. However, clear-cut
perforzance deterioration emerged when the performances were evaluated after & 15-minute task session.

(2) knowledge of results

By immediately feeding back to the subject information on how well he had performed esch task at the tise
of execution, Wilkinson (321) observed that a total sleep loss of 30 hours did not appear to impair perforsance
of the five-choice serial reaction and vigilance test. This immediate feedback of quality of task perforzance
sppears to minimize the effects of total sleep loss.

(3) Difffculties of task

Performances of difficult tasks are more sensitive to loss of total sleep. A simple task, such as sdditiom,
can be wade very difficult by asking the suhject to add quickly. Williass and Lubin (340) confirmed the effect
of this increase in difficulty. Their results ehowed that mental addition at a rste of one sddition per 2 seconds
did not reveal the effects of two nights of sleep loss, but by increasing the speed of addition to one addition to
every 1.25 seconds, f.¢., & 38 per cent speed incressec, sleep loss of two nights was detected.

(4) Task sacing i o

The self-pacad task cen resist sleep 1088 effects much batter than the work-paced task. An exseple of the
self-paced task ie the five-choice test of serisl reaction used by Wilkinson (328). In this task, the subject
controlled when and how repidly he responded to “be stimulus. The subject worked st a pece he could command.

Sy saying that the self-paced tash could resist the effecte of total sleep loss, dogd not imply thet & self-
pocing tavk incressed the oversll Mman efficiency of the sleep-deprived subject's performance. In the self-
poced task, lapess could prevent the completi{an of o task by cousing the subject to lose his place semtally
but, 88 8%on 80 he cies out of the lapse; be could agein resume the task by picking up his chain of thowght.
Thus, in self-peced tasks, the effects of total aleep 1008 could shaow up im incressed ssoumts .of tine oeeded to
complete the tasks, aitbough thare would be fewer errors of amission and performsnce accwracy vould remsia digh,
f.e., on isproved husan reliability. Siace there sre no definitive studies on the wchanians of self-pscing tn
tosk perfarwente, 20 fire sstimstes mu added efficisncy and relfsbdbility by self-pacing cen be given.

(8) xeficiensy i tash pexfarasing '

Newly scquired skills, such 2o those iavolved ia driving & car by & parson vho has Just pesend Me driver’s
teot Cur the firet time, would be move sffected by 1ese of totul sleep than thase skills which have becens almest

automtic ar second msture.
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(6) Task complexity
The more complex the task is, in terms of a complicated chain of mental operations and/or of an orderly

execution of complex muscular activities, the mare 1likely it is to be sensitive to loss of total sleep.
Wilkinson showed, for example, that a 10-choice card sorting task was affected more than a less complex 4-choice
one after 60 hours of total sleep loss (326).

(7) Memory requirements

Any task which needs a shart-term memory chain will be affected by loss of total sleep (337). The best
dramatic example of sleep deprivation on memory was given by §. L. A. Marshall in his description of paratroops
who were dropped in Normendy (200, p. 87).

In summarieing the factors influencing task sensitivity to total sleep loss, it was found that, regardless
of the task perfarmed, the long, wark-paced, complex task which does not provide information to the subject on
how well he is perfarming cen be expected to show higher sensitivity to total sleep loss.

Hovever, there are twe majar classes of non-task factars which also influence the cstcame of total sleep
loss on purformance. They are:

(1) Paychological factars:

(a) High interest. Ax and his collesgues (12) suggested thet interesting tasks resist the effects of
loss of total sleep. Wilkinson cbserved that tssk performances ususlly deteriorated to sase extent sfter 20 hours
of total sleep loss. The battle game, devised by Wilkineon (326), vaa so interesting to sailors they cculd work
ot the game for coe hour without showing the effecte of over 50 hours of totsl sleep loss.

(b) Motivation. While tasks of high interest usumlly hvo an inherently high sotivational value, a
distinction between high interest and motivetion should be made. For example, & serisl learning task which msy
heve sanll interest to the subject can became highly motivating if his performunces are monitorsd by his
supervisor. Ax and his associstes (12) reported thet nome of the high motivation tasks shoved significent
perforsance decremsnts after a sleep 1088 of ane night, but moet of the low motiveting tasks, such s unmonitoted
oustained attention tasks caaposed of pursuit, resction time, and clock teste, resulted in roar wfm
In general, them, & mmulmmuyemm the effects of total sleep lose, but there is @ point beyond
vhich & cextain amount of sleep dedt aml !hnlnc need for slesp will Mhmthmm s willingnese
to wark (341).

(e) m Wilkinsun (31%) reported on the lack of ulnlulhlp betuean acores wm the paychological
MdWMnmmuhdwnﬂthMJMWln in the

’Mmdml:-ﬂlnm;mxlwtmdmm Carearan (89) ebestved, however, that

MMMdmtthludumanq.muuﬂ!ynunmu-nun
taek in which ewessive treching erars vere punished by lewd selse. - o
Althaugh thare are sume studios videh Lished parencid peyehetic resctions during tatal sleép deprivetien to

8 we-awbid parosatlity tier enisted priar te tatsl slesp m.nhﬂdunuummmlmunmmln
dmlﬁyﬂcﬂmod&mlo«.bpﬂu.(ﬂlﬂﬂ)

(l)w mm(nt)mdtmmwulmd
tmlcwwmcﬂuuﬂmuuplmu\ﬂdmm ﬂ

(o) DedmrAmral sarielicity. A owwerity of efferts of total sleep lese depende, is part, ""',",*"- of
Gay thet ~sssures of perfarmere are chratmed. ThIU 1o dw to 8 Seleviors) reriodiefty. Reep-dejrived edfects
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will look quite nouwsl and perform very well in the early afternoon when most of them have peak behavioral

efficiency, but the same subjects will reveal a marked deterioration in their performance in the very early
morning when sleep loss effects combine with unusually low behaviaral efficiency. Sleep lous iteelf mmy tend to
enhance periodicity in behavioral efficiency, although evidence for enhanced periodicity is available only for
EE data (92). Ignorance of behavioral periodicity, which may have been enhanced by loss of total aleep, was
undoubtedly a factor in those studies which misinterpreted an improvement of performance during a period of
total sleep deprivation (111). If the measures of perfarmance were taken at different tines of the day, they
would reflect the effects of increasing sleep debt as well as behavioral periodicity.

(2) Situational factors:

(a) Physical exercises. Thysical exercises just prior to performing the tasks helped resist the
decrement of performance caused Ly loss of total sleep (328). It shculd also be noted that the cnly sure way
of staying aweke for many sleep-dejrived subjects was to take a walk. This indicates the imp.ctance of continuous
sctivity to muscles.

(b) Noise. A rnoimse, e.g., 90 to 100 decibels of white noise in an open field, lessened the eifects of
total sleep loss on performsnces of suditory vigilance and on the five-choice test of serial resction (59 and
(323).

(c) Iemperaturs. A moderate ambient tesperature of 30.5°C (3T'F) did not increase the effects of total
slexp loss (247). Occasional cold stresses, e.g., immersing the face in ice cold smter and/or alcohol rubs with
an electric fan blowing air onto the subject, helped combat frequent spells of extreme sleepiress (242), There
are no conclusive dets on the {nteractions of extrems hest or cold on effects of total sleep deprivation wn
perfarmances (328).

(2) Drygs. Ampheramine spjen-y to be the aaly effec.ive drug which hes been wicdely used in combating
the effects of toral sieep luss (398, 162, 176). In the study by Korneteky gt g1, oral intakes of 1S ny. dertro-
asphetaning ainost halved the behaviors! impairsent ceused by 68 hours withu sleep un the workepaced vigtilence
task. The dextro-esphetanine was offective in completely elininating ssall effects of sleep loss which urewrrd

in self-paced tasks. Depending upon the dosage, slcohel wes found to countersct the of fect of toral sleey: lose
(330),

{e) W Hyroxia and inert gus marcosis (especially nitrogen narcosis) by thesssives
jroduced prfmo degradations waich vere quite sinfler to the wifects of total oleey loss. Nypoxis and

ieot g80 vATCOSiS say potentiste the effscta of tutal slesy loss on performances, slthoygh such contention
has net yet been studied experisectally.




11I. PARTIAL SLEEP LOSS

Partial sleep loss means that the subject has shorter hours of sleep in a 24-hour period. But there are
infinite ways to achieve partial sleep loss and the methodological problems involved in the study of partial
sleep deprivatfon are mmny and complex. Because the subject doas get some sleep, some of the problems are:

1) the detection of minor effects of partial sleep loss on performance, 2) the infinite variations possible

in huurs the subject should be allowed to sleep at one time, and 3) the need tn know sleep patterns and habivs of
the subject well enough so that partial sleep deprivation is equally effective from subject to subject. In the
latter cese, for example, a deprivation of § howrs of sleep means quite a different degree of sleep disturbance
for a subject who normally sleeps only 6 to 7 hours as compared to a subject vho is a long sleeper that sleeps

9 or more hours.

The experimerter must decide how many hours of sleep will be allowed, at what time in the 24-bour period
such sleep will take place, and whether or not the subject will be allowed to take all sleep in a single stretch
or in seguants, i.e., fractionated sleep or sany "neps.” Jones and Oswald (131) found two healtly insomniac
subjects, each of wvhom required only 3 hours of sleep in a 24-hour period. Thus, the need for careful examin-
ation of subjects in terms of their sleep petierns should be emphasized.

Performsnce under Partisl Sleep Loss

The sarliest partial sleep deprivetion study wes by May Swith (285) who used the McDougall dotting task,
the associsted word task, speed of tapping, and learning and re-learnizg .onesnse eyllables. Smith served as
thlﬂj«tu‘mcﬂn‘thnmhﬂwmamk.neqt‘cmuuueu.htawhdofmthﬁm
to establish her "mormsl wartation.” Mer daily experiment was conducted at “approximstely the same time of the
day.” The MeDougal detting task maehine wee Wtuluvmm.mﬂmmhudpwup
showt 1 fnch wide is drawn dehind an opening or window in tiwe top of the desk Ly & weight-criven clock-work
Sovement.” On this band of paper were small red circles and the snchine wes sdjuwated to a speed 90 the clircles
passed the field of vison st 5.8 clreles por sacomd. Yhe task was for the subject to dot these circles as thy
possed by. aith reduced har hows of eleep over three consecutive nights to 1} dours, 3} bours, and 8} bowrs,
Tespectively. The results of this partisl sleep deaprivation vare either sarmal records, or recerds sheving sume
_iopoovenast . m.umu-mxmumummwumum
rorovary days folloving the partial aleep lnes.

M.Mn.lth(m)wmmulmbumnhdm“h-hmmd
e elopt Detwemn 60 bowrs euch. Thay fomd that the lorger the sdlijects slept, the better ssre the daud-
dywasanter perforesnees. 1In the some your, Beibinson oed Richurdses-ebinses (362) reduced the hows of sleep
over thive consective aights in 7§ subjects sad found that Ary Alple Storee were aot affected by swch partial
Sloep laes. In 19N, Latrd and Weeler (177) condurted on soparisent sinilar to that of Wby ith. Thrae sbjscts
shertesd their sleep by ? howrs aightly for & week. The tash meed In this stedy wes wental suitiplication of
throe-digit musbers by threedigit vmbers. The sdjects practiced for severs]l wieks befurw the purtis) clnp_
loss. After s wak of shortened sieep, tack mbject could solve the prodices i lepe tine then previcwsly emd
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with undiminished accuracy - but with more expenditure of energy. Laslett (174) performed & partial sleep loss
axperiment on four subjects whose sleep was shortened by 40 per cent of normal for five consecutive nights.
The results indicated a lo.s in efficiency of performance.

In the appendix of a popular book on sleep, Laird and Muller (171) described their study or: purtial slesp
loss. The experiment called for the subjects on the first night to be awakened after one hour of sleep; the
second night after two hours of sleep; after three, "then, four, five, six, then six again, then {ive, followed
by four, three, two, and one.” This schedule was chosen to avoid the practice effect, if there were such. To
"return sleep function to par," on off-nights sufficient hours of slcep were allowed. [-~ta were collected only
two nights per week, and none of the shortened hwurs of sleep occurred on consecutive nights. Hesltly, active
college men were subjects. These men practiced the tasks for a month before the timc of actual experiment to
avoid any additionai improvement on task perfarmunce which might occur during the partial sleep loss experiment.
The first of the tazks was a simple reaction time task. The subjects were seated, and warmed twice by the
experimenter's "ready” and "now." These words were followed by = click. Each subject responded to the click
hy pressing a telegraph key. After 4 hours of sleep, the reaction time performance was such that additional
sleep brought no further improvement. Thus, laird and Muller concluded that four hours "in bed" each night
would be adequate if the subjects desired to sustain their reaction speed. The second task was cimed at muacular
coordination and balance by measuring the body sways vhen eyes were closed, arms outstretched, and Lhe knees were
beld close together. After 4 hours of sleep, the subjects demonstrated as much suscuiar coordination as they
had after a full night of sleep. Tuw color discrimimation task, mstihing the sample colar with a mixed colar
by using a cular mixer, showed that only one hour of sleep vas needed to dring their sbility to metch the colors
to the level achieved after a full night of sleep. The fourth task imvolved an ergogrsphic task of lifting @
2.2 pound weight by the middle loft finger until the subject Mas completely exhausted. The subjects fatigued
s quickly after 6 hours of sleep as after one hour of sleep. In dot counting, the last task, laird and muller
chaerved thet "greatest jsprovesent appetred between the first and second houre, and every added houwr of sleep
brought added aprovewsat.” In sumary, the Laird and miller stuly indicated the sdeyumcy of & hours of “leep
for sinple task perforwmnces.

Owake (236) manined body svays and number of digit crosscuts in five subjects who ware swakeoed on
successive nights after 2, 4, 4, or § hours of sleep  Dody muys were worse sftar only 7 to 4 bours of eleey
Mt T to 4 hours of slsef ware tou short to iaprove sbili'y to crose vit digits, Van Ormer (300) tested two
swbjsrcte who attenpted to sseorize )iste v! 12 mmoense ylladles after 1, 2, ¢, or § bowrs of sleep. ‘% found

that reteorten sfter 4 hours was 45 good as after 8 howrs of sleep, bt thet retection sfter 2 dowrs of sleep
wis definitely poor s 414 wet €iffer from the capbility of retentios sfter o sicep at all.

mat of the studise cited shove soversd relatively short pericde of partisl sleep deprivation. There are,
bowever, & fur stulied tm long-ters partia) deprivetion of sleep. Preewnn ond Mo wife (94) surwd o8 the
sbject st the watchar for I8 consecwtive days. the st of slerp we viried to (nclude seven perinds of
10, 8, 8, or 4 bowd of slewp for every 34 howe, e Qﬁmxlm of finger csrillation and the tasks of
perforning discrinimntion reaction, ssmm) purswit, aed smary spen wre ;Gm twice dsily, at § a.m. ank ¢ p.s.
The results shbowed thit perfarsance remined st mig,tn‘ly_ the sane level uf achievement os that sttained prior
to the partial deprivetion of sleep study: Mheland (t:ij, using Mexelf as 1he svbiect, underverta somih of

fractivnated jortial sleep loss, o€, kireping FAW 10 pol, to 2 3.0, 4~ agaits frm S aum. te 8 o0, Nw
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examined head steadiness, diroriziiet 9on, Jynamonmeter testing, caxd sorting, buly temperature, respiratiun rate,
pulse rate, blood pressure, metabolism, body weight, and blood. None > these showed changes. He found that
his work capacity and aptitude were unimpaired and he felt well. However, Husband's finiings must be contrasted
to the fractionated partial sleep loss study that Kleitman (152, p. 313) reported on. Kleitman's two subjests
slep. for two 2k-hour periods that were separated by a 4-hour period of wakefulness. Both sibjects reported 'a
very low capacity for work during the 4-hour interval separating the two sleeps."

Webh and Agnew (310) used eight subjects who slept 3 hours per d-hour period for 8 coasecutive days.

The tasks used were: 1) "a paced addition test™ in which each subject added a pair of single digits presented
at the rate of two digits every 2 seconds and then added 8 to ¢he just obtained sum, 2) "an X test™ in which
each suhject listened to tape recorded letters and pressed a signal button each time he heard X, and 3) a
Pentagon Task in which the cubject pressed a signmal button each time a critical red light was flashed on one of
the five positions arranged in a pentagon. The results indicated that perforsances deteriorated only after the
seventh awd eigath nignt but these degradaticus of pexlormance were "neither uniform nor fully consistent.”

While Wilkinson published preliminary resulte in 1969, Xe later reported an extended study involving 24
subjects. In these latter studies (329), an attempt was made to detect minor changes in performance resulting
from a reduction of sleep from 7% to S, 3, 2, 1 or zero hours after two consecutive nights. From 7:45 a.n.
to 10:35 p.m., auditory vigilarce and addition tasks, altornately, were used with usual rest periods interspersed.
The experiment called for each subject to sleep short hours fcr two nights {Tuesday and Wednesday) every week for
6 weeks, leaving the rest of the week to norwmal sleeping hours. The full details of partial sleep loss on the
adding task were not included in Wilkinson's papers but the details of vigilance performance were given in a
context of signal detection theory, i.e., statistic d (intrinsic capacity to discriminate the signals) and
statistic beta (willingness to report signal detection). By using tasks which were tailored for maximal
sensitivity tu small loss of sleep, Wilkinson succeeded in detecting a decrease in percentage of signal detection
after 5% hours of sleep losc. In other words, a partial sleep loss after ome night in which »ach subject slept
only 2 hours. Wilkinson stated that vigilance performance was nut significantiy iupairéd until sleep was reduced
to 2 hours or less. After tx» nights of curtailed sleep, he found that performance was significantly impaired
when sleep was shortened to less than 5 hours.

Usually, partial deprivatic;n of sleep was accomplished by limiting the hours of sleep in each 24-hour period.
However, partial sleep loss can be achieved by re. tricting the hours of slecp over a 48-hour period or a 72-hour
period. Kleitman (152, Fp. 175-177) described two subjects who slept 8 hours at night but only after they bad
stayed awake 39 tc 40 hours, i.e., 50 per cent partial slevp loss over a 48-hour period. Two subjects were on
this schedule of a "48-hour day” for 15 periods or 30 days. Marked sleepiness, low work capacity, and low
efficiency were observed during the first night of each 48~hour day. Hence, Kleitman concluded that twice the
usual 24-hour day would be unsuitable to sustain performance. Oun the other hand, Oswald (237, Pp. 172-123)
reported on two subjects who went through a similar routine of "saved” sleep for a period of one month. One of
the subjects felt less well than usual while the other felt well and adapted to this extended sleep-wakefulness
cycle without impaired work efficiency.

Pertinent to the study of partial slecep loss and performance were three published papers which agreed, in
general, that reduction of sleep hours resulted in alterations in the kinds of sleep the subjects obtained dur’ng

their limited hours of sleep. What were the kinds of sleep? In 1957, Dement and Kleitman (74) described the
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stages of sleef in man, and their classification has been widely accepted (259). They found there were, in human
suwbjects, five reljably identifiable stages of sleep, 1, 2, 3, 4, and REM (Figure 11.). Sleep Stages 1 through 4
vere characterized by the appearance of more and more high amplitude slow brain waves, represen*ing generally an
incressing order of deepening sleep as scasured by the arousal threshold. Stage HEM, i.e., a period of rapid
€ye movement, vas characterized by low voltage brain waves and was reported subjectively as the dreaming
experience. Some of the studies on sleep physiology indicated a possidble duality of sleep from Stage REM to NREM
(no.-rapid gye movement) sleep (135).

Wlat vas the usual sleep pattern? According to Williams, Agnew, and Webb (345), 16 male subjects, age 21 to
31 with a wean age of 24.2, usually had on the average of 24 per cent REM, 49 per cent Stage 2, and 21 per cent
Stages 3 and 4 cowbined, of sleep during the night. When hours of sleep were reduced, did the subjects still
obtain the comparable proportions of these sleep stages as they would have in their full night's sleep? Sampson
(272) woke six subjects up for three consecutive nights after about 2} hours of sleep. Hhe found that more Stage
REM tended to squeeze iato their curtailed hours of sleep. Also noted in his study were the shortened REM latency
and an evidence of competition between REM and NREM sleep. Under this shortened sleep, the subjects were not
specifically deprived of NREM sleep, but the recovery night sleep showed more NREM sleep and that REM time
compensation was delayed. Dewent and Greenberg (71) curtailed the sleep of twu subjects by 2§ to 3 hours every
night for six consecutive nights. They found little or no increase in Stage 4 sleep during the partial sleep
deprivaticn but a very curious increase in Stage 4 was cbserved during recovery nights. They repeated the same
experiment with two different subjects. Partial loss of sleep was cond.cted for three consecutive nights only.
They found again that there was no Stage 4 increase during the shortened hours of sleep but a rebound was noted
on recovery nights. Webb and Agnew (310) permitted each of eight subjects to have only three hours of sleep
for 8 consccutive days. They found that the pattern of shortencd sleep was far different from what had been
expected of the miniature edition of the usual sleep pattern. A comparison of the first 3 hours of the baseline
sleep with the 3-hour sleep period indicated the shartened sleep had significantly more Stage 4 sleep, whereas
there was less Stage 2, and the Stage REX began to show up more during this shortened sleep. Despite the
abundance of slow wave sleep observed during the shortesed sleep periods, a Stage 4 increase was noticed in
sleep on recovery nights.

Therefore, the proportions of given sleep stages were altered by simply limiting the hours of allowed sleep.
In other words, a change in the kind of sleep resulted from liniting‘the quantity (hours) of sleep. Webb and
Agnev (311) have contributed a clarification of how partial sleep deprivation caused these changes, not only in
the duration of sleep (which they attespted to alter by deprivation of sleep) but also in the kind (quality) of
sleep.

One of the interesting cbservations of these investigators was the fact that the succession of sleep stages
over a night's sleep was not entirely random. It vas definitely cyclic and extremely stable within an individual's
sleep, indicating a strong stability in intra-subject sleep pattern. Commonly this pattern was constructed so
that 70 per cent of sleep Stage 4 occurred during the f£irst third of the night, whereas sleep Stage REM occurred
predominantly in the last third of sleep (Figure 12.). This cyclic "time of the night™ effect, with respect to
the kind of sleep, was found to resist attempts to modify it by changing sleep habits.

The presence of persistent and strong intra-sleep cycling of sleep stages has complicated research on partial

sleep loss. The implications of stable sleep cycles were not fully explored until the works of Webb and Agnew.
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In addition to the uswal "time of the night™ cycling of sleep stages, Webd and Agnew (311) suggested a presence
of similar sleep cycling over a 24-hour period. In other words, the kind of sleep one got in the morning, at
noon, or in the afternoon weuld differ due to this 24~howr cycling. A marning nap would be closed to the last
third of nocturnal sleep in jts sleep stage proportions than a late afternoon map which would be closed to the
sleep found dwring the first third of the night in its proportion of sleep stages.

Then, it would be remsonable to assume, until shown otherwise by experiments, that the shorter the hours of
sleep permitted for non-chronic partial sleep deprivation subjects, the greater the sleep Stage REN deprivation
would be. This apparently selective depr.vation of the sleep Stage REM with partial deprivation procedure was
utilized by Wilkinson {329) to explain the effects of partial deprivation of sleep on the statistical 4 and beta
measures of auditory vigilance. Wilkinson concluded that the slow wave sleep had more to do with the capacity to
discrininate and that REM sleep was closely tied up with willingness to report the signal detection.

Many sleep researchers are comcerned with the changed quality of sleep due to partial sleep loss because they
assume that each stage of sleep has unique biological and psychological functious. Such concern with the sleep
stages would be well taken if certain stages of sleep are indeed critical in maintaining human task performance.
However, at this moment the function of sleep stages is far from being clear-cut and much more research is
necessery before a definite conclusion can be drawn on the biological and psychological necessities of each sleep

atage.
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IV, SELECTIVE SLEEP 10SS

Unlike the total and partial sleep deprivations, selective sleep loss does mot occur in its purest form in
our normal dajly routine. Selective deprivation of sleep stages can be seen orly as a result of labaratory
interruption of sleep.

Selective sleep deprivation is the withholding of a particular stage of sleep. Hence, in the Stage REM
deprivation, the subject will be prevented from getting REM sleep by his being awakened, although he is permitted
to obtain @11 other types of sleep. Figure 13. is a polygraphic record of the transition period from sleep Stage
2 to REM. The top two channels are left and right eye movements (electrooculographic) channels. Electromyographic
(EMG) activity on and beneath the chin is shown on channel 3. Three EEG leads are shown on the 4th, Sth, and 6th
channels, respectively. All of these were referred to the opposite ear. Autonomic variables of skin potential
(SP), heart rate (MHR), with its calibration in beats per minute, and finger pulse (FP) are recorded on channels
7, 8, and 9. With the onset of Stage REM sl~ep, there was "concomitant appearance of relatively low voltage,
mixed frequency EEG activity and episodic REM" (259, p. 7). Also there was a diminished tonic mental-submental
EMG. Thus, the subject could be aroused from his sleep to prevent him from REM stage sleep at the poincs marked
by either 4 dots or 6 dots.

Selective sleep stage deprivations were attempted in two ways; either deprivation of sleep Stage REM or
deprivation of sleep Stages 3 and 4, i.e., slow wave sleep (64, 70, 139, 272, 65, 2, 3, and 347). Stage 1 and
2 deprivations were not attempted because such withholding would have interferred with the subject getting
permisgsible sleep under the stage deprivation schedule. The combination of two-stage deprivation, e.g.,
deprivation of both REM and slow wave sleep, remains untried.

The underlying basis for any selective sleep deprivation etudy is a conviction that each stage of sleep may
have a unique function whose lack will result in a heightened "press" for a selectively deprived sleep stage.

It has been shown after selective sleep stage deprivation that sleep Stage REM or slow wave sleep increases or
"rebounds" over pre-deprivation level during the nights of recovery sleep. Figure 14. illustrates a rebound
in the first recovery night (R3) after two nights of total sleep loss and two nights of deprivation of slow
wave sleep.

The rebound effect after selective sleep deprivation indicated that: 1) a lack of REM or slow wave sleep
could not be compensated for by other sleep stages, and 2) REM and slow wave sleep could be interpreted as

providing unique yet undefined functions for human organisms.

Performance under Selective Sleep Loss
A study of selective sleep deprivation of slow wave or Stage REM in six subjects for seven consecutive
nights showed no performance decrement as measuwred by the paced addition, the strength of grip, or the pursuit
rotor task (3 and 347). Although there had been obviocusly successful stage deprivation in these studies as
Judged by amounts of rebound during recovery night sleep, a lack of performance degradation was cbserved. In
contrast to the overall lack of performance decrement because of selective sleep loss, either REN or slow wave

sleep, a majority of studies on selective deprivation showed a variety of not too rcliable changes in the
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psychological functions of man. Although Kales and his associates (139), for example, Failed to observe psychic
changes as a result of REM deprivation. One common feature of selective sleep stage deprivation was that
psychological changes, if there were any, occurred only after a relatively long period, e.g., roughly one week (68).
Psychological testing must be extensive before psychological changes due to selective sleep loss can be detected
(273). Thus, in the Williams, Agnew, and Webb study (347), the personality changes of the subjects were measured
by the Minnesota Multiphasic Personality Inventory (MMPI), the Pensacola Z Scale, the Tyler Manifest Anxjety

Scale, and Cattell's 16 i¢F Test. These investigators found that during Stage 4 deprivation "the subjects became

physically uncomfortable, withdrawn and less aggressive, and manifested conce.n over vague physical complaints

and changes in bodily feelings -- hypochondriacal reaction” (347). Kowever, during REM deprivation the subjects
became less well-intcgrated and less interpersonally effective. Clemens and Dement (54) used a variety of tests,
including the color-word test, Walsh Figure Preference Test, Hotzman Ink Blot Test, TAT-styled pictures, Nowlis-
Green Mood Check List, and others, on six subjects who underwent six nights of REM deprivation and six nights of
Non-REM deprivation. They found that the REM deprivation caused "an increase in need and feeling intensity with
a drop in certain ego-control functions.” In other wards, selective sleep stage deprivation of the relatively
long duration of seven days caused "distinct unhealthy changes in the personality profiles" (347).

If there are performance tasks which are detrimentally effected by those mood and persomality changes, as
observed upon occagion after selective sleep stage deprivation, intensive study must be taken to detect such
degradation. However, the literature on selective sleep loss has been very consistent in not firding any task
performance deterioration. The resulte of studies at the Navy Medical Neuropsychiatric Research Unit with
laverne C. Johnson and A. Lubin (Figures 2. tlrough Figure 10.) confirmed a similer lack of performance
degradation due to selective sleep stage deprivation. In that series of experiments, the subjects were deprived
of total sleep for two nights to create sufficient amounts of sleep debt resulting in definite performance
degradation. Then, for two nights the subjects were divided into groups: Group A was permitted to sleep 8

uninterrupted hours (the Control group); Group § was deprived of slow wave sleep, while Group R was deprived of
REM sleep. Thus, counting the total sleep loss of two nights, the subjects in Group & had actually 4 nights of
sleep without llou‘nve slecp and the Group R subjects had 4 nights of REM deprived sleep. In terms of perfor-
mances in immediate recall, addition, Plus 7, X crossouts, continuous counting, and auditory vigilance, the
selective sleep stage deprivations did not cause performance degradation.

In 1965, Fisher summarizod that the REM-deprived subjects showed disturbances in motor coordination
{dropping small cbjects), in memory (forgetting appointwents), difficulty in concentration, and a few others.
These psychological changes are not fully substantiated by later studies, and these cbserved psychological
degradations my have been due to subject-expsrimenter interaction in the course of MEM deprivation procedures.
Indeed, Suyder (287), Kales and his colleagues (139), and Vogel (302) observed only the minimal psychologicsl

changes, at least, in human subjects.
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Axiety
176, 224, 231, 261
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169 (in rat's liver; see also 17-hyd:oxycortisol)

Aspartic acid salt
185
Attention
82, 146, 152, 217, 243, 261, 267, 312, 313

Auditory acuity
102

Autonomic responses
11, 129, 187, 276

Aviation medicine
88, 113, 117, 213

Bar pressing
271

Behavioral (psychological) changes
22, 36, 54, 128, 146, 159, 162, 170, 195, 197, 218, 224, 242, 245, 273, 296

Blochemical changes
95, 189, 197, 270, 328

Biological energy transfer
195, 196

Blocks, performance
23, 24, 32, 99, 162, 229, 306, 336, 339, 341

42




Blood pressure
J1, 39, 146, 150, 210, 295, 315

Body temperature
11, 89, 90, 100, 150, 157, 164, 178, 191, 214, 229, 315

Body sway
82, 174

Body weight
8%, 146, 150, 157, 154, 160, 243, 297

Brain acetylcholine

33, 119
Caffeine

97
Catecholamines excretion

89, 116
Cerebral circulation

210
Chlurpromazine

47, 217, 218

Conflict
228, 276

Cortical reactivity
83

Creatinine excretion
89, 146, 150, 195, 270, 278

Dauerschlaf
115

Death
152, 188, 205

Depression
27, 56, 82, 176, 295, 304, 313

Diplopia
154

Diurnal (circadian) rhythm
8, 92, 152 (Pp. 175-177), 229 (Pp. 27-28), 237 (Pp. 172-173), 258, 278, 290,
293

Drug~induced sleep stage "deprivation"
138, 141, 238, 239

Electroconvulsive shock threshold
55, 56

Electroencephalograms
10, 20, 24, 25, 26, 77, 85, 92, 107, 129, 194, 213, 245, 263, 268, 292, 297,
336, 341, 343, 344

Electroencephalographic patterns of sleep
74, 259

Endurance
45

Ensinophil count
160

Euphor fa
14, 30, 31

Exhaustion
15, 16, 48, 61, 177, 178, 185, 309
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109 (Antarctic), 110 (hyperbaric chamber in helium-oxygen air),
117 (space cabin simulator), 121 (Communist interogation),
186 (Polar expedition), 213 (astronmauts), 215 (submarine)

Fatigue
23, 42, 48, 49, 77, 81, 113, 192, 285

Finger pulse volume
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Galvanic skin response
11, 42, 126, 129, 157, 159, 203, 276

Glycogen content
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188, 229 (Pp. 37-38)
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Hallucinations
28, 34, 82, 146, 160, 174, 242, 243, 294, 295, 313, 333, 342

Heart rate
24, 60, 89, 120, 145, 146, 150, 150, 178, 203, 243, 271, 276, 295

Heat
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Hippocampal theta
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Humoral transmission, hypnogen
122, 219, 241
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Individual differences
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Information learning
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Intelligence
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Iproniazid 78, 229 (p. 37)
Iron metabolism
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Irritability
See Aggression

Knowledge of results
321, 322, 326, 31

lapses, performance
28, 24, 229 (Pp. 169-174; 206-209), 336, 339, 341 (see also Blocks,
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learning, maze
40, 41, 188

Monoamine oxydate
251

Methods of sleep deprivations
147, 242, 250, 341 (total sleep deprivation)
3, 68, 71, 73, 136, 347 (REM deprivation)
2, 3, 347 (slow wave sleep deprivation)
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130 (in the rat), 187 (see also Blocks and Lapses)

Mitochondria
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Motivation
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Motor convulsion, major
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Muscular work
91, 221

Muscular tension
11, 94, 129, 157, 229 (Pp. 201-203), 203, 322, 325

Neurological effects
20, 158, 266

Need for obtaining certain sleep stages
3, 44, 69, 87, 104, 138, 141, 194, 302, 303, 304, 329, 347, 351

Neurons
16 (in spina) cord), 17 (in the medulla)
Neurosis
291
Noise
59, 313, 323
Norepinephrine
255

Oral sugar tolerance
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Oxygen consumption
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Pain threshold
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Para~chlorphenylalanine (PCPA)
156

Partial eleep deprivation
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Perceptual chauges
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Purfarmance measures
306, 312, 335, 341 (accuracy)
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329, 341 (errors of umission)
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220, 328 (signal detected)
123, 341 (speed)
322 (total work output)

Phasic events, (n REM
73
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Physical exercise
116, 328

Physiological responses
89, 93, 128, 146, 203, 204, 218

Plasma iron
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Prolonged (continuous) work period
29, 43, 113, 114, 118, 125, 213

Protein metabolism
278

Psycholcgical tests
82, 123 ACE (American Council on Education: psychological examination)
125, 262 (Army Alpha tests)
191, 335, 338, 340, 341 (Army Classification Battery)
195 (Benton Visual Ketention test)
3, 347 (Cattell's 16 PF)
157 (Clyde Mocd Scale)
46 (Cornell Medical Index)
195 (Gorham Proverbs)
84, 157 (Holtzman Ink Blot)
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3, 107, 157, 242, 278 (D rcale only), 347 (Minnesota Multiphasic Personality Inventory (HNPI)
54 (Nowlis—creen Mood Chevk List)
3, 347 (Pensacola 2 Scale)
46 (Raven Progressive Matrices)
9 (Structured Objective Rorschach Test, S"RT), 107, 157, 190, 240, 280 (Rorschach)
12, 54 (Modified), 195, 280 (Themati. Apperception Test (TAT))
195 (WAIS)
28C (few subtests) (Wechsler-Believue Test)
54 (Welsh Figure Preference Test)

Psychopathology of slcep
138, 315

Psychiatric changes
5, 22, 107, 187, 294, 302, 305 (see also Psychosis of sleep deprivation)

Psychosis of sleep deprivation
22, 27, 28, 34, 107, 146, 195, 225, 242, 294, 296, 316

Reading
§3, 111, 261

Recovery sleep pattern after total sleep deprivation
22, 129, 142, 337

Recuperative power of sleep stages
29, 347 (see also 171)

REM (Rapid Eye Movement sleep stage, dreaming sleap)
65, 66, 67, 68, 69, 86, 87, 104, 108, 132, 133, 161, 206, 209, 286

REM deprivation
3, %0, 54, 55, 56, 64, 68, 70, 72, 73, 75, 79, 80, 90, 139, 141, 148, 165,
184, 222, 223, 226, 249, 272, 273, 277, 282, sol 302, 303, 304, 347, 35)

Respiration rate
11, 89, 150, 187, 178, 218, 276

Retention, menary
40, 872, 94, 111, 243, 284, 200, 313, 335, 341

Retlcuiar formation
193, 209

Schizophrenia
27, 28, 108, 124, 160, 161, 194, 303, 38)

Secubarbital
2n

Selective sleep stage deprivation

21, 309, 347 (see also MEN deprivation and MS deprivation)




Serotenin
27, 2°%6

17-hydroxycortisol and 17-ketosteroid
28, 100, 157, 208, 222, 227, 270, 298, 328

Sigral uncertainty
338

Simulated communication task
275

Size-constancy, judgments of
47

Shock-induced fighting in rats
222

Skin potential activity
232

Sleep debt
88, 314

Sleep disturbances
105, 201

Sleep patterns, normal
4, 74, 84, 140, 265, 346

Sleep patterns, unusual
109 (Antarctic sleep)
214 548-hour day)
110 (good or poor sleepers)
131 (healthy insomniacs)}
163 (open-heart surgery patients)
18¢ (Polar sleep)
107, 142 (post-sleep deprivation)
110 (hyperbalic chamberg
239 ﬁwlthdruwal of amphetamine from addicts)
348 (withdrawal of alcohol from alcoholics)
140, 141, 238 (withdrawal of hypnotics from addicts)

Social behavior
100, 152, 175, 176, 230, 242

Stages of sleep, scoring
259

Stress
89, 157, 198, 207, 208, 227, 298

Stress responsive indole substance
100, 387, 207, 208

Subject ive feeling
14, 82, 261, 297

Succinic oxidase

Slow wave sleep (WE)
138, 194

Slow wave sleep deprivation (Sl op Stages 3 and 4 deprivation)
2, 3, 71, 347

Task, typws of
3, 12, 3%, 131, 263, 273, 3w, 310, 18, 327, 340 341, 347 (adding and rubtracting)
12, 261 (aiming)

173 (anslogies

268 gn sucfated word)

280 {autokinesis)

313 (ball-throwing)

123, 280, 518 gcard sorting)

163, 267, 34) (comtinvous perforronce task (F0TY))

17, 17 (eode vriting)

£ (circle inhibition tesy {Siegmn))
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Task, types of (continued)

23, 111, 152, 179, 306 (color naming)

54 (colur-word test (Stroop))

12, 214 {cress-out (symbo) scanning))

24 (delayed reaction)

3, 157, 336, 347 (discriminated reaction time)

173 (digits backward)

82 (digits memory)

171 (dot counting)

54 (embedded figure)

94 (finger oscillation)

12, 280, 297 (flicker fusion, critical (CPF))

318 (forward and backward writing)

3, 82, 243, 347 (grip strength)

123, 261, 280 (hcnd-dynamometer)

82, 123, 236 (hand-steadiness)

89 (Xugelmaschin)

150 (letter naming)

285 (McDougall dotting)
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111, 172, 179, 261 (multiplication)
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35, 280 (pegboard)

310, 338, 343 (pentagon}

9, 12, 137, 171, 243, 280, 336, 341 (reaction time)

318 (rote learning)
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24, 59, 181, 247, 318, 419, 321, 223, 325 (serial choice reaction)

146 (speed of typewriting)

123, 214, 261, 25, 3t6 (tapping)

2, 3, 12, 32, $8, 59, 94, 111, 123, 198, 203, 242, 247, 280, 347 (tracking,
pursuit or compensatory)

12, 59, 76, 318, 320, 324, 326 (vigilance)

111 (war game)

12, 273, 2R5 (word association)

12 (word fluency)

82, 343 (word mewory)

128 (writing reversed digits)

Task, parameters of

340 (cognitive laoading)

192, 333 (complexity)

328 (dunttm

111, 192, 328 (intrinsic interest)
341 (motivation)

333, 335 (memory requirements)
328, 341 (pacing)

340 (speed loading)

328 (types of tasks)

Taste threshold
9

Temperature, environmental
9%
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The ory and

™yrots

Tremor

Tryptophan

20 {l&'thle {Wullian concogt))
111 (attention (concentration)

24 (de-activation)

323 (efforts (compensatory))

341 (lape-)
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Figure 1.

Figure 2.

Figure 3.

Figure 4.

Figure L,

Figur~ 6,

LECENDS FOR FIGURES

Elec.rorncephalographic (EEG) and electrocardiographic (EKG) records of a subject who developed
visual hallucinat ion during sleep loss. Before an episode of visual hallucinztion, EEG showed
low voltage waves of mixed frequencies. A period of hallucination was accompanied by sustained

high voltage alpha wave in ELU and increased heart rate,

Unidimensional manual tracking of vicual stimulus in 4 subjects, R. S., K. M., D. €., and J. L.
Three chavnels on the top of the figure show sinuseidal tracking signal, tracking response, and
tracking error of a subject, H. H., at 123rd hour of sleep loss. The lower gruphs show the
tracking errura ovuiy on 4 subjects. The more wavi' the lines are, the mure inaccuracies are
present in tracking, Rl and R2 are the tracking .esponses after one and two night(s) of

recovery sleep.

Results of an immediate recall test befare, during, and after 64 hours of total sleep deprivation
followed by selective sleep stage deprivution. ¢ denoten Control Croup for selective sleep
deprivation (N = 4). & denotes Slow Wave Sieer Depifved Croup (¥ = 3), R cenotes REN Sleep
Deprived Croup (N = 3). Perfect score far the task wus 30 wurds recalled. B denotes Daseline
Days, 1 through 4; D denotes Deprivation Days, 1 aud 2; PR cenotes Partial Recovery Days. 1 and
2; R denotes Recovery Days, 3 and 4.

Results of task of adding (ive two-digit columna of nusbers. € is Control (N = 4); § ix Slw
Nave Peprived (N = 3); R ie REM Sleep Deprived /X = 4), and A 18 the No Sleep Depr.oved Group
(N = d).

T™his 18 a polygraphic record ahawieg EEC and autonoeic concomjttants of perforeing a Tvek, Plus 7,
befure the deprivation of alecp. This recard was tzken froo a suhject, J, Y., 3 winutey afier the
start of the Plos 7 Task, TASK channel fndicated ssooth and repid meutal additfon With the - Zoect
completing six correct additions in V0 anconde. KEG ahowed high asg»iﬂw!v sipha activity., Finger
pulze volume was ielatively sml) and woll rogulatil, Respiration wis deep, MR ix Waret Rate;

P t» kin Fotentiai.

Mis te a polygrapclc rocend of a svhiect, J. Y., § minuteos afrer the start of the Plus 7 fask but
with an fntervening aleep luse of two nights. TAS polyyraph channcl shas accurzte asutal addit fons
but with g coreideralile sioving in sddition. e subject rompleted mly Uree additions it 30

seconds, LIX alpha wax attomuted and intorsitlant. Meart rete sar sloevd and finger julse volume

war jarger. Respimtion wer shallowr.




Figuwe 7,

Figur. 8.

Figure 9.

Figure 10,

Fipze il.

Tigere 17,

Figure W.

Figue 18,

This shows the results of the Plus 7 Task performance. C denotes Control Group (¥ = 3);

S denotes Slow Wave Sleep Deprived (N = 3); ¥ denotes REM Sleep Deprived (N = 4); & denntes the
No Sleep Ueprived Group (N = 2). The task was 50 minutes long but this figure shows only the
average performance during three periods (N{rwies 1~10, 21-30, snd 41-50),

This figure shows the results of perforwance on the X crossout test. C denotes the Control Croup
(N = 4); s denotec Slow Wave Deprived Croup (K = 3); R dencies the REM Sleep Deprived Croup (N = 4);
and A demotes No Sleep Deprived Group /N = §).

This figure shows the results of performe we of Cantinuous Counting. C s Coutrol Group (¥ = 4);
S is Slow Wave Deprived Group (N = 3); % fs REM Deprived Group (N = 4}, a:d A is No Slecp Deprived

Group (K = 4).

These dre the resuits of rorfurmeace of auditory vigilance. € is Control Group (N = 4); S is

Slow Mavs Potrjved Jeong {N © 3), and # §< RER Deprived Group (N = 4).

™is figuae shes she Sages of Sleep, 1, 7, 3, &, avd KIM, plus ¥, the Wake Period. Calibrations
Foi foaiv vete snd for EEG appesr at the itwer bottom of the figure. LEOC is Left Ilectro-
sulogram; (D06 ts Right Liectrfooculogram. A is the refermmca created by cornecting iteft and right

Fatt LT LIOCONses

TRis shows tlc sleep cpvles of two subjects, J. G, V. and Ko L. €. The stages of slvep are shuwn
o the vertionl avis, W is Wake Periud, & iz AEM Period. The aorizontal axis shows the pours of

slees atd alse 1scal clock time,

Thie figure abuni the physiclogicel indicators used in the Tage EEX slee seprivetive. 1L0C et
RECC zrv (aft and Right Llectrouculogress. DN (s Clertrumyogren taken oh aod bermath The mocritar
orea of the chin. F3, ©3, ard 31 sre LI derioations after the [5-I0 syatem. T i B
Potentiai; M is Nart K ¢; TP (a Finger Mlae volueer. & i3 2he reference foomed by Qms;'-
connecting left srd right matold procestes. 16 KM Dejrivid Tlesp, ihe eubioet war swakined

#t the tine vhen chin DG tonus dimappeartd (& dots), = ac Tor begimming of 1h Urnin of rupid

vy mvenents (& dots).

these are the sliowp prvfﬂn; of  subleci 6 30¢ tuiwline sleep, The sciwnd Bight of siav waive
slecp deprivstion and the Ciret night of recowery slesp foilming twn aighits of tital <lowp loss

arwd vwo aigi of low wavr sleep deprivation.
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