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Am J Physiol Regul Integr Comp Physiol 284: R280—R290, 2003;
10.1152/ajpregu.00197.2002.

Leproult, Rachel, Egidio F. Colecchia, Anna Maria
Berardi, Robert Stickgold, Stephen M. Kosslyn, and
Eve Van Cauter. Individual differences in subjective and
objective alertness during sleep deprivation are stable and
unrelated. Am J Physiol Regul Integr Comp Physiol 284:
R280-R290, 2003; 10.1152/ajpregu.00197.2002.—This study
examines the individual reproducibility of alterations of sub-
jective, objective, and EEG measures of alertness during 27 h
of continuous wakefulness and analyzes their interrelation-
ships. Eight subjects were studied twice under similar con-
stant-routine conditions. Scales and performance tasks were
administered at hourly intervals to define temporal changes
in subjective and objective alertness. The wake EEG was
recorded every 2 h, 2 min with eyes open and 2 min with eyes
closed. Plasma glucose and melatonin levels were measured
to estimate brain glucose utilization and individual circadian
phase, respectively. Decrements of subjective alertness and
performance deficits were found to be highly reproducible for
a given individual. Remarkably, there was no relationship
between the impairments of subjective and objective alert-
ness. With increased duration of wakefulness, EEG activity
with eyes closed increased in the delta range and decreased
in the alpha range, but the magnitudes of these changes were
also unrelated. These findings indicate that sleep deprivation
has highly reproducible, but independent, effects on brain
mechanisms controlling subjective and objective alertness.

subjective alertness; attention; trait dependence; circadian

rhythm

THE DEMANDS of 24-h operations in modern society im-
ply that many adults need to sustain wakefulness
throughout the night. Extended wakefulness across
the night is consistently associated with decreases in
subjective alertness (or increases in its antonym, sub-
jective sleepiness) and with measurable decrements of
performance (i.e., objective alertness or vigilance) on a
wide variety of cognitive tasks. Sleep loss involves
major individual and societal safety risks (25, 31, 37,
44). Despite the high prevalence of extended wakeful-
ness in modern society, it is not known whether indi-
vidual differences in measures of subjective and objec-
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tive impairments during sleep loss are reproducible from
one night to the other. The relationship between subjec-
tive and objective impairments across individuals is also
poorly documented. In other words, is an individual who
reports high levels of sleepiness during a given sleepless
night likely to again feel very tired on another similar
occasion? And, are high levels of sleepiness in a given
individual consistently associated with large decrements
of performance on vigilance tasks? These two questions
are the main focus of the present study.

Temporal variations of subjective and objective
alertness across a night of sleep deprivation have been
described in numerous studies using standardized
scales and a wide variety of performance tests, ranging
from simple psychomotor tasks to arithmetic and
short-term memory tasks (3, 7, 20, 22, 27, 45). The
results have been remarkably consistent and have in-
dicated that subjective and objective alertness varies in
parallel, with detectable decreases starting around the
usual bedtime, when the circulating levels of melato-
nin, a hormone with sedative properties (5, 36), are
increasing. The decreases in subjective and objective
alertness continue until a minimum is attained in the
early morning hours, 1 to 2 h after the minimum of
body temperature, i.e., between 0600 and 0800 in most
young adults (13, 19, 22, 27). Both subjective and objec-
tive alertness then improves, despite continued wakeful-
ness, suggesting that activating mechanisms become op-
erative in the morning. Well-documented studies have
demonstrated that the temporal variations of both sub-
jective and objective alertness during extended wakeful-
ness are under the dual control of a homeostatic process,
relating the decrease in alertness to the duration of prior
wakefulness, and of a circadian rhythm promoting alert-
ness across the usual waking period (11-14, 28, 29). For
EEG activity during extended waking, the relative im-
portance of the homeostatic and circadian processes was
found to depend on the frequency range (1, 2, 4, 17).

The similarity of the temporal pattern of alterations
in subjective and objective alertness during extended
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DISSOCIATION OF SUBJECTIVE AND OBJECTIVE ALERTNESS

wakefulness has led to the implicit assumption that
their respective degrees of impairment are quantita-
tively correlated and that individuals who feel subjec-
tively more sleepy are also more cognitively impaired.
Yet, the reproducibility for a given subject of decre-
ments of subjective and objective alertness across a
night of sleep deprivation has never been evaluated.
Furthermore, the relationship across individuals be-
tween the magnitude of increases in subjective sleepi-
ness and the magnitude of decreases in performance on
vigilance tasks has not been examined.

The present work therefore analyzes subjective and
objective alertness, as well as EEG measures across
27 h of continuous wakefulness in healthy young
adults who were each studied on two occasions, sepa-
rated by at least 2 wk, under the same experimental
conditions involving constant bed rest, light intensity,
and caloric intake under the form of an intravenous
glucose infusion. Because exogenous glucose infusion
suppresses hepatic glucose production (10, 43) and
physical activity is minimal and relatively constant,
variations in plasma glucose levels under such exper-
imental conditions provide an indirect measure of
changes in brain glucose utilization (39, 41). Temporal
variations of melatonin were also simultaneously as-
sessed to obtain an estimation of individual circadian
phase (23) and evaluate possible correlations between
increases in melatonin levels and decrements of sub-
jective and objective alertness.

MATERIALS AND METHODS

Subjects

The study included eight healthy men, aged 24 + 1 yr
(means * SE) with a body mass index of 24.2 + 1.4 kg/m2.
Subjects with a history of psychiatric illness, endocrine ill-
ness, or sleep disorders, shift and/or night workers, subjects
having crossed time zones during the 6 wk preceding the
beginning of the study, and subjects taking any drugs were
not included in the study. Positive criteria for selection in-
cluded regular lifestyles with habitual bedtimes between
2300 and 2400 and wake-up times between 0700 and 0800.

The protocol was approved by the Institutional Review
Board of the University of Chicago. Written informed consent
was obtained from all participants.

Experimental Protocol

Each subject participated in two studies performed at 2- to
6-wk intervals. The two studies (referred to as study 1 and
study 2 with study 2 always following study 1) involved
identical experimental conditions for 27 consecutive h (from
1000 on the first day until 1300 on the next day). All subjects
also participated in a third study involving early-morning
exposure to bright light that was separated from study I and
study 2 by at least 2 wk and has been described in detail in a
recent publication (21).

During the week preceding each study, the participants
were asked to comply with a standardized schedule of bed-
times (between 2300 and 2400) and wake-up times (between
0700 and 0800). Compliance was verified by examination of
continuous recordings of wrist activity (Gaehwiler Electron-
ics, Hobrechtikon, Switzerland).

R281

For each study, the volunteers were admitted to the Uni-
versity of Chicago Clinical Research Center around 0830,
received breakfast, and were instructed on the use of com-
puterized performance tests and paper-and-pencil scales.
Two sterile heparin-lock catheters were inserted, one in each
arm, one for intravenous glucose infusion and one for blood
sampling. Electrodes for EEG, electromyogram (EMG), and
electrooculogram (EOG) recordings were attached. Starting
at 1000, the subjects had to remain awake at bed rest with
the head of the bed tilted at a 45° angle and indoor light
intensity was maintained in the range 50—150 Ix throughout
the entire study. They were allowed to watch television, read,
play board games, and have conversations with staff and
visitors and had access to external time cues (wristwatch,
radio, television programs). Objective and subjective mea-
sures of alertness were obtained every hour, and the wake
EEG was recorded every 2 h from 1100 until the end of the
study. At 1200, the subjects received lunch, which consti-
tuted their last meal until the end of the study. Starting at
1400, caloric intake was exclusively under the form of an
intravenous glucose infusion at a constant rate of 5
g-kg™1-24 h™!. This procedure eliminated behavioral and
metabolic effects of meal anticipation, presentation, and in-
gestion during the remainder of the study. Only water (ad
libitum) or diet-decaffeinated sodas (maximum 3 12-o0z cans/
day) were allowed. Blood sampling at 15-min interval for the
measurement of plasma melatonin and glucose levels was
initiated at 1800 and continued until the end of the study.

Measures of Objective and Subjective Alertness

Starting at 1000, two computerized performance tests
were administered at hourly intervals using a portable
Macintosh computer to obtain an objective measure of alert-
ness. Both tests are designed to be sensitive to decrements of
attention. For both tests, saturation on the learning curve is
attained after one to three trials. The two tests were always
administered in the same order (selective attention task
followed by sustained attention task) and in rapid succession,
without an intervening rest period. The selective attention
task measures the subject’s ability to allocate attention to a
specific location and the ease with which that attention can
be shifted. This task was an adaptation of the classic “Posner
perceptual cueing task” (33). This task relies on the posterior
parietal lobe (9, 34). The volunteer is required to stare at a
“+” displayed in the center of the computer screen, with one
box located laterally to the left of the fixation point and
another located laterally to the right of the fixation point.
One of the boxes, both boxes, or none of the boxes become(s)
highlighted (“cued”) before an asterisk appears in one of the
two boxes. The delay between the cue and the appearance of
the asterisk may be 50, 150, or 300 ms. The subject has to
press the space bar as quickly as possible every time the
asterisk appears on the screen. Each test includes 40 trials
and lasts ~2 min. The sustained attention task measures
how well the participant can sustain attention in the absence
of salient signals, a function that relies in large part on the
right frontal cortex (30, 32). Blurry digits (ranging from 0 to
9) are flashed in the middle of the computer screen in a
pseudo-random sequence. The subjects are instructed to
press the target key (“H”) when 0 is displayed and the
nontarget key (“space bar”) for all other digits. Each test
includes 48 trials that are equally divided so that each time
interval between digits (500; 1,000; 2,000; and 3,000 ms)
receives nine nontarget and three target digits. Four differ-
ent versions (scripts) of the attention tasks were used to
avoid memorization. Lapses were defined as response times

AJP-Regul Integr Comp Physiol « VOL 284 « FEBRUARY 2003 « WwWw.ajpregu.org

9002 ‘62 Arenuer uo 6io°ABojoisAyd-nBaidhe wol) papeojumoq



http://ajpregu.physiology.org

2
S 74

g
=
=
e
=W
<9}
=
i)
2]
]
<
=¥
=
o
O
o
S
<
<)
=
)
S
ol
o0
9}
)
S
e
>
Y
@]
)
=
=
o
~
|
o
p—
o
® pu(
=
=
a¥
S
Q
Y
«
=
o
=)
Q
—
S
o)
o
® pu(
P
g

R282

that exceeded the 99th percentile of the distribution of re-
sponse times measured in each study during the normal
waking period, i.e., during the time interval 1000—2300.
Mean response times and number of lapses across all trials of
both tests were used as objective measures of alertness.

The two computerized attention tasks were immediately
followed by a paper-and-pencil measure of subjective alert-
ness using the Visual Analog Scale for Global Vigor (26),
which combines the scores on four continuous 10-cm scales
(alert, sleepy, weary, and effort) to obtain a Global Vigor
score between 0 and 40 cm.

In total, hourly assessments of objective and subjective
alertness needed between 5 and 10 min to be completed.

Recordings of the Wake EEG

Starting at 1100, EEG (central derivation Cz and frontal
derivation Fz), EMG, and EOG (left and right eyes) record-
ings were obtained every 2 h for 4 min, 2 min with eyes open
and 2 min with eyes closed. The derivations were referred to
A1l or A2. The subjects were instructed to fixate on a point on
the wall for 2 min and then to close their eyes for 2 min and
relax without falling asleep. During the recording, the sub-
jects were under constant supervision via a closed-circuit TV
system.

EEG signals were low-pass filtered (in addition to a low-
pass fourth-order Chebyshev analog filter with a cut-off fre-
quency of 24 Hz, an antialiasing filter was added), high-pass
filtered (0.5 Hz), and digitized with a sampling frequency of
50 Hz. The setup was tested with various sampling frequen-
cies, up to 200 Hz on EEG channels. Aliasing effects were
nonexistent for the frequency range of interest, i.e., from 0.5
to 25 Hz. Recordings of EEGs were then analyzed by ERA/
PROFILER (Phitools, Grenoble, France), a software package
designed to facilitate the detection of artifacts and to perform
spectral analyses. For each session of EEG recording and
each recording condition (eyes open, eyes closed), the first
20 s after the beginning of recording were eliminated to avoid
effects of adaptation. The following 1-min period was ana-
lyzed, after artifacts were removed. The ERA software uses
the EOG recordings to automatically eliminate 1-s epochs
with artifacts due to eye movements (including eye blinks
during eyes open recordings). We visually checked the results
of this automatic procedure and additionally removed arti-
facts due to muscular activity based on examination of EMG
recordings. In addition, sections of recordings containing any
element consistent with stage II sleep (i.e., K-complex and
spindles), based on the standard criteria of Rechtschaffen
and Kales (35), were eliminated from the analysis. After
artifacts were removed, a spectral analysis, using a Fast
Fourier Transform, was computed for 2-s epochs for the two
EEG derivations with a resolution of 0.5 Hz. The number of
artifact-free 2-s epochs averaged 19.5 * 0.4 across deriva-
tions, studies, eye conditions (open or closed), and individu-
als, indicating that on average, almost two-thirds (almost
40 s of the 1 min analyzed) of the available recordings were
submitted to a spectral analysis. Examination of the result-
ing 24 (from 0.5 to 12 Hz by 0.5 Hz) temporal profiles
revealed that qualitative changes in EEG activity across the
27-h period of extended wakefulness could be accurately
summarized by averaging, for each 1-min period, the spectral
power in six different frequency ranges, i.e., low delta (0.5 to
<2.5 Hz), high delta (2.5 to <4.5 Hz), low theta (4.5 to <6.5
Hz), high theta (6.5 to <8.5 Hz), low alpha (8.5 to <10.5 Hz),
and high alpha (10.5 to <12.5 Hz).

DISSOCIATION OF SUBJECTIVE AND OBJECTIVE ALERTNESS

Glucose and Melatonin Assays

Glucose levels were measured at the bedside using an
automatic analyzer (Yellow Springs Instruments, Yellow
Springs, OH) with a coefficient of variation of <2%.

Plasma melatonin levels were measured with a double-
antibody RIA using commercially available reagents (Stock-
grand, Guilford, Surrey, UK) as previously described (42).
The lower limit of sensitivity of the assay was 2.5 pg/ml. The
intra-assay coefficient of variation averaged 17.5% for values
<10 pg/ml and 8.6% for values >10 pg/ml. All samples from
the same subject were measured in the same assay.

Data Analysis

Time domain analysis. The individual profiles of plasma
melatonin were quantified by a best-fit curve obtained using
a robust locally weighted regression procedure (8) with a
regression window of 3 h. Individual profiles of plasma glu-
cose, hourly Global Vigor scores, response times, and number
of lapses on the performance tasks were smoothed using a
three-point moving average of the raw data. The timing and
value of maximal melatonin levels were quantified using the
best-fit curve, whereas the timing and value of minimum and
maximum values for glucose, Global Vigor scores, response
times, and number of lapses were defined for each subject
from the smoothed curve.

The onset of nocturnal melatonin secretion was defined as
the time of the first concentration exceeding 5 pg/ml not
followed by a decrease below 5 pg/ml. For one subject for
whom the daytime levels were above 5 pg/ml, the threshold to
determine the onset of nocturnal melatonin secretion was
estimated as the mean concentration from 1800 until 2000.

For each of the 13 EEG recording times in the 27-h study
period, mean spectral power was calculated in each of the six
frequency ranges. Values were calculated separately for re-
cordings with eyes open and with eyes closed and for both
frontal and central derivations. For each frequency range
and recording condition, the 13 measures of EEG power over
the 27-h period of continuous wakefulness were submitted to
a two-way ANOVA with time of recording as repeated mea-
sure and derivation (frontal vs. central) as factor. Maxima
and minima in profiles of EEG power were estimated from
the raw data.

Homeostatic and circadian components. All variables sam-
pled at frequent intervals not exceeding 1 h were submitted
to an ANOVA with time as repeated measures, including
both linear and quadratic orthogonal polynomial contrasts to
detect significant homeostatic (linear) and circadian (qua-
dratic) trends. Quadratic trends indicate the existence of a
“turning point” in the profile and were therefore interpreted
as evidence of circadian effects.

Estimation of temporal concordance and quantitative cor-
relations. For each variable, temporal concordance between
the profiles observed in the two studies was analyzed by
examining cross correlations (rcross) using all temporal deter-
minations (Global Vigor, response time, and number of laps-
es: 27 data; plasma melatonin and glucose levels: 73 data;
EEG: 13 data). Cross correlation analysis was also used to
examine temporal concordance between variables. For mela-
tonin, only hourly concentrations during the nocturnal in-
crease (from 1800 to 0500; 12 data) were considered in this
analysis. Mean coefficients of cross correlation were calcu-
lated using the raw values as well as using Fisher z-trans-
formation. In the latter case, the individual coefficients of
cross correlations were first converted using Fisher z-trans-
formation. These values were averaged across the group, and
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DISSOCIATION OF SUBJECTIVE AND OBJECTIVE ALERTNESS

the group average was then converted back to obtain the
mean coefficient of correlation.

Possible quantitative relationships between the changes in
melatonin, glucose, subjective and objective alertness, and
EEG measures across the 27-h period were explored by
examining correlations between relative magnitude of in-
creases or decreases. Relative magnitudes were calculated as
the maxima minus the minima, expressed in percent of the
maxima for Global Vigor and high alpha data, expressed in
percent of the minima for response times and high delta data,
expressed in percent of the overall mean across the study
period for plasma glucose and melatonin.

Statistical Tests

All statistical calculations were performed using the Stat-
viewSE™* and SuperANOVA softwares (Abacus Concepts,
Berkeley, CA). Group results are reported as means + SE.
For correlations, both the parametric Pearson coefficient (rp)

STUDY 1 STUDY 2

100

R283

and the nonparametric Spearman coefficient (rs,) were cal-
culated for each pair of variables. When significant (P < 0.05)
correlations were detected by parametric analysis but not
confirmed by a similar trend by nonparametric analysis (P =
0.10), the correlation was considered nonsignificant.

RESULTS

Temporal Profiles and Reproducibility of Melatonin,
Glucose, and Subjective and Objective Alertness

Figure 1 shows the mean profiles of plasma melato-
nin, plasma glucose, Global Vigor scores, response
times, and number of lapses on the attention tasks for
study 1 (left) and study 2 (middle). The scatter plots in
Fig. 1, right, show the reproducibility of each variable
across the two studies for each subject.

REPRODUCIBILITY
STUDY1-STUDY2

160 1 AMPLITUDE (pg/mi)

S
e

STUDY 2
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Fig. 1. Mean (+SE) profiles of plasma
melatonin, plasma glucose, subjective
alertness (Global Vigor scores), and ob-
jective alertness (response times and
lapses) for study 1 (left) and study 2
(middle). Right: reproducibility across
the 2 studies of the individual values
for the measures quantifying the
changes in melatonin, glucose, subjec-
tive and objective alertness over the
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Melatonin profiles were remarkably similar in both
studies. The amplitude of the nocturnal elevation var-
ied more than fourfold across subjects but was highly
reproducible for a given subject (rp = 0.87, P = 0.005;
rsp = 0.79, P < 0.04). The onset of melatonin secretion,
generally considered as the most accurate marker of
circadian phase, was delayed by an average of 41 min
in study 2 compared with study 1 (study 1: 2300 = 31
min; study 2: 2341 = 36 min, P = 0.05). Consistent
with the reproducibility of the amplitude and the exis-
tence of a small phase delay between the two studies,
the maximum cross correlation between the two pro-
files was very high (reoss = 0.95 = 0.01, P < 0.001;
using Fisher z-transformations: reross = 0.96) but was
observed for a negative lag of 46 = 12 min. In Fig. 1
and subsequent analyses, all profiles were therefore
referenced to the timing of the melatonin onset.

As previously reported (41), despite the fact that
glucose was infused at a constant rate, plasma glucose
concentrations varied markedly and consistently
across the night of sleep deprivation in both studies.
Glucose levels increased rapidly in the evening to reach
an acrophase around the middle of the usual sleep
period (study 1: 0152 = 27 min; study 2: 0302 = 31
min). The second half of the night was associated with
a steady decrease in glucose concentrations. Subjects
who experienced small/large glucose excursions across
the night of sleep deprivation in the first study tended
to have similarly small/large increases in glucose levels
in the repeat study (rp = 0.77, P = 0.03; rsp, = 0.64, P =
0.09). Cross correlation of glucose profiles across the
two studies averaged 0.64 = 0.01 (P < 0.01) and 0.67
using Fisher z-transformations.

In both studies, Global Vigor was relatively stable
during the usual daytime period, before the melatonin
onset, and then decreased markedly to reach a mini-
mum that occurred, on both studies averaged, at
0752 = 35 min. Cross-correlation analysis indicated
that the decrease in subjective alertness followed the
melatonin elevation by an average of 94 = 26 min
(Feross = —0.88 = 0.04 for study 1 and reposs = —0.89 +
0.03 for study 2; using Fisher z-transformations,
Teross = —0.92 for both studies). Consistent with previ-
ous studies (14, 15, 30), subjective alertness showed a
relative improvement in the late morning, reflecting
the influence of the circadian waking signal. Both the
linear (i.e., homeostatic) and quadratic (i.e., circadian)
components were highly significant by ANOVA (ho-
meostatic: P < 0.0001; circadian: P < 0.0001). As
illustrated in Fig. 1, the minimal Global Vigor score
reported during nocturnal sleep deprivation ranged
widely from one subject to another (from scores under
5 cm reflecting a severe subjective impairment of alert-
ness to scores above 20 cm, i.e., the middle point of the
Global Vigor scale) but was highly reproducible for a
given individual (rp = 0.95, P = 0.0002; rsp, = 0.9, P <
0.02). The reproducibility of the pattern of change in
subjective alertness over the extended period of wake-
fulness across the two studies was also excellent, with
a maximum cross correlation averaging 0.83 = 0.04
(P < 0.01) and 0.86 using Fisher z-transformations.

DISSOCIATION OF SUBJECTIVE AND OBJECTIVE ALERTNESS

Despite very similar decreases of subjective alert-
ness in both studies, the deterioration of objective
alertness, as assessed by the response times and the
number of lapses on the two attention tasks, was more
severe in study 2 than in study 1 (Fig. 1, bottom). The
temporal patterns of changes in response times across
the night of sleep deprivation and the following morn-
ing were largely similar in both studies [as assessed by
a maximum coefficient of cross correlation averaging
0.74 + 0.03 (0.75 using Fisher z-transformations) for
the response times and by a maximum coefficient of
cross correlation averaging 0.71 = 0.06 for the number
of lapses (0.75 using Fisher z-transformations)]. Sub-
jects tended to have longer response times on the
highly repetitive tasks during study 2 (P = 0.08) and
had more lapses (P = 0.04). In both studies, the de-
crease in objective alertness tended to occur later than
the decrease in subjective alertness. Indeed, by cross-
correlation analysis, the average lag between the in-
crease in response times and the increase in melatonin
levels was 156 = 30 min (reross = 0.78 = 0.05 for study
1 and 0.77 * 0.04 for study 2; using Fisher z-transfor-
mations, reross = 0.81 for study 1 and 0.79 for study 2)
compared with 94 * 26 min for subjective alertness
(P = 0.09). Similar to subjective alertness, objective
alertness then partly recovered in the morning hours.
Both the homeostatic and circadian components were
significant by ANOVA (P < 0.0001 and P < 0.0004,
respectively).

Response times both during normal waking hours
and extended nighttime wakefulness appeared to be
reproducible individual characteristics, with some sub-
jects performing consistently slower than others (rp =
0.83, P = 0.01 and rsp = 0.74, P = 0.05 for the
minimum response time; rp = 0.93, P = 0.0008 and
rsp = 0.88, P < 0.02 for the maximum response time).
The maximum number of lapses was also highly repro-
ducible (rp = 0.79, P = 0.02 and rs, = 0.93, P = 0.01).
The relative increase in response time during sleep
deprivation varied from <50% in some subjects to
>200% in others. Maximum response times during
sleep deprivation were correlated with minimum day-
time response times during study 1 (r, = 0.83, P =
0.01; rgp = 0.74, P = 0.05) but not during study 2 (rp, =
0.36, P = 0.38; rsp = 0.64, P = 0.09).

Temporal Variations in EEG Measures

For each recording condition (eyes open and eyes
closed), we compared the mean power at the frontal
and central derivations in each frequency range for
each study. The expected decrease in absolute power
from low-to-high frequency was observed in both stud-
ies and in both recording conditions. However, record-
ings with eyes closed provided consistently higher
spectral power in all the frequency bands (P < 0.02).
Except for the low delta range, spectral power was
consistently higher at the central leads than at the
frontal derivation.

For each study and each recording condition, EEG
measures were submitted to a two-way ANOVA with
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DISSOCIATION OF SUBJECTIVE AND OBJECTIVE ALERTNESS

derivation (frontal vs. central) as factor and time as
repeated measure. In both studies, the temporal vari-
ations over the study period were similar at both der-
ivations as indicated by a nonsignificant derivation X
time interaction (P > 0.75 for all frequency ranges and
recording conditions). Therefore, the arithmetic mean
of the spectral power from the frontal and central
derivations was used in further calculations.

Figure 2 shows the mean profiles of EEG power for
each frequency range with both eyes open and eyes
closed. For illustration purposes, the profiles from
study 1 and study 2, each referenced to time of the
melatonin onset, were averaged across all subjects for
each measure. However, subsequent analyses were
performed separately for study 1 and study 2. Data
shown in Fig. 2 are expressed as percent of the mean
level to allow for relative comparisons. This presenta-
tion clearly shows that the effects of sleep deprivation
on EEG measures were generally more pronounced
when the subjects closed their eyes (even though the
total duration of recording was only 2 min). The mag-
nitude of the effect (as quantified by the percentage of
the variance accounted for by time in an ANOVA for
repeated measures) was largest for the high delta band
and the two alpha bands and lowest for the high theta
band. The profiles obtained with eyes open are largely
consistent with those reported in previous studies un-
der similar conditions, particularly in the low- and
intermediate-frequency ranges. The analyses below fo-
cus on EEG measures obtained with eyes closed, the
recording condition that most clearly revealed the im-
pact of prolonged wakefulness.

Power in the low-frequency ranges of the EEG (i.e.,
delta and low theta ranges) increased across the night
of sleep deprivation, whereas power in the high-fre-
quency (alpha) ranges decreased. The magnitude of
these changes was quite variable and the only repro-
ducible EEG measure between study 1 and study 2 was
the relative magnitude of the decrease in high alpha
power (rp = 0.74, P < 0.06; rsp, = 0.82, P < 0.05).

Correlations Between the Magnitudes of Changes in
Melatonin, Glucose, Subjective and Objective
Alertness, and EEG Measures

Melatonin vs. subjective and objective alertness. We
tested the hypothesis that the nocturnal increase in
melatonin, a hormone that facilitates sleep when ad-
ministered during normal waking hours (16), contrib-
utes to decrements in alertness. To do so, we compared
the relative magnitudes of changes in these variables.

The decrease in subjective alertness across the pe-
riod of sleep deprivation was not correlated with the
nocturnal melatonin elevation (study 1: r, = 0.192, P =
0.65 and rgp, = 0.43, P = 0.26; study 2: rp, = —0.41, P =
0.31 and rgp, = —0.05, P = 0.90). Similar results were
obtained whether absolute or relative changes were
considered.

The decrease in objective alertness was also not
correlated with the melatonin elevation (response
times in study 1: r, = —0.07, P = 0.89 and rgp, = 0.14,
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Fig. 2. Mean (*=SE) profiles (across 8 subjects, 2 studies, and 2
derivations) of EEG power density in 6 frequency ranges for record-
ings with eyes open (left) and eyes closed (right). The profiles are
referenced to individual circadian phase, as estimated by the timing
of the melatonin onset, shown by the vertical line. In each frequency
range and for each derivation, EEG power was expressed as a
percentage of the mean power across the study period before calcu-
lating the mean profiles. Bottom: corresponding clock times.
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P = 0.71; response times in study 2: r, = —0.22, P = 0.6
and rgp, = —0.14, P = 0.71). Similar results were
obtained when absolute changes were compared, even
when the numbers of lapses were used.

Thus, the decreases in subjective and objective alert-
ness across the night of sleep deprivation appeared
unrelated to the amplitude of the nocturnal melatonin
elevation.

Glucose vs. subjective and objective alertness. We also
tested the hypothesis that the nocturnal increase in
plasma glucose [an indirect measure of decreased brain
glucose utilization under our experimental conditions
(39)] was quantitatively related to the decrease in
subjective and/or objective alertness.

In both studies, the decrease in Global Vigor was
correlated with the nocturnal glucose elevation (Fig. 3,
top left; study 1: r, = 0.79, P = 0.02 and rsp, = 0.90, P =
0.02; study 2: rp, = 0.62, P = 0.10 and rgp, = 0.74, P =
0.05), suggesting that the subjects who experienced the
largest decreases in brain glucose utilization felt the

DISSOCIATION OF SUBJECTIVE AND OBJECTIVE ALERTNESS

least alert across the night of sleep deprivation. These
correlations were apparent only when relative, rather
than absolute, changes in glucose levels and Global
Vigor were considered.

In contrast, there were no significant correlations
between increases in response time and plasma glucose
levels (study 1: r, = 0.34, P = 0.42 and rsp, = 0.05, P =
0.90; study 2: rp, = —0.13, P = 0.76 and rgp, = —0.24,
P = 0.53). Thus, objective alertness did not appear to
vary consistently with changes in plasma glucose. Sim-
ilar results were obtained when absolute changes were
analyzed and when the numbers of lapses were used.

Subjective vs. objective alertness. Surprisingly, there
were no significant correlations between the changes
observed in subjective and objective alertness (Fig. 3,
top right; study 1: rp, = 0.26, P = 0.54 and rg, = 0.10,
P = 0.80; study 2: r, = 0.29, P = 0.49 and rs, = 0.29,
P = 0.45). Similar results were obtained when the
absolute, rather than relative, changes were consid-
ered and when the number of lapses was used. Thus,

o Study 2 e Study 1

18
14

o
Fig. 3. Data from study I are shown as 10

@ and data from study 2 are shown as
0. For illustration purposes, the regres-
sion lines combine the data from both
study 1 and study 2 and are only shown
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DISSOCIATION OF SUBJECTIVE AND OBJECTIVE ALERTNESS

subjects who reported the largest decrease in Global
Vigor were not necessarily those who had the slowest
response times (or the biggest number of lapses) and
vice versa.

In view of this unexpected result, we examined the
relationship between subjective and objective alertness
in a separate group of 13 normal young men (aged 24 =+
1 yr; body mass index: 24.1 * 0.6 kg/m?) who were
studied in our laboratory during 40 h of continuous
wakefulness under experimental conditions identical
to those in the present study (bed rest, dim light, and
constant glucose infusion conditions) and using the
same measures of subjective and objective alertness.
The temporal profiles of Global Vigor scores and re-
sponse times were similar to those obtained in the
present study, and there were again no significant
correlations between decrements of subjective and ob-
jective alertness (r, = 0.28, P = 0.35; rgp = 043, P =
0.14). These additional data are combined with the
data from the present study in Fig. 4. Examination of
the total data set from 29 individual nights of sleep
deprivation revealed that the absence of significant
correlation between the decrease in subjective alert-
ness and the increase in response times was due pri-
marily to the fact that more than one-third (10 of 29) of
the subjects reported a major deterioration of alertness
but nevertheless suffered only modest performance
decrements. The opposite dissociation, low subjective
sleepiness with high cognitive impairment, was far less
frequent (3 of 29).

Subjective alertness and EEG measures. There was a
positive relationship between the decreases in Global
Vigor and high alpha EEG power (Fig. 3, middle left;
study 1: rp = 0.62, P = 0.10 and rs, = 0.83, P = 0.03;
study 2: rp = 0.80, P = 0.03 and rsp, = 0.93, P = 0.02).
Thus, individuals who had the largest decrease in
subjective alertness had also the largest decrease in
high alpha power. Consistent with the relationship
between nocturnal glucose elevation and subjective
alertness, the decrease in high alpha power also corre-
lated with the increase in glucose levels (Fig. 3, bottom
left; study 1: rp = 0.78, P = 0.02 and rg, = 0.81, P =

1000
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Fig. 4. Relationship between decreases in subjective and objective
alertness observed in study I (@) and study 2 (0) as well as in an
additional study (a) performed under the same experimental condi-
tions in 13 young men. Mean relative decrease in Global Vigor score
for the entire data set of 29 nights of sleep deprivation is indicated by
a vertical dashed line. Similarly, the mean relative increase in
response time is indicated by a horizontal dashed line.
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0.03; study 2: rp = 0.41, P = 0.37 and rsp, = 0.68, P =
0.10).

In contrast, there was no consistent relationship
between the increase in power in the high delta range
and the decrease in subjective alertness (study 1: rp =
—0.76, P = 0.03 and rsp = —0.31, P = 0.41; study 2:
rp = 0.51, P = 0.25 and rgp, = 0.29, P = 0.48). Thus,
high alpha, rather than high delta, appears to predict
shifts in subjective alertness.

Objective alertness and EEG measures. In contrast to
the findings for subjective alertness, decreases in high
alpha power were not significantly correlated with de-
creases in objective alertness, as estimated by in-
creased response times (study 1: rp = 0.06, P = 0.89
and rsp = 0.21, P = 0.57; study 2: rp = 0.49, P = 0.27
and rgp, = 0.39, P = 0.34).

There was also no consistent relationship between
the relative increase in power in the high delta range
and the relative decreases in objective alertness (study
I:rp = 0.11, P = 0.79 and rs, = 0.45, P = 0.23; study
2:rp =045, P = 0.31 and rgp, = 0.54, P = 0.19).

Correlations among EEG measures. Finally, we
looked for correlations between the changes in EEG
power in the high delta frequency range and in the
high alpha frequency range (Fig. 3, bottom right). Sur-
prisingly, there was no significant correlation in either
study 1 (r, = —0.21, P = 0.62 and rs, = —0.29, P =
0.45) or study 2 (r, = 0.37,P = 0.41 and rgp, = 0.29, P =
0.48), suggesting that mechanisms generating alpha
and delta wave power are differently affected by sleep
deprivation.

DISCUSSION

In industrialized societies, most adults are familiar
with the feeling of sleepiness and suboptimal function
that occurs when wakefulness is extended across the
night. Yet, the components of “fatigue” during sleep
deprivation remain poorly defined and little is known
about their variability within and across individuals.
Multiple studies have shown that decreases in subjec-
tive alertness and in performance on a wide variety of
cognitive tasks follow the same time course across a
night of sleep deprivation (3, 7, 13, 27), and therefore it
is often assumed that sleep loss has a uniform adverse
effect on the brain mechanisms controlling subjective
and objective alertness. The present study demon-
strates that decrements of subjective alertness and
deficits of cognitive performance on simple short-atten-
tion tasks across a night of sleep deprivation are highly
reproducible for a given individual but, in contrast to
current assumptions, are not quantitatively correlated.
Furthermore, while EEG alterations occur consistently
in both the delta and alpha frequency ranges with
increased duration of wakefulness, their magnitudes
are also unrelated. Although further work is needed to
determine whether our findings can be generalized to
longer or more complex attention tasks, the present
findings, summarized in Fig. 5, suggest that sleep
deprivation may have differential impacts on the brain
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Fig. 5. Summary of the major findings of the present study. For illustrative purposes, the Pearson coefficients of
correlation for the relative magnitude of the changes across the 27-h period of sustained wakefulness are shown
for the data from study 1 and study 2 combined. Left: magnitude of the elevation of plasma glucose (an indirect
measure of brain glucose utilization under the present experimental conditions; top) was correlated with the
decrease in subjective alertness (middle) and with the decrease in EEG activity in the high alpha frequency range
(bottom). The initiation of the elevation in plasma glucose, the decrease in subjective alertness, and the decrease
in high alpha EEG activity occurred concomitantly. Right: decrease in objective alertness (as assessed by increased
response times; top) occurred in parallel with an increase in EEG activity in the high delta range (bottom), but the
magnitudes of their respective alterations appeared unrelated. There was no relationship between the magnitude
of the decreases in subjective and objective alertness. Similarly, the magnitude of the decrease in alpha activity
was not correlated with the magnitude of the increase in delta activity.

mechanisms subserving waking, sleeping, and atten-
tion.

Our research subjects were studied twice during 27 h
of continuous wakefulness under the same laboratory
conditions, allowing us to examine the trait depen-
dence of decrements in subjective and objective alert-
ness. Remarkably, the deterioration of subjective alert-
ness was found to be a highly reproducible individual
characteristic. The minimum score of alertness on the
first night of sleep loss predicted with more than 90%
accuracy the subjective level of impairment reported on
a second night of sleep deprivation several weeks later.

As evident in Fig. 5, the majority of the decrease in
subjective alertness occurred during the time interval
from 1 h before to 4 h after the onset of nocturnal
melatonin secretion, in concomitance with a robust
increase in plasma glucose levels. Furthermore, the
magnitude of the decrease in subjective alertness was
correlated with the magnitude of this glucose eleva-
tion. This increase in glucose levels during the early
part of the night has been previously reported in sleep-
deprived subjects in whom dietary caloric intake was
replaced by an intravenous glucose at a constant rate
(39). Under such experimental conditions, hepatic glu-
cose production is suppressed (10, 43) and elevations of
plasma glucose levels therefore represent decreases in
glucose utilization. Because the subjects are at bed rest
and fasting throughout the study and have therefore
low and relatively constant levels of muscular and

visceral activity, variations in glucose utilization are
likely to primarily reflect variations in cerebral glucose
utilization, which represents ~30% of total glucose
uptake under these conditions (18). Positron emission
tomography studies of sleep-deprived subjects have
indeed demonstrated a decrease in regional glucose
utilization in several cortical and subcortical struc-
tures (40). The temporal association of decreases in
subjective alertness and of increases in plasma glucose
levels and the fact that the magnitudes of both effects
are quantitatively correlated suggest that subjective
fatigue during sleep deprivation is partly related to
decreased glucose metabolism in certain brain areas.

There was also good within-subject reproducibility in
the magnitude of attention deficits on vigilance tasks
requiring sustained attention. Again, the deficit ob-
served during the first night of sleep deprivation reli-
ably predicted the amount of impairment in a second
study a few weeks later. But we found no relationship
between the performance deficit and the increase in
glucose levels.

Consistent with previous studies, the decreases in
subjective and objective alertness followed the onset of
the nocturnal elevation of melatonin, a pineal hormone
that has both sedative and hypothermic effects (5, 36).
Maximum nocturnal levels of melatonin varied more
than fourfold across individuals but were highly repro-
ducible for a given subject. However, there were no
significant correlations or even trends toward a rela-
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DISSOCIATION OF SUBJECTIVE AND OBJECTIVE ALERTNESS

tionship between the maximum melatonin level and
the decrements in either subjective or objective alert-
ness.

Remarkably, we found no relationship between the
magnitudes of the subjective and objective alertness
impairments. There was also a temporal dissociation
between the profiles of subjective and objective alert-
ness, with performance deficits lagging subjective re-
ports of fatigue by more than 1 h. Although well-
documented studies have indicated that sleep-deprived
individuals tend to underestimate their level of cogni-
tive impairment (15), the finding that subjects can
report extreme levels of subjective sleepiness yet be
only minimally impaired on attention-demanding
tasks through a full night of sleep deprivation was
totally unexpected. It is possible that the repetitive and
unchallenging nature of the scales and tasks that had
to be completed at hourly intervals in a neutral envi-
ronment minimized factors modulating motivation,
thereby facilitating the dissociation between measures
of subjective and objective alertness. It is also possible
that if the duration of the performance tasks (which
totalled ~4 min in the present study) had been longer,
a correlation between decrements of subjective and
objective sleepiness would have emerged. A task in-
volving 4 min of fully focused attention on the center of
a computer screen is, however, already quite demand-
ing and not inconsistent with attentional demands of
real-life operations.

The nature and time course of changes in low- and
intermediate-frequency EEG activity across the 27-h
study periods were largely consistent with findings
from previous studies that recorded the EEG only with
eyes open (2, 4, 17). However, we did not observe the
increase in alpha activity with eyes open that was
reported in a previous study with very dim (<15 1x)
lighting conditions (4). It is possible that this discrep-
ancy is related to the difference in light intensity (50—
150 Ix in the present study) as suggested by a recent
study showing a reduction in EEG alpha activity with
increased light intensity (6). A comparison of the pro-
files of EEG activity with eyes open and eyes closed
clearly shows that the eyes closed condition is more
sensitive to the effects of sleep loss. The largest
changes were increases in power in the high delta
range and, consistent with earlier findings that were,
however, limited to a single time point (24, 38), de-
creases in both low and high alpha power. The profiles
of alpha and delta power were roughly mirror images of
each other, with minimal activity in the high-frequency
range coinciding with maximal activity in the low-
frequency range toward the end of the usual bedtime
period. However, there was no relationship between
the magnitudes of these two EEG alterations, with
some subjects having large increases in delta activity
and only minimal decreases in alpha activity and vice
versa. These findings thus indicate that prolonged
wakefulness affects the mechanisms generating alpha
activity differently from those subserving delta activ-
ity. The lack of correlation between decrements in high
alpha activity and increments in low delta activity
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likely reflects variable contributions of the intermedi-
ate-frequency ranges.

There was a robust correlation between the de-
creases in subjective alertness and in EEG power in
the high alpha range. Subjective sleepiness therefore
appears primarily related to the weakening of wake-
maintenance systems, and the concomitant decrease in
brain glucose utilization, rather than to an increased
activity in sleep-promoting mechanisms. We failed to
detect significant correlations between the overall de-
crease in objective alertness and any of the EEG alter-
ations. However, as shown in Fig. 5, the temporal
pattern of decreases in objective alertness was more
closely related to that of the increase of delta activity
than that of the decrease in alpha activity.

In summary, these findings indicate that fatigue
during a night of total sleep deprivation is a phenom-
enon involving multiple components that are regulated
differently. One component is a feeling of decreased
alertness or increased sleepiness, related to decreased
brain glucose utilization and decreased EEG activity in
the high alpha range (Fig. 5, left). A second and appar-
ently independent component of fatigue is the deterio-
ration of objective alertness or vigilance, as measured
by response times on simple attention-demanding
tasks (Fig. 5, top right). This decrease in objective
alertness is temporally associated with an increase in
EEG delta activity, although the magnitudes of these
two effects were not significantly related (Fig. 5, bottom
right). These observations reveal the complexity of the
mechanisms underlying neurobehavioral deficits
caused by sleep loss. Additional studies will be needed
to further characterize the neurobiology of fatigue re-
sulting from sleep loss and to exploit individual differ-
ences in subjective and objective vulnerability to min-
imize safety risks and maximize performance in 24-h
operations.
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