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Abstract During drowsy periods, performance on tasks 
requiring continuous attention becomes intermittent. 
Previously, we have reported that during drowsy periods of 
intermittent performance, 7 of 10 participants performing 
an auhtory detection task exhibited episodes of non- 
responding lasting about 18 s (Makeig & Jung, 1996). 
Further, the time patterns of these episodes were repeated 
precisely in subsequent sessions. The 18-s cycles were 
accompanied by counterbalanced power changes within 
two frequency bands in the vertex LIX; (near 4 Hz and 
circa 40 Hz). In the present experiment, performance 
patterns and concurrent EEG spectra were examined in 
four participants performing a continuous visuomotor 
compensatory t r a c h g  task in 15-20 minute bouts during 
a 42-hour sleep deprivation study. During periods of good 
performance, participants made compensatory trackball 
movements about twice per second, attempting to keep a 
target disk near a central ring. Autocorrelations of time 
series representing the distance of the target disk from the 
ring centre showed that during periods of poor perfor- 
mance marked near-18-s cycles in performance again 
appeared. There were phases of poor or absent perfor- 
mance accompanied by an increase in IXG power that was 
largest at 3-4 Hz. These studles show that in drowsy - 
humans, opening and closing of the gates of behavioural 
awareness is marked not by the appearance of (12-14 Hz) 
sleep spindles, but by prominent EEG amplitude changes 
in the low theta band. Further, both EEG and behamoural 
changes during drowsiness often exhibit stereotyped 18-s 
cycles. 

During drowsiness, both the participant's performance and 
hls or her awareness of the external environment become 
intermittent. There has been relatively little study of the 
dynamics of this intermittencp. An early report on behav- 
ioural experiments requiring continuous performance 
reported that participants seem disposed to make errors at 
intervals of about 20 seconds, but attempts to find reliable 
periodicities in performance have not produced strongly 

consistent results (Augenstein, 1955). The human electro- 
encephalogram (lie(;), often recorded in sleep studies, is 
traditionally thought of as comprising a series of higher 
and lower frequency bands whose strengths differ at 
differing levels of arousal and consciousness (reviewed in 
Bastien, Ladouceur, & Campbell, this issue). Higher 
frequencies usually accompany arousal, wakefulness, and 
focused attention. Thus, the LEG of an awake, alert, and 
highly attentive person might contain oscillations at beta 
frequencies (15-25 Hz), while the same person's EX<; 
during deep relaxation might display prominent 10-12 Hz 
alpha activity. El% frequencies above 25-30 Hz are often 
said to be in the gamma band, within whch frequencies 
near 40 Hz have been of particular interest in studies of 
attention (Bird, Newton, Sheer, & Ford, 1978; Freeman, 
1975; Galambos, Makeig, & Talrnachoff, 1981; Gray & 
Singer, 1989). On  the other hand, high amplitude activity 
at lower frequencies regularly accompanies sleepiness, 
sleep, and unconsciousness (Makeig & Inlow, 1993; 
Ogilvie, Sirnons, Kuderian et al., 1991; see also Colrain, Di  
Parsia, & Gora, this issue). During the transition from a 
wahng to a sleeping state, the EEC; typically loses its 
prominent alpha and beta frequencies as lower frequency 
(circa 4 Hz) theta activity appears (Makeig & Jung, 1995). 
When the sleeper enters deeper sleep (or coma) and 
becomes unconscious of the normal external environment, 
large amplitude 0.5-2 Hz delta waves are observed. How- 
ever, there are exceptions to the rule that higher frequen- 
cies occur during higher levels of arousal. Most notably, 
12-14 HZ rhythmic waveforms known as sleep spindles 
occur during early sleep after the appearance of theta 
activity. 

The neural dynamics of sleep transition have also often 
been investigated in animals. Steriade (1994) reported that 
4-12 Hz thalamocortical spindles triggered in the reticular 
nucleus of the thalamus in cats reduce or suppress the 
receptivity of cortex to afferent stimulation, thereby 
reducing sensory awareness during the transition to sleep. 
It would appear that in order to sleep, sensory input must 
be inhibited early in the processing pathway. Although 

Canadian Journal of Experimental Psychology, 2000, 544,266-273 



Dynamics of Awareness in Drowsiness 

Mean Performance Autocorrelation (4 Ss) 

-20 -1 5 -1 0 -5 0 5 I 0  15 20 

Time Lag (s) 
F&m I. Grand mean performance autocorrelation (self-correlation of the raw disk-distance time series as a 
function of temporal lag (x-axis) and the error measure mean normalized disk distance (y-axis). Small normali~cd 
disk distances (0.30) indicate periods of relatively continuous good performance, while large distances (0.80) 
indicate periods of largely ineffective and/or absent performance. Data averaged over dl four participants. Grey 
scale: lagged autocorrelation of the pcrformancc time series (relative units). Note the 15-20 s performance cycles 
during periods of relatively large disk distance (c.g., between 0.60 and 0.70), as indicated by the flanking light 
and dark spots near f 10 s and +20 s lags, rcspectively. 

frequency of these cat sleep spindles is somewhat lower 
than the 12-14 Hz human sleep spindles that are the 
hallmark of the transition to (Stage 2) sleep, it is tempting 
to assume that human sleep spindles have a sirmlar func- 
tion. Indeed, Cote, Epps, and Campbell (2000) indicated 
that human auditory-evoked potentials show slgns of 
sensory inhibition when stimuli are presented slightly after 
the occurrence of a spindle. 

However, not all frequencies w i t h  the C 3  1 1 1 ~ ;  are 
correlated with changes in human performance during 
drowsiness. Makeig and Jung (1996) studied operators who 
were engaged in a simulated passive sonar auditory detec- 
tion task. They examined the IZEG spectra surrounding 
lapses (targets eliciting no response) and hits (targets 
eliciting responses) during drowsy periods (defined as 
containing both hits and lapses within 30 s of the event). 
~ i c ;  amplitude changes predicted the behavioural response 
in only two frequency ranges. Immediately before lapses, 
power (mean square amplitude) near 4 Hz increased and 
power near 40 Hz decreased. Prior to hits, the opposite 
pattern was observed. We here label the 2-5 Hz activity 
observed during sleep onset and behavioural intermittency 
as low theta. 

These drowsiness-related perturbations in the FIX 

spectrum began, on average, 9 s before stimulus presenta- 
tion and returned to basehe 9 s after it (Makeig & Jung, 

1996). Both the theta and gamma band power changes 
showed the same 18-s cycle. Moreover, detailed examina- 
tion of the time course of performance in these episodes 
(computed as the relative probabhty of m a h g  a hit or 
lapse immedtately before or after a given l i t  or lapse target) 
showed the same 18-s cycle. During drowsy periods, 9 s 
before a hit target or lapse target, the probabdity that a 
participant would respond to a preceding target began to 
rise (or fall). About 9 s after a hit (or lapse) target, partici- 
pant response probabhty returned to baseline. Tlis 
response probability trajeccory was mirrored by parallel 
changes in low theta 1XG power. The overall mean circa 
18-s cycle was seen in the behavioural response patterns of 
7 of the 10 participants, and tended to occur w i t h  longer 
waves of drowsiness lasting two minutes or more. Finally, 
the performance and theta power trends for each of the 
participants were precisely replicated in second task 
sessions recorded from the same subject some days later. 

The observed pattern of counterbalanced WG changes 
near 4 Hz and near 40 Hz accompanying transient losses 
of awareness generally fit with many reports correlating 40- 
1-12 rm power increases with alert, focused attention and 
consciousness Pird, Newton, Sheer, & Ford, 1978; 
Freeman, 1975; Gross & Gottman, 1999; Rogeul, Bouyer, 
Dedet, & Debray, 1979) and irregular bursts of approxi- 
mately 4 Hz theta-band ra;,c; with drowsiness, hypnogogy, 
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F@re 2. Grand mcan power spectra (all 4 participants) of the performance time series autocorrelations (Fig. 1) 
sorted by performance error (normaliacd disk distance). X-axis: cycle frequency (1.-Iz). Y-axis: normaliacd disk 
distance. Gray scale: mean cycle amplitude (change in disk distance per second). At relatively poor mcan 
performance lcvcls (0.5 to 0.7), a pcalc in the performance autocorrelation spectrum appears near 0.05 I&, 
indicating the appearance of circa 20-s cycles betwecn good (alert) and poor (or abscnt) performance (cf. Fig. - - 
4 for example). 

and the loss of consciousness (Schacter, 1977; LVfiarns, 
Granda, Jones, Lubin, & Arrnington, 1962). 

In the same experiments, changes in EIX power within 
the broad (6-35 Hz) intermediate frequency range between 
low theta and gamma did not predict changes in respon- 
siveness during drowsiness. Instead, in accord with a 
previous report, power in these other frequencies was 
perturbed briefly about 1 s dter stimulus onset (Makeig, 
1993). However, during drowsiness the sign of this event- 
related spectral perturbation (power increase or decrease) 
varied according to the behavioural response (htt or lapse) 
(Makeig & Jung, 1996). The intermediate (6-35 Hz) 
frequency range included the 12-14 Hz range associated 
with human sleep spindles. Examination of mean spectral 

\ 

shifts associated with changes in response probability, 
averaged on the minute scale, showed a specific increase in 
power in the sleep spindle range only during extended 
periods of unresponsiveness (possibly signaling transition 
to Stage 2 sleep) and not during earlier periods of intermit- 
tent responding. 

Here, we report slrnilar 18-s performance cycles during 
periods of intermittent performance in a very different type 
of continuous performance task, a visuospatial compensa- 
tory tracking task requiring frequent (-21s) trackball 
movements. Data for this study were drawn from concur- 
rent 17% and performance data collected during a larger 

sleep deprivation study (Dinges, Mallis, Maisltn, & Powell, 
1998). The purpose of the overall study was to compare 
proposed methods for monitoring participant alertness 
during sleep deprivation. In the t r achg  task reported here, 
the dominant IZEG spectral correlate of performance 
degradation was again a power increase at 3-4 Hz. We 
discuss our results in light of possible neurophysiological 
mechanisms. 

Method 
1'AK'I'ICIPAN'I'S 

Four young adults (mean age = 30.5, sD = 5.0 pears) 
volunteered to participate in this experiment. 
None reported a history of neurological or psychiatric 
disorder. 

EEG R1iC:OKDING 

The KEG was recorded from electrodes placed at left 
frontal (F3), right central (C4), right parietal (P4), and left 
occipital (01) sites. The reference was the left mastoid 
(MI). Eye movements and blinks were monitored via two 
electrooculogram (EOG) channels. The E13G and 1iOG 

activity were digitized at a sampltng rate of 125 Hz. 
I ~ I G  spectra were extracted by Hanning-windowed Fast 

Fourier analysis performed on overlapping 2-s epochs 
from the continuous E I ~ G  data record. Epochs contarni- 
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Figun 3. Autocorrelations of disk distance time series for onc participant, sorted by normalizcd disk distance. Gray 
scale: unnorrnalizcd autocorrelation in relative units (here dark is positive). At disk distances near 0.70, a circa 18-s 
lag correlation appears. 

nated by KO(; and muscle artifact were rejected. Data from 
the right-central 1'5EG channel (C4) are reported here. 

PROCODUIW 

Participants arrived in the laboratory in the morning 
(10:OO). They were then sleep deprived for 42 hours. 
During the 42-hour sleep deprivation period, participants 
performed 9-10 bouts of two tasks at roughly 4-hour 
intervals: a psychomotor mgdance task, deslgned by Dinges 
and Powell (1 985) lasting 20 minutes, followed after a 1-2 
minute break by a continuous visuospatial compensatory 
tracking task (~'1'13 lasting 20 minutes. (At one participant's 
request, tracking bouts were limited to 15 minutes.) Staff 
technicians were instructed not to alert participants who 
stopped responding during either task. In the present 
study, data from the tracking task are reported. 

In the tracking task, participants manipulate a trackball 
to counter unseen quasi-random forces tending to "blow" 
a circular disk off an invisible slippery slope around the 
screen centre marked by a visible ring. Participants attempt 
to use rapid, small trackball movements to maintain the 
disk near the centre of the ring. At each program step 
(about 14 times per second), the disk is moved according 
to the vectorial sum of forces acting on it - the unseen 
''wind" plus the simulated "force of gravity" plus a directed 
force proportional to the most recent trackball velocity. 
The trackmg performance measure we employed was the 
average distance of the moving I s k  from the fured central 
ring. (For more details and program code, see Makeig & 
Jolley, 1996, software available from http://www.cnl.salk. 

edu/-scott.) 
In constructing the moving-mean performance mea- 

sure, the disk-distance time series was first rescaled from 
units of screen pixels to disk diameters, and then passed 
through a sigrnoidal ef function whose lower asymptote 
was tied to the participant's best performance in the 
inQcated baseline bout. Here, best performance was 
quantified as the 10th percentile in the participant's 
histogram of mean disk-distance smoothed using a 2-rnin 
window moved through the data in 2-s steps. In previous 
studies, changes in mean trackmg disk distance have been 
associated with fatigue (Makeig & Jolley, 1996) and with 
concurrent changes in eye activity and performance 
consistent with drowsiness (Van Orden, Jung, & Makeig, 
2000). 

The disk distance measure was then linearly rescaled to 
[0,1] with the upper bound scaled to place its upper 
asymptote at the measured mean disk distance in the 
absence of any participant input (9.4 disk radii). The disk 
distance time series were then smoothed using a 90-s 
square window moved through the data in 1-s steps, 
producing an individual mean error measure that varied 
smoothly between 0 (best participant performance) and 1 
(no effective participant input). 

To look for periodicities in participant performance, the 
raw target-&stance time series for each overlapping 90-s 
epoch used in computing the smoothed distance measure 
was autocorrelated, and the resulting autocorrelation time 
series were sorted on mean I s k  distance in the same 
epochs. Autocorrelation refers to variably lagged correla- 
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Figm 4. (Igtpunel) '1Fmc course of performancc fluctuations (actual disk distances in disk radii) at the beginning o f  
a bout recorded after 32 hr of sleep deprivation (same participant as Fig. 3), exhibiting marked circa 18-s performance 
cycles. (n'ghtpanel) An unnormalizcd autocorrelation of the same pcrformancc time series shows positive (correlation) 
peaks at time lags near f 18 s, confirming the predominant 18-s performance periodicity in the record. 

tions of a time series with itself. Here, for convenience, 
unscaled autocorrelations were computed using the 
MKlZAB function, xcorr  (The Mathworks, Natick MA). 
Finally, the autocorrelation time series were converted to 
power spectra by IVr' analysis. 

Results 
Figure 1 illustrates the mean performance autocorrelation 
time series sorted by smoothed disk distance and averaged 
across the four participants. An indication of a near 20-s 
performance cycle appeared at disk distances between 0.60 
and 0.70 as a cycling between negative (light) and positive 
(dark) values at near 9-s intervals on either side of the 
central zero lag. Spectra of these same autocorrelation time 
series are illustrated in Figure 2, again sorted by disk 
distance. The near 18-s cycle lend1 was confirmed by this 
analysis at normalized disk distances between 0.50 and 
0.70. This 18-s cychg was expressed exactly in the 
autocorrelation spectra of two of the participants, whereas 
for the other two participants the implied periodicity was 
weaker and somewhat longer. 

Figure 3 shows the sorted autocorrelations of the 
performance time series for one participant, averaged over 
eight task bouts, showing the 18-s cycle at disk distances 

near 0.70. A marked example of near 18-s cycling behav- 
iour from this participant is shown in Figure 4. The left 
panel plots the distance of the disk from the target ring 
during the &st two minutes of a task bout performed after 
32 hours of sleep deprivation. Periods of good perfor- 
mance (i.e., low disk &stance, for example near 80 s) 
alternate with periods in which the target escaped to levels 
near 1.0 compatible with complete lack of participant 
input. The autocorrelation of this performance time series 
(right panel) demonstrates the dominant 18-s periodicity. 

Figure 5 shows the grand mean H I ~ G  spectra for all four 
participants at right central electrode site C4, constructed 
by fu-st sorting the spectra for each of the 13,000 3-s trials 
by disk distance and then smoothmg the resulting image 
with a 0.05-wide smoothing window. The prevailing disk 
distance is shown in the figure by a thick black line whose 
x-value is 10 times the prevailing disk distance (e.g., the 
thick line x-value of 7 represents disk distance = 0.70). The 
figure shows that the general increase in low-frequency 
efx power during poor performance (i.e., at relatively large 
disk distances) was largest near 3 Hz. The approximately 3- 
Hz peak was present in data from all four participants. 
However, no specific increase at sleep spindling frequen- 
cies (12-14 Hz) is visible even at maximum disk distance. 
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Figm 5. I:.n(; spectra at right central site C4 in 23,000 2-s task data windows (from all four participants) sorted 
by normalized disk distance in the 90-s window centered on the 2-s data window. X-axis: I X ~ ;  frequency (I-Pz). 
Y-axis: sorted trial number. Gray scale: relative log I:E(; spectral power. 'l'he x-values of points on the diagonal 
bhck trace indicate the normalized disk distance (times 10). Note the increase in nr.:G power between 2-5 1-Pz 
power during periods o f  relatively poor performance (c.g., normalized disk distances above 0.5). 

Discussion 
These results for a visuospatial task performed during sleep 
deprivation replicate our previous findings using an 
auditory detection task. In the previous study, participants 
had not been specifically sleep deprived. Participants 
simply had to monitor a noise stream for brief amplitude 
shifts and respond to each shift with a button press. In the 
compensatory tracking task reported here, participants had 
to continuously observe and attempt to compensate for 
small changes in the rate and direction of continuous 
movement of a target disk. During good performance, 
participants in tlis task make about two corrective cali- 
brated hand and fmger movements per second, whereas 
only about 10 button presses per minute were required in 
the auditory task. The sirmlarity of the changes in perfor- 
mance and IM; dynamics observed m the two different 
tasks suggest they may be common to drowsy performance 
in any sustained sensorimotor task. For both tasks, the 
most prominent change in the I:,% spectrum correlated 
with performance degradation is an increase in power in 
the 2-5 Hz low theta range. This increase was found 
whether the data were averaged over seconds or minutes. 
For both tasks, 18-s periodcities in performance and low 
theta 1317G were observed during periods of intermittent 
performance during drowsiness. 

Cross-correlation analysis on ED(; spectra and perfor- 
mance time series were carried out for a single participant 
using consecutive 2-s windows. The resulting cross- 

correlation time series was then sorted by mean perfor- 
mance computed in a 90-s window centred on each epoch. 
Results confirmed the relation of 2-5 Hz log theta EEG 

power to 18-s performance cycles at high disk distances 
(Figure 5). The correlation between performance and 
gamma band LXG power was however very small. Possibly 
such a correlation may have been masked by EEG variabil- 
ity introduced by the constant random movements of the 
target disk, the dtfficulty of the task, and/or the required - 
frequent and rapid h g e r  movements. 

Notably, the approximately 18-s performance cycling 
seen in 7 of 10 participants for the auditory detection task 
(Makeig & Jung, 1996) again occurred for at least two of 
the four participants in the compensatory tracking task. 
Thus, as was first reported from visual inspection of EEG 

tracings during sleep deprivation (Williams et al., 1962), the 
opening and closing of the gate of awareness and task 
performance capacity during drowsiness tends to occur in 
characteristic 18-s cycles, and is accompanied or indexed 
by amplitude changes in IXC; activity in the 2-5 Hz low 
theta range rather than by the appearance of sleep spindles. 
Colrain, Di Parsa, and Gora (this issue) also report that 
marked changes in both auditory- and respiratory-evoked 
potentials occur when the IXG is dominated by theta 
activity during Stage 1 sleep. It would be interesting to 
learn whether the 18-s cycles also appear as fluctua- 
tions in participants who attempt to go to sleep, rather 
than in participants who (as here) attempt to stay awake. 



The  18-s cycling behaviour is reminiscent of the alter- 
nating brief periods of  relative alertness and drowsiness 
often seen in other mammals. Rajkowski and colleagues 
have presented evidence that changes in noradrenergic 
activation in the locus coeruleus precedes both the ar% 
spectral and accompanying behavioural vigdance shifts in 
monkeys (Rajkowski, Icubiak, & Aston-Jones, 1994). The 
locus coeruleus is one  of a number of subcortical loci 
involved in modulating cortical activity and awareness. I t  
is quite possible that their effects o n  cortical processing 
might be indexed by spectral shifts in the scalp ~:li,C; such 
as those reported here. I n  the present study, spectral 
estimation was applied to recordmgs from a single scalp 
electrode. Studies of these or s d a r  data recorded at larger 
numbers of EEG electrodes using independent component 
analysis (Makeig et al., 1996, 1999) might also reveal more 
information about the spatial sources of  the el?(; changes 
and their dynamics. Elsewhere, we have shown that the 
relationship between nlsc spectral changes and perfor- 
mance impairments in drowsiness is sufficiently robust that 
indwiduahed aEc models can accurately estimate perfor- 
mance in near real-time from E<EG data (Jung, Makeig, 
Stensmo, & Sejnowski, 1997; Makeig & Inlow, 1993). 

The  results presented here reinforce four conclusions 
about dynamics of human awareness, concomitant perfor- 
mance changes, and EI'<(; spectral power changes during 
drowsiness: (1) During periods of  marked drowsiness, 
stereotyped cycles alternating between wake-like and sleep- 
like performance and in I ~ I X  power often occur; (2) 
Dusing these cycles, phases of poor or absent performance 
are paralleled by increases in low-frequency (circa 4-Hz) 
theta activity; (3) Often, these cycles have periods near 18 
seconds; (4) These performance and El-<(; cycles occur in 
the absence of any specific increase in eoc; power at the 
12-14 Hz human sleep spindle frequencies. 
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Sommaire 

Au cows des penodes de somnolence, la reussite de tiches 
faisant appel i une attention soutenue devient 
interrnittente. Nous avons ttabli precCdemment, que 
durant des pCriodes de somnolence avec riussite 
interrnittente, sept des dix participants effectuant une tiche 
de detection auditive affichaient des episodes de non- 
riponse qui duraient environ 18 secondes (Makeig & Jung, 
1996). Par surcroit, les structures temporelles de ces 
episodes ont kt6 ripktees de facon precise au cows de 
seances subsCquentes. Les cycles de 18 secondes 
s'accompagnaient de changements d7intensit6 Gquilibr6s i 
l'interiew de deux bandes de friquence du vertex de ~'ITEC; 

@r$s de 4 Hz et vers 40 Hz). Dans la presente experience, 
les patrons de performance et les spectres d'l.:~~; 
concomitants ont 6tC examinks chez quatse participants 
executant une tkhe  visuomotrice de poursuite 
compensatrice continue, en sondes de 15 i 20 minutes, 
aprZs une privation de sornrneil de 42 heures. Durant les 
pkiodes de bonne performance, les participants ont hit 

des mouvements de compensation avec la boule de 
commande environ deus fois par seconde, pour tenter de 
garder un disque cible prts d'un anneau central. Les 
autocorrClations de sCries chronologiques representant la 
distance entre le disque cible et le centre de l'anneau ont 
montrC que, pendant les ptriodes de performance 
mediocre, des cycles remarquablement proches de cycles 
de 18 secondes de performance sont rCapparus. I1 y avait 
des phases de performance mediocre ou d'absence de 
performance accompagnCes d'une augmentation de 
l'intensitt de ~'EDC; i 3-4 Hz. Ces etudes indiquent que, 
chez l'humain somnolent, l'ouverture et la fermeture des 
portes de la conscience du comportement sont marquees 
non pas par l'apparition de fuseaux du sornrneil de 12-14 
Hz, mais par des changements proeminents dans 
l'amplitude de la bande de faibles fritquences th6ta de 
~'I?EG. De plus, les changements dans ~'EEC; et le 
comportement pendant la somnolence prksentent souvent 
des cycles de 18 secondes stt'rCotppCs. 

Revue canadicnne dc psychologc crpCrimentale, 2000, 54:4, 273 


