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Abstract

During drowsiness, human performance in responding to above-threshold auditory targets tends to vary irregularly over peri-
ods of 4 minutes and longer. These performance fluctuations are accompanied by distinct changes in the frequency spectrum of
the electroencephalogram (EEG) on three time scales: (1) During minute-scale and longer periods of intermittent responding,
mean activity levels in the (< 4 Hz) delta and (4-6 Hz) theta bands, and at the sleep spindle frequency (14 Hz) are higher
than during alert performance. (2) In most subjects, 4-6 Hz theta EEG activity begins to increase, and gamma band activity
above 35 Hz begins to decrease, about 10 s before presentations of undetected targets, while before detected targets, 4-6 Hz
amplitude decreases and gamma band amplitude increases. Both these amplitude differences last 15-20 s and occur in parallel
with event-related cycles in target detection probability. In the same periods, alpha and sleep-spindle frequency amplitudes
also show prominent 15-20 s cycles, but these are not phase locked to performance cycles. (3) A second or longer after un-
detected targets, amplitude at intermediate (10-25 Hz) frequencies decreases briefly, while detected targets are followed by a
transient amplitude increase in the same latency and frequency range.
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1 Introduction

Human subjects’ ability to sustain their initial level of
performance during continuous auditory or visual mon-
itoring tasks is limited. After only a few minutes on
task, particularly in low-arousal environments, perfor-
mance of subjects in auditory or visual monitoring tasks
often includes periods of intermittent failures to respond
to above-threshold targets, alternating with periods of
consistent responding. Cycles of relatively good and poor
performance tend to last four minutes or longer[4,18] and
are experienced by subjects as alternating waves of
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drowsiness and alertness[23]. Under sustained low-arousal
conditions or when subjects are fatigued, these drowsy
periods may progress into sleep episodes. Minute-scale
changes in the probability of detection of above-threshold
signals during auditory vigilance tasks are accompanied
by simultaneous shifts in spectral amplitude of several rel-
atively narrow EEG frequency bands[18], these changes
appearing to index the action of brain mechanisms in-
volved in modulating arousal and/or auditory information
processing in and near to sleep[26].

One hallmark of the transition from drowsiness to sleep
is the appearance of EEG sleep spindles, intermittent os-
cillatory thalamocortical bursts near 14 Hz[7,25]. Some
early EEG studies of drowsiness also associated lapses in
auditory detection with increased EEG amplitude in the



theta range (4-7 Hz)[2,6,23]. In this study, we explore
whether lapses in auditory detection during periods of
intermittent detection performance are accompanied by
changes in the amplitude of spontaneous EEG activity,
and, in particular, whether individual failures to detect
auditory target stimuli are more closely associated with
increased activity at the sleep spindling frequency or with
theta bursts. Finally, we report that different transient
perturbations in the EEG spectrum follow presentation of
detected and undetected auditory targets and non-target
tones.

2 Materials and Methods

Concurrent EEG and behavioral data were collected for
the purpose of developing an objective method of moni-
toring the alertness of operators of complex systems[13],
[17,18]. Fifteen young adult volunteers participated in
five half-hour sessions each, during which they pushed
one button whenever they detected an above-threshold
auditory target stimulus (a brief increase in the level of
continuous background noise), and another button when-
ever they detected a visual pattern on a computer screen
in front of them (a slowly-descending line of dots in visual
noise).

2.1 Stimuli

Auditory targets consisted of 300 ms increases in the in-
tensity of a 62 dB white noise background (150 ms rise,
110 ms fall), presented 6 dB above their threshold of de-
tectibility at pseudorandom time intervals producing a
mean rate of 10/min. Brief (50 ms) non-target probe
tones of two frequencies (20% 568 Hz, 80% 1098 Hz) were
interspersed between the target noise bursts at 2-4 s inter-
vals. Visual targets were vertical lines of dots presented
in a slowly descending (2 lines/sec) visual noise 'waterfall’
pattern at a mean rate of 1/min. Sessions were conducted
in a small, warm, and dimly-lit experimental chamber.
Visual task data will be reported elsewhere.

2.2 Data Collection

EEG was collected from two electrodes at the vertex and
posterior midline (Cz and Pz/Oz, midway between Pz and
Oz), referred to the right mastoid, at a sampling rate of
312.5 Hz after analogue filtering (Grass Model 12, band-
pass 0.1-100 Hz, 12 dB/octave). Channel locations were
selected as likely to contain independent alertness infor-
mation on the basis of previous studies[18]. Bipolar verti-
cal and horizontal electrooculogram (EOG) data were also
recorded for use in artifact rejection. Data windows con-
taining potential deviations from baseline of more than 75
uV were rejected from analysis. Three sessions each from

ten subjects containing sufficient (mean + s.d., 56+26)
response lapses were used in the analysis.

2.3 Local Error Rate

A time-varying, causal behavioral index of alertness, lo-
cal error rate, was defined by computing a moving average
probability of detection of auditory targets smoothed us-
ing a 95-s wide exponential moving window (90% down
95 s back) whose width and shape were chosen to in-
crease smoothness of the resulting measure while decreas-
ing the (23 s) time lag from the leading edge of the win-
dow to its center of gravity. Time-varying EEG spec-
tra with 0.6 Hz resolution were computed at 1.64-s inter-
vals using running median averages of FFT transforms of
Hanning-windowed 0.82-s data epochs with 50% overlap
(zero-padded to 512 points / 1.64 s). The median filtering
window spanned seven overlapping 0.82-s data windows,
encompassing 3.28 s of data. The four median-filtered
spectral estimates in each 1.64-s interval were then aver-
aged.

2.4 Error-Sorted Spectra

Changes in the EEG spectrum as a function of error
rate were computed by separately averaging log spectra
in 4-second epochs preceding detected (hit) and unde-
tected (lapse) target presentations, sorting these spectra
according to the prevailing error rate, and then smooth-
ing the results using a Hanning window (encompassing
a 30% error-rate range) which was moved through the
error-sorted data in 5% error-rate steps. The mean log
spectrum during the first 2 min of error-free performance
was then subtracted from each spectral trace, yielding
hit- and lapse-related error-sorted spectra revealing mean
changes in the EEG spectrum accompanying different lev-
els of performance (see Fig. 1).

2.5 Spectral Perturbations

The time course of event-related changes in the amplitude
of oscillatory EEG activity time locked, but not necessar-
ily phase locked, to experimental events can be measured
using normalized time-frequency transforms, previously
called event-related spectral perturbations (ERSPs)[16].
Averages of time-frequency transforms of EEG epochs
time locked to experimental events can measure event-
related modulations of EEG amplitude at a wide range of
frequencies and time scales (tenths of seconds[12] to min-
utes or longer[9,18]). Time- and frequency-specific ERSP
features are largely independent of concurrent features of
time-domain response averages (event-related potentials
or ERPs). ERPs contain potential deviations occurring



at fixed times and in fixed phases relative to experimen-
tal events, while ERSPs record changes in the amplitude
of EEG oscillations irrespective of their phase at event
onsets. Here, ERSPs time locked to hit and lapse tar-
get noise bursts, and to non-target tones, were computed
by averaging logarithmic time-frequency amplitude trans-
forms of 54-s spectral epochs surrounding stimulus onsets.
Two types of normalization were applied (see Fig. 2).

3 Results

3.1 Error-Sorted Spectra

During periods of poor detection performance, the mean
error-sorted EEG spectrum at the vertex prior to lapses
(Fig. la) contains two prominent maxima — relative in-
creases in EEG amplitude near 5 Hz and 14 Hz, plus a
smaller increase at frequencies below 5 Hz. At high er-
ror rates, mean amplitude near 10 Hz at site Pz/Oz also
decreased in most subjects below its eyes-open baseline
level. The 14-Hz peak appears only when error rate is
above 80%, consistent with the emergence of 14-Hz spin-
dles at sleep onset[7]). At high error rates, the error-
sorted spectrum at Cz prior to hits (Fig. 1b) also contain
a peak near 14 Hz, but has no peak near 5 Hz. During
high error-rate periods, 14-Hz amplitude is nearly equally
as elevated before lapses as before hits, while in our 10
subjects mean amplitude near 5 Hz is significantly larger
before lapses at all non-zero error rate levels (F(1,9) >
22.9,p < 0.001). The (lapse minus hit) difference between
the two error-sorted spectra (Fig. 1c), therefore, contains
a circa 5-Hz positivity at all error rates accompanied, at
high error rates, by a general decrease in activity above 8
Hz — but no feature at 14 Hz.

3.2 Spectral Perturbations

Fig. 2a shows the mean changes in the EEG log spec-
trum at Cz before, during, and after undetected noise
burst targets (lapses) presented during periods of inter-
mittent (20-80% error rate) detection performance in the
same 30 sessions. Single-session ERSPs were normalized
by subtracting the mean log spectrum during the first two
minutes of error-free performance, to show both the tonic
EEG spectral changes associated with periods of non-zero
(20-80%) error rate, and phasic EEG changes associated
with detection lapses during these periods. The figure
shows the expected tonic amplitude increase at 5 Hz and
below, and also a phasic increase near 5 Hz beginning
several seconds before delivery of undetected targets.

To study this and other features of Fig. 2a in more de-
tail, time-frequency transforms of data epochs time locked
to undetected (lapse) target presentations were individu-
ally normalized by subtracting a pre-stimulus baseline log

spectral estimate from each spectral trace. The baseline
estimate was the mean log spectrum in an exponential
window with leading edge 10 s before, and its (90%-down)
trailing edge 105 s before target onset. The resulting nor-
malized transforms, containing time-varying spectral fluc-
tuations relative to the mean spectrum in the preceding
105-s period, were then averaged and their grand mean
across subjects and sessions was calculated. (Note that
baseline periods included an average of 17 previous target
and 34 non-target tone presentations). Target hit-related
ERSP averages were computed by the same procedure.
Lapse-related (Fig. 2b) and hit-related (Fig. 2c¢) ER-
SPs differ significantly in three ways: (1) the mean in-
crease (or decrease) in 5-Hz activity surrounding target
presentation; (2) the opposing amplitude decrease (or in-
crease) above 35 Hz; (3) the trough (or ridge) amplitude
perturbation at 10-25 Hz appearing after hit (or lapse)
target presentations, respectively, with a frequency ex-
tremum at 11 Hz. As the hit and lapse target ERSPs in
Figs. 2b and 2c are negatively correlated (r = -0.89), their
difference (Fig. 2d) emphasizes their common features.
Fig. 2e shows the time course of F(1,18)-statistics for
hit/lapse differences at each time point in 20 sessions (two
sessions containing the most lapses from each of the 10
subjects). The figure shows the time course of this statis-
tic for response-related log amplitude differences in theta,
alpha, and gamma frequency bands. Whereas these dif-
ferences in theta and gamma band activity begin nearly
10 s before the stimulus, a response-related difference in
alpha band amplitudes appears only after stimulus onset.

3.3 Performance Cycles

Next, we asked whether the phasic increases in 5-Hz ac-
tivity before and after lapses were accompanied by tran-
sient changes in target detection probability. As might
be expected, the probability of subjects of detecting tar-
gets presented immediately before and after detected and
undetected targets, respectively, differed from one an-
other and from the local error-rate baseline. Surprisingly,
both these performance-related differences had similar
and well-defined time courses, which were quantified as
the probability of a lapse in a 1.64-s time window moved
through the 58-s ERSP epoch in 0.41-s steps. Fig. 3a
shows results at site Pz/QOz; results at Cz were similar. In
this and following figures showing event-related error rate
trends, the steepness and width of the error rate extrema
at time zero reflect the 1.64-s smoothing width used and
the minimum 1-s interval between target presentations.






