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Abstract
Objective: Task-related EEG is sensitive to changes in cognitive state produced by increased task dif®culty and by transient impairment. If
task-related EEG has high test±retest reliability, it could be used as part of a clinical test to assess changes in cognitive function. The aim of
this study was to determine the reliability of the EEG recorded during the performance of a working memory (WM) task and a psychomotor
vigilance task (PVT).
Methods: EEG was recorded while subjects rested quietly and while they performed the tasks. Within session (test±retest interval of ,1 h)
and between session (test±retest interval of ,7 days) reliability was calculated for four EEG components: frontal midline theta at Fz,
posterior theta at Pz, and slow and fast alpha at Pz.
Results: Task-related EEG was highly reliable within and between sessions (r . 0.9 for all components in WM task, and r . 0.8 for all
components in the PVT). Resting EEG also showed high reliability, although the magnitude of the correlation was somewhat smaller than
that of the task-related EEG (r . 0.7 for all 4 components).
Conclusions: These results suggest that under appropriate conditions, task-related EEG has suf®cient retest reliability for use in assessing
clinical changes in cognitive status. q 2000 Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction
Certain components of the ongoing EEG, recorded while
subjects perform a cognitive task, are sensitive to task dif®culty and to changes in an individual's cognitive state. For
example, frontal midline theta increases with increased task
dif®culty, whereas signals in the alpha band decrease as task
dif®culty increases (Gevins et al., 1979, 1997, 1998; McCallum et al., 1988; Miyata et al., 1990; Yamamoto and
Matsuoka, 1990; Gundel and Wilson, 1992; Smith et al.,
1999). Transient mental impairment, such as that associated
with alcohol intoxication or fatigue also affects EEG
signals. Acute alcohol intoxication increases the amplitude
of slow alpha (Davis et al., 1941; Lukas et al., 1986; Cohen
et al., 1993), whereas fatigue is associated with increased
diffuse theta (Davis et al., 1937; Gevins et al., 1977; MatousÏek and Petersen, 1983; Makeig and Jung, 1995) and
decreased fast posterior alpha (Gevins et al., 1977; Gevins
and Smith, 1999). These ®ndings have led to the suggestion
that task-related EEG measures could be used to assess
temporary changes in cognitive status due to such factors
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as fatigue, intoxication, illness, injury, or drug consumption
(Gevins and Smith, 1999).
A necessary ®rst step in the development of an EEGbased method to assess changes in cognitive function is to
demonstrate that such measures have high test±retest reliability. A number of studies have shown that the EEG is
relatively stable when measured during resting states or
during the performance of low load cognitive tasks, such
as oddball stimulus detection. For example, in a young,
healthy adult population, Burgress and Gruzelier (1993)
reported average reliabilities of 0.81 and 0.86 for theta
and alpha features in resting, eyes open EEG with a test±
retest interval of about 1 h. Salinsky et al. (1991) reported
high correlations (above 0.9) during the performance of an
auditory oddball task with a test±retest interval of 5 min and
somewhat lower correlations (of about 0.8) for an interval of
12±16 weeks. Pollock et al. (1991) found correlations
between 0.8 and 0.84 for theta and alpha features in resting,
eyes open and eyes closed data from a middle-aged population with a test±retest interval of 4.5 months.
The purpose of the current study was to assess the reliability of task-recorded EEG during the performance of tasks
that could be used as part of a test battery to assess changes
in cognitive state. Two tasks were used: a psychomotor
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vigilance task (PVT, Dinges and Powell, 1985) and a working memory (WM) task. The PVT requires subjects to
remain vigilant and make a simple response to the onset
of an infrequent stimulus. Performance in this task has
been shown to be highly sensitive to lapses in alertness
due to sleepiness (Lisper and Kjellerberg, 1972; Glenville
et al., 1978; Dinges et al., 1987, 1990; Kribbs et al., 1993;
Kribbs and Dinges, 1994; Rosekind et al., 1994). The WM
task requires subjects to attend to stimuli and make matching judgments on each stimulus relative to stimuli presented
on previous trials. Two dif®culty levels were used that
differed in the amount of information subjects were required
to remember. This task has been shown to induce changes in
theta and alpha signals proportional to task-dif®culty
(Gevins et al., 1997, 1998; Smith et al., 1999). For comparison purposes, we also assessed the reliability of EEG
recorded while subjects rested quietly with their eyes open.
2. Materials and methods
2.1. Subjects
Twenty healthy adults (18±29 years, mean age 22.9 ^ 3.3
years; 11 females) were paid to participate in the study. The
use of human subjects in this study was approved by institutional review and all participation was fully informed and
voluntary.
2.2. Tasks
Subjects performed two dif®culty levels of a continuous
performance WM task (Fig. 1) that required them to
compare the spatial location of a current stimulus with the
location of one presented previously (for full details, see
Gevins et al., 1996). Brie¯y, single capital letter stimuli,
drawn randomly from a set of 12, were presented on a
computer monitor. At the beginning of each trial a warning
cue, a small `x', appeared in the center of the screen for 200
ms. The letter stimulus occurred 1.3 s after the onset of the
warning cue in one of 12 locations on an imaginary circular
grid. Stimuli were presented for 200 ms once every 4.5 s.
The identity of the letter and its spatial position varied
randomly from trial to trial. A small ®xation dot was
continuously present at the center of the screen.
In a dif®cult version of the task, subjects compared the
spatial position of the current stimulus with the position of
the stimulus presented two trials previously. Subjects were
thus required to remember two positions (and their sequential order) for the duration of two trials (9 s), and to update
that information on each subsequent trial. In an easy version
of the task, subjects were required to match the position of
the current stimulus with the position of the ®rst stimulus in
the block. In both versions of the task, stimuli were
presented in blocks of 53 trials (the ®rst 3 trials were
warm-up trials and were discarded from analysis), with

Fig. 1. Schematic diagram of the easy and dif®cult version of the WM task.
Every 4.5 s, one of 12 possible capital letter stimuli appeared in one of 12
possible locations on a computer monitor. In the easy version of the task,
subjects compared the location of the current stimulus, regardless of its
identity as a letter, with the location of the very ®rst stimulus in the
block. In the dif®cult version of the task, subjects compared the location
of current stimulus with the location of the stimulus presented two trials
previously.

50% matches. Subjects were instructed to respond as
quickly and accurately as possible.
The psychomotor vigilance task (PVT) required subjects
to respond as quickly as possible to the onset of a stimulus.
Subjects ®xated on a box in the center of the computer
screen. At varying intervals (between 2 and 10 s, average
inter-stimulus interval of 6 s), a stimulus appeared in the
center of the box. The stimulus consisted of a rapidly
ascending series of numbers (increasing in milliseconds).
Subjects were required to press a response key with the
right index ®nger as quickly as possible after stimulus
onset. The button press froze the stimulus brie¯y on the
screen, providing subjects with immediate reaction time
feedback. The task was presented in 10-min blocks.
2.3. Procedure
Each subject participated in 3 sessions. The ®rst session
was a practice session in which subjects learned to perform
the WM tasks until accuracy and reaction time stabilized.
Subjects also performed one block of the PVT. EEG data
were not recorded during this session. Subjects then participated in two sessions in which the EEG was recorded
continuously during task performance. The two sessions
were scheduled for the same time of day, and occurred, on
average, 7 days apart.
Each session consisted of a `warm-up' block followed by
two test blocks. The warm up block consisted of two repetitions each of the WM tasks and a short (3 min) version of the
PVT. Subjects then performed two test blocks. Each test
block consisted of a 4 min recording of resting, eyes open
EEG, two 53-trial blocks of each of the WM tasks (order
counterbalanced across subjects) and a 10 min block of the
PVT. Subjects were given a rest break between the two test
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blocks, so that the second test block began approximately 1
h after the start of the ®rst test block.
2.4. Electrophysiological recordings
In both resting and task conditions, EEG was recorded
continuously from 28 scalp locations using an electronically-linked mastoids reference. EOG was recorded from
electrodes placed above and below the left eye, and at the
outer canthi of each eye. Physiological signals were
recorded with a bandpass ®lter of 0.01±100 Hz and sampled
at 256 Hz. Data were digitally ®ltered off-line with a 2 Hz
high pass band prior to performing automated artifact detection. Eye artifacts were removed using adaptive eye movement artifact removal ®lters (cf. Du et al., 1994). Data were
then visually inspected and segments containing residual
artifacts were discarded. Approximately 5±10% of the
data were rejected due to artifacts, leaving about 3.5 min
of data for each block of the WM task and resting conditions, and about 9 min of data per block of the PVT task.
2.5. Data analysis
Fast Fourier transforms were computed on 50% overlapped, 512 sample (i.e. 2 s) Hanning windows for all artifact-free trials. Average power spectra were then computed
across all trials in each block for each subject, and a log
transform was applied to the power spectra prior to statistical analysis.
The power spectra were computed across 4 s trials occurring around stimulus presentation, and thus may have
included energy related to the stimulus event-related
responses (ERPs) in the WM tasks and in the PVT. The 2
Hz digital high pass ®lter removed any slow ERPs elicited in
these tasks and attenuated P300 responses. In previous
analyses, we have not found differences when power spectra
were computed across the entire trial, or when the halfsecond period following the stimulus has been omitted.
The power of four EEG components known to be sensitive to task dif®culty or drowsiness was measured. Frontal
midline theta was measured as the peak frequency between
4 and 7 Hz (average of 6 Hz) at Fz. Posterior theta was
measured as the average power between 4 and 6 Hz at Pz.
Slow and fast alpha were measured in 1-Hz bands at Pz.
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Slow alpha was identi®ed as the peak frequency over parietal and central channels between 8 and 12 Hz (mean 9.5 Hz).
Fast alpha was de®ned based on peak frequency between 8
and 12 Hz (mean 11.0 Hz) at occipital electrodes.
Pearson correlation coef®cients were used to assess
within-session (block 1 vs. block 2) and between-session
(session 1 vs. session 2) test±retest reliability. Repeated
measures analyses of variance (ANOVAs) were used to
examine the signi®cance of any changes in power within
or between sessions, and to examine dif®culty effects in the
task-related EEG. Prior to these ANOVAs, data were
converted to standard scores to reduce between-subject
variability.
3. Results
3.1. Behavioral results
3.1.1. WM task
Mean accuracy and reaction time (RT) in the WM task
are shown in Table 1. Both accuracy (assessed using d 0
scores) and RT (evaluated after normalizing with a log10
transform) were affected by task dif®culty. Responses
were signi®cantly faster and more accurate in the easy
task than in the dif®cult task (d 0 : F 1; 19  12:62,
P , 0:01; RT: F 1; 19  34:08, P , 0:001). Accuracy
did not differ within or between sessions. RT showed a
signi®cant main effect of block (F 1; 19  5:07,
P , 0:05), and a signi®cant block by session interaction
(F 1; 19  7:13, P , 0:05). Post hoc analysis indicated
that this interaction was due to signi®cantly faster RTs in
Block 2 than in Block 1 in the second test session only.
Accuracy scores showed relatively low reliability both
within and between sessions (average within session correlation of 0.45, average between session correlation of 0.47;
Table 2). RTs were highly correlated both within and
between sessions (average within session correlation of
0.93, average between session correlation of 0.86).
3.1.2. PVT
Behavioral measures obtained in the PVT included mean
RT (evaluated after normalizing with a log10 transform), the

Table 1
Average accuracy (SEM) and average reaction time (SEM) in the easy and dif®cult versions of the WM task
Easy WM Task

Accuracy (d 0 )
First session
Second session
RT (ms)
First session
Second session

Dif®cult WM Task

First block

Second block

First block

Second block

4.43 (0.34)
4.35 (0.45)

4.46 (0.33)
4.47 (0.39)

4.00 (0.52)
4.10 (0.68)

3.81 (0.68)
3.98 (0.62)

494 (9.9)
504 (8.1)

487 (10.2)
469 (8.1)

607 (14.3)
616 (12.3)

614 (14.7)
585 (11)
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Table 2
Within-session and between-session test±retest reliability coef®cients for
the behavioral measures in the easy and dif®cult WM tasks. To assess
within-session reliability, Pearson correlations were computed separately
for the ®rst and second sessions. Between-session reliability was computed
separately for the ®rst and second block. All correlations are signi®cant at
P , 0:001 unless otherwise indicated (one-tailed signi®cance reported) a

Accuracy
Easy
Dif®cult
RT
Easy
Dif®cult
a

Within-session reliability

Between-session reliability

Session 1

Session 2

Block 1

Block 2

0.76
0.53**

0.37 (n.s.)
0.12 (n.s.)

0.53**
0.41*

0.40*
0.55**

0.95
0.96

0.89
0.91

0.90
0.78

0.90
0.87

n.s., not signi®cant; **P , 0:00; *P , 0:05:

mean of the fastest 10% of the responses (fast response
coef®cient), number of lapses (missed responses, or
responses occurring more than 500 ms after stimulus
onset) and number of response errors (false responses).
The mean behavioral scores for these measures are shown
in Table 3. Since subjects performed the tasks in an alert
state, there were few lapses or response errors. The behavioral measures did not show signi®cant effects of test block
or test session, nor did they show any signi®cant interactions.
The across session and within session correlation coef®cients for the behavioral measures are shown in Table 4.
Although mean RT showed moderate within-session and
between-session correlations (average within session correlation of 0.60 and average between session correlation of
0.52), the fast response coef®cient showed high reliability
(average within session correlation of 0.83 and average
between session correlation of 0.80). Lapses showed low,
nonsigni®cant within-session reliability, and moderate
between session reliability (average of 0.49). Response
errors showed higher correlations (average within session
correlation of 0.75 and average between session correlation
of 0.63).
3.2. Electrophysiological results
The average spectral power density for each EEG compoTable 3
Mean (SEM) reaction time, fast response coef®cient (fast coeff.), number of
lapses, and number of responses errors in the PVT
First session

3.2.1. WM load effects
Frontal midline theta was signi®cantly larger (by an average of 0.76 dB) in the dif®cult task than in the easy task
(F 1; 19  10:47, P , 0:01). In contrast, both slow and
fast alpha were signi®cantly smaller in the dif®cult task
than in the easy task (slow alpha F 1; 19  59:53,
P , 0:001; average difference of 1.18 dB; fast alpha:
(F 1; 19  52:29, P , 0.001; average difference of 1.17
dB). Posterior theta was not signi®cantly affected by task
dif®culty.
3.2.2. Power changes within and between sessions
In the WM task posterior theta showed a signi®cant 3 way
interaction involving task version, block and session
(F 1; 19  5:99, P , 0:05). In the easy task, posterior
theta power did not differ across test blocks or across test
sessions. However, in the dif®cult task there was a signi®cant decrease in power (by an average of 0.32 dB) between
the ®rst and second block in the second test session only
(F 1; 19  7:76, P , 0:05). None of the other components
showed signi®cant changes within or between sessions.
In the PVT, frontal midline theta was larger in the second
test session than in the ®rst (by an average of 0.53 dB
(F 1; 18  5:63, P , 0:05). No other component differed
between the two sessions, nor did any component signi®cantly differ between the ®rst and second block within a test
session.
In the resting EEG, fast alpha power was smaller in the
second block than in the ®rst, by an average of 0.7 dB
(F 1; 18  7:62; P , 0:05). No other component showed
signi®cant changes within or between sessions.
3.2.3. Reliability measures
Within-session and between-session correlation coef®cients for each of the EEG components are shown in
Table 6. In the task-related EEG, all components showed
very high reliability both within and between sessions. For
Table 4
Within-session and between-session test±retest reliability coef®cients for
PVT behavioral measures. Within-session reliability was computed separately for the ®rst and second session, between-session reliability was
computed separately for the ®rst and second test block. All correlations
are signi®cant at P , 0:001 unless otherwise indicated (one-tailed signi®cance reported) a

Second session

First block Second block First block Second block
Mean RT (ms) 280 (7)
280 (7)
Fast coeff. (ms) 213 (3.5)
209 (5)
Lapses
2.16 (0.36) 2.66 (0.33)
Errors
0.90 (0.29) 0.79 (0.25)

nent in each condition (averaged across all testing intervals)
is shown in Table 5.

301 (16)
279 (7)
212 (4.1)
211 (4.2)
3.30 (0.60) 2.91 (0.36)
1.42 (0.53) 1.16 (0.31)

Mean RT
Fast coeff.
Lapses
Errors
a

Within session reliability

Between session reliability

Session 1

Session 2

Block 1

Block 2

0.62**
0.72
0.29 (n.s.)
0.73

0.58**
0.93
0.36 (n.s.)
0.78

0.53*
0.82
0.48*
0.63**

0.51*
0.78
0.50*
0.63**

n.s., not signi®cant; **P , 0:01; *P , 0:05.
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Table 5
Average power spectral density (SEM), in dB, for frontal midline theta, posterior theta, slow alpha and fast alpha in each condition

Easy WM
Dif®cult WM
PVT
Resting

Frontal midline theta

Posterior theta

Slow alpha

Fast alpha

29.68 (0.29)
30.44 (0.35)
29.6 (0.28)
29.0 (0.26)

28.19 (0.20)
28.12 (0.20)
28.35 (0.20)
27.58 (0.21)

29.06 (0.50)
27.88 (0.65)
29.79 (0.50)
29.42 (0.51)

29.78 (0.48)
28.62 (0.46)
30.03 (0.48)
30.12 (0.52)

the WM task, r-values ranged from 0.95 to 0.99 within
sessions and 0.87 to 0.97 between sessions. For the PVT,
r-values ranged from 0.92 to 0.97 within sessions and from
0.83 to 0.94 between sessions. Reliability was somewhat
lower in the resting data: within-session r-values ranged
from 0.74 to 0.92; between-session r-values from 0.76 to
0.95. Within subjects, the average change in the amplitude
of the power spectra across the four testing sessions was
quite small, with smallest changes seen in the WM task
and largest changes seen in the resting data. Across the 4
components, the average absolute change (and standard
error) within subjects across the four sessions was 1.44
(0.13) dB for data in the WM task, 1.78 (0.22) dB for data
in the PVT, and 2.40 (0.33) dB for resting data.
Reliability of the task-dif®culty related modulation of
frontal midline theta and alpha signals was also examined.
The difference in theta and alpha power between the easy
and dif®cult tasks was computed, and the reliability coef®cients of these differences were calculated (Table 7). Since
these difference values have a much-restricted range relative
to the range of the raw (log-normalized) power spectra, the
reliability coef®cients will be necessarily smaller. Nevertheless, the task-dif®culty effect of the frontal midline
theta signal showed good reliability, with an average
within-session reliability of 0.77 and an average between
session reliability of 0.78. The task-dif®culty effect for the
slow alpha component showed moderately good reliability,
with an average within-session reliability of 0.68 and an

average between session reliability of 0.69. The task-modulation of the fast alpha signal was less reliable, with an
average within-session reliability of 0.51 and a between
session reliability of 0.43.
4. Discussion
This study showed that the power spectral density of four
EEG components recorded during performance of PVT and
WM tasks from alert, healthy young adults, well practiced in
the task performance, was highly reliable both within and
between sessions. Average within session reliability, in
which the test±retest interval was approximately 1 h, was
above 0.9 in the task data and above 0.8 in the resting data.
Similar reliability was observed between sessions, in which
the test±retest interval was approximately seven days. These
values are in agreement with previously reported reliability
for resting EEG and EEG associated with the performance
of an oddball task. (Pollock et al., 1991; Salinsky et al.,
1991; Burgress and Gruzelier, 1993). The greater reliability
of task-related EEG than of resting EEG is likely due to
larger variations in attention and alertness levels in resting
states than during task performance. Task performance
imposes a more uniform level of alertness and mentation,
and thus has a stabilizing effect on the EEG. Interestingly,
the within and between session reliability for the different
task types (vigilance; easy and dif®culty working memory

Table 6
Within-session and between-session test±retest reliability coef®cients for EEG measures in the easy and dif®cult WM tasks, the PVT, and resting condition.
Within-session reliability was computed separately for the ®rst and second session; between-session reliability was computed separately for the ®rst and second
test block. All correlations are signi®cant at P , 0:001 (one-tailed signi®cance reported) a
Within-session reliability for ®rst session

Easy
Dif®cult
PVT
Resting

Within-session reliability for second session

FM theta

Post. Theta

Slow alpha

Fast alpha

FM theta

Post. Theta

Slow alpha

Fast alpha

0.97
0.96
0.95
0.87

0.95
0.97
0.94
0.84

0.97
0.97
0.96
0.92

0.98
0.96
0.97
0.82

0.95
0.97
0.92
0.74

0.97
0.96
0.94
0.86

0.99
0.98
0.96
0.93

0.98
0.97
0.93
0.93

Between-session reliability for ®rst block
Easy
Dif®cult
PVT
Resting
a

0.92
0.91
0.92
0.76

0.93
0.91
0.92
0.86

0.95
0.97
0.93
0.90

FM theta, frontal midline theta; post. theta, posterior theta.

Between-session reliability for second block
0.95
0.97
0.93
0.89

0.87
0.93
0.83
0.81

0.92
0.92
0.86
0.78

0.96
0.97
0.90
0.95

0.97
0.94
0.94
0.77
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Table 7
Within-session and between-session test±retest reliability coef®cients for
task-dif®culty-related modulation of frontal midline theta, slow alpha and
fast alpha signals. Within-session reliability was computed separately for
the ®rst and second session; between-session reliability was computed
separately for the ®rst and second test block. All correlations are signi®cant
at P , 0:001 (one-tailed signi®cance reported) unless otherwise indicated a
Within session reliability

Between session reliability

Session 1

Session 2

Block 1

Block 2

0.83
0.75
0.54**

0.67
0.61**
0.55**

0.89
0.78
0.32 (n.s.)

FM theta
0.71
Slow alpha 0.61**
Fast alpha 0.48*
a

n.s., not signi®cant; **P , 0:01; *P , 0.05.

tasks) was very similar. All these tasks required sustained
visual attention, however, the working memory task also
contained a judgment component, and the more dif®cult
task level required constant updating of information in
memory. Despite this variation in task complexity, the
EEG was highly stable during the performance of all tasks.
EEG during the WM tasks showed dif®culty effects
consistent with those previously reported for this task
(Gevins et al., 1997, 1998). Frontal midline theta was significantly larger in the more dif®cult version than in the easier
version whereas slow and fast alpha were signi®cantly smaller in the more dif®cult version than in the easier version.
The dif®culty-related modulation in the frontal midline theta
signal and the slow alpha signal were quite reliable, with
average correlation coef®cients of 0.77 and 0.68, respectively. The dif®culty-related effect in the fast alpha signal
was less reliable, with an average correlation of 0.47.
Consistent with previous results, posterior theta was not
found to vary with task dif®culty. This component is
affected more by arousal manipulations than by task dif®culty manipulations (Gevins and Smith, 1999).
Many of the behavioral measures in this study showed
generally lower reliability than did the task-related EEG.
This was likely due to ceiling and ¯oor effects. In these
well-practiced subjects, accuracy in the WM task was at
near perfect levels for both task versions. Similarly, these
alert, healthy subjects produced few erroneous responses in
the PVT. RT proved a more stable measure. High reliability
was observed for average RT in the WM task and for the
fastest 10% of responses in the PVT. The magnitude of
these correlations was similar to that of the task-related
EEG measures.
It is important to note that EEG reliability was assessed
using measurements from midline sites, Fz and Pz, that are
less likely to be affected by muscle contamination than are
more peripheral sites. Muscle activity can produce large
broadband differences in the power spectra as a function
of posture and tension level, and these differences are
most apparent at electrode sites overlying the large scalp
muscles. In our data, fast alpha measured at electrode site
Oz (a position vulnerable to artifacts from neck muscles)

showed lower reliability than did the corresponding
measure at Pz. In the worst case, a between-session reliability of 0.58 was obtained for resting data. Visual inspection of the data showed that this was due to large broadband
differences between sessions at occipital sites for a few
subjects. Thus to obtain stable measurements of the EEG,
it is important to control for the effects of muscle contamination by choosing sites that are less prone to muscle artifacts, by carefully eliminating data segments with muscle
contamination, or by developing algorithms to selectively
remove muscle contamination.
This study has shown that under certain conditions, EEG
associated with the performance of a working memory task
and of a psychomotor vigilance task is highly reliable. These
®ndings suggest that both the WM task and the PVT have
the necessary reliability for use in assessing transient
changes in the neurophysiological signals of cognition due
to fatigue, medication, or illness.
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