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NeuroMarker combines EEG and ERP measures with neurocognitive tests in a
fully computerized and standardized testing system. It is designed for use across
the lifespan and has a large normative database of over 1,000 subjects. This
study was a preliminary evaluation of “NeuroMarker” in subjects spanning four
decades. Twenty-one healthy subjects (12–57 years) were tested at baseline and
four weeks later. From the ”Neuromarker” battery, the authors analyzed EEG
data (eyes open and closed) and ERPs elicited during auditory oddball (N100,
P200, N200, P300) and working memory (P150, P300) tasks. Concomitant neu-
ropsychological data, acquired using a touch-screen system, comprised mea-
sures of sensori-motor, attention, verbal, executive, and memory function. Test-
retest data were examined using analyses of variance and correlational proce-
dures (corrected for multiple comparisons), with parallel analyses of age. EEG
data did not differ across sessions, and showed high test-retest reliability (.71–
.95), particularly for theta and delta (>.85). ERP components also showed sound
reliability, particularly for sites where components are maximal: fronto-central
N100 (.76–.77), centro-parietal P300 (.78–.81) to oddball targets, N100 and
P200 (.74–.86) to oddball non-targets, and P150 amplitude and latency (.84–
.93) to working memory stimuli. Neuropsychological tests showed a similarly
sound level of consistency (on average, .70), with the most consistent tests
tapping simple motor function, estimated intelligence, switching of attention
(Part 2), verbal interference response time and memory intrusions (.71–.89).
Age and sex did not have a differential impact on reliability for EEG, ERP, or
neuropsychology measures. These findings provide preliminary evidence that
the “NeuroMarker” battery is reliable for test-retest assessments. The results
suggest that the standardized approach has utility for providing sensitive clini-
cal and treatment evaluations across age groups.
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INTRODUCTION

Neurophysiological and neuropsychological measures provide complemen-
tary information for screening and clinical assessment, monitoring of health
and disease, and treatment evaluation (Dikmen et al., 1999; Kinoshita et al.,
1996). Neuropsychological assessment is recommended for evaluating cogni-
tive impairment (Neurology Practice Parameters; Petersen et al., 2001), and
is a valuable tool in the development and evaluation of new medications.
Among neurophysiological measures, the electroencephalograph (EEG) is
recommended for routine assessment of neurological conditions such as epi-
lepsy, dementia, and cerebrovascular disease, and for critical care monitoring
and presurgical analysis (Nuwer, 1997). Evoked potentials have typically
been used by clinicians to evaluate sensory processes (Chiappa, 1997). A
large pool of evidence has demonstrated the sensitivity of event-related po-
tentials (ERPs) to cognitive processes, with the P300 component showing
particular sensitivity to aspects of attention and memory (Polich & Kok,
1995). Although the application of EEG and ERPs in neuropsychiatric evalu-
ation is largely investigatory (Nuwer, 1997), ERPs show promise as a tool
for cognitive assessment (Connolly & D’Arcy, 2000).

To date, limitations to the utility of EEG and ERPs in clinical contexts
include the lack of standardized testing protocols, large normative databases
for comparison (Thatcher, 1998) and the evaluation of psychometric proper-
ties such as test-retest reliability. The development of neuropsychological test
batteries has addressed these features in more detail, facilitating their use in
clinical evaluations, yet these batteries are still constrained by the lack of
large standardized databases that cover the range of core cognitive domains
and testing formats appropriate for use across the lifespan (for review see
Lezak, 1995, Spreen & Strauss, 1988).

This study used a new testing system, “NeuroMarker,” which integrates a
comprehensive and fully automatic neuropsychological test battery with EEG
measures and tasks known to elicit robust cognitive ERPs (Gordon, 2003a,b).
NeuroMarker uses fully standardized testing protocols for both hardware and
software, and includes a large normative database of over 1,000 subjects
spanning nine decades and screened rigorously for mental and physical health
confounds. Touch-screen hardware, with instructions presented both visually
and via audio files ensures independence from computer and keyboard skills,
making the testing system appropriate for use in young and elderly groups, and
in the cognitively impaired. This study undertook a preliminary evaluation of
test-retest reliability for NeuroMarker, as part of a series of studies evaluating
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its psychometric properties, and establishing age and sex norms for the associ-
ated database (Paul et al., 2005; Clark et al., 2005).

Neuropsychological tests have been shown to have good to high test-
retest reliability (.70–.90). One exception has been the memory domain, where
lower reliability coefficients have been observed, even over short intervals of
less than 12 months (Dikmen et al., 1999). These findings have typically
been interpreted as an inconsistent practice effect, reflecting variation in ini-
tial scores and demographic factors. Subjects who initially score poorly tend
to show a much smaller cognitive improvement than those who initially per-
formed well (Dikmen et al., 1999). Age, sex, and years of education each
impact on verbal memory and learning (Bolla-Wilson & Bleecker, 1986),
and younger and better-educated subjects, with strong test performance, may
benefit more from practice (Ushiyama et al., 1995). These practice effects are
usually minimized with longer testing intervals, although they have been
observed at intervals of 12 months (Ushiyama et al., 1995). Executive func-
tions, reflected in “strategic learning,” and variations in test item novelty
may also contribute to inconsistency in memory (Dikmen et al., 1999). By
contrast, measures of sensori-motor function, attention, and verbal and per-
formance ability tend to have consistent practice effects and thus, a minimal
effect on reliability over time (Ushiyama et al., 1995; Watson et al., 1994).

Studies to date suggest that the EEG is stable over periods of one day to
18 weeks, particularly for the theta, alpha, and beta bands. Similarly robust
reproducibility has been observed across these bands for resting eyes closed
and eyes open conditions at 17–18 weeks retest in adult samples (Pollock et
al., 1991). The highest reliability has been observed for theta (0.80) and
alpha (0.84) (Gasser et al., 1985; Pollock et al., 1991). Indeed, alpha has
been reported as the most stable EEG feature at both 5-min and 12–16-week
intervals (Salinsky et al., 1991), and across recording sites (Burgess & Gruzelier,
1997).

A number of studies have reported changes in EEG activity with changes
in cognitive performance or state. Theta activity has been found to increase
with better performance on memory tasks tapping encoding, working memory,
and retrieval (Klimesch, 1997; 2001; 2004). Increases in frontal midline theta,
with decreases in alpha, have also been observed with increasing task diffi-
culty (e.g., Gevins, 1979; 1997), whereas increases in diffuse theta, with
decreases in fast posterior alpha have been observed with fatigue (Gevins et
al., 1977; Makeig & Jung, 1995). Notably, however, task-related EEG has
shown good test-retest reliability, suggesting it is appropriate for evaluating
clinical changes in cognitive status. For instance, in a study of 20 young
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adults (18–29 years), McEvoy et al. (2000) demonstrated that EEG alpha and
theta activity was highly reliable both within conditions (1 h apart) and be-
tween sessions (1 week apart) for tasks tapping vigilance (correlations >.8)
and working memory at two difficulty levels (correlations >.9).

Although there have been relatively few studies of ERP reliability, the
existing reports suggest that ERPs are generally less reproducible than the
EEG. Most reliability studies have used the auditory oddball task, and the
importance of using a standard task for comparative purposes has been high-
lighted, given that ERPs vary with task conditions (Segalowitz & Barnes,
1993). Studies of young adults (18–31 years) have reported stable ERP am-
plitudes within session (Polich, 1986) and over relatively short periods of
one to two weeks (Fabiani et al., 1987; Maeda et al., 1995). Similarly sound
reliability has been observed in adolescents (14–16 years) over longer peri-
ods of one to two years (Segalowitz & Barnes, 1993). In older adults (60–86
years), the N1, P2, and P3 have shown high reliabilities (averaging around
.75) over these longer periods (Sandman & Patterson, 2000). ERP latency
has generally demonstrated lower reliability than amplitude, although P300
latency has shown reproducibility across one to four week intervals, even
with changes in arousal level (Fabiani et al., 1987; Polich, 1986; Segalowitz
& Barnes, 1993; Waldhovd & Fjell, 2002).

Although these studies collectively encompass a wide range of ages, to
the authors’ knowledge only one study to date has examined reliability in a
sample covering the adult life span (21–92 years) (Waldhovd & Fjell, 2002).
In this study, reliabilities for N1, P2, and P3 amplitude were significant over
2 test-retest intervals, ranging from .43 to .89 at 12 months and .58 to .67 at
24 months (Waldhovd & Fjell, 2002). Analysis of ERP data across consecu-
tive 50 ms intervals showed that reliabilities peaked around the windows of
these conventional components, providing a validation of the N1, P2, and P3.
Reliability also tends to follow the topographical distribution of these com-
ponents, and is greatest where they are maximal (Waldhovd & Fjell, 2002).

The consistency of auditory oddball ERPs across a number of repeat
testing sessions has been demonstrated in a sample of 10 adults (29–57 years)
(Kinoshita et al., 1996). Over eight test-retest sessions (7–10 days apart), the
reliability for P300 amplitude ranged from .54 to .68 and for P300 latency,
from .12 to .46. N100 and N200 were also found to be stable across sessions
(Kinoshita et al., 1996).

To date, test-retest reliability studies have focused on a particular measure
(such as EEG or ERP or neuropsychological tests), rather than the concurrent
reproducibility of these “brain-behaviour” measures in the same subjects.
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These studies also typically include samples with a restricted range of ages.
The aim of this study was to determine the test-retest reliability of the “Neuro-
Marker” battery of integrated EEG/ERP and neuropsychological measures in a
sample encompassing adolescence to later adulthood.

METHODS

Subjects

The present study makes use of data acquired as part of the Brain Resource
International Database (BRID; http://www.brainresource.com). Twenty-one
healthy individuals undertook recordings at both test and retest four weeks
later. These subjects were aged 12 to 57 years (mean = 27.76 years), with
years of education 7 to 15 years (mean = 12.14), and comprised 10 females
matched to the 11 males. A complementary study had demonstrated that
years of education has little impact on the “NeuroMarker” measures (Clark et
al., 2005). Exclusion criteria included a history of mental illness, substance
abuse, neurological disorder and brain injury, other serious medical condi-
tion, and left-handedness. The SPHERE questionnaire (Hickie et al., 1998)
was used to screen out individuals with a potential Axis I disorder (APA,
1994), and subjects were also excluded if they reported a first-degree family
member with an Axis I diagnosis.

Procedure

Subjects gave written informed consent, in accordance with medical research
council guidelines.

They were asked to refrain from smoking and caffeine for 2 h prior to
testing, and to refrain from alcohol for 12 h prior to testing. EEG/ERP and
cognitive testing was undertaken within one testing session. The re-test ses-
sion followed the initial testing session after a tightly controlled period of
four weeks for each subject.

EEG Testing Protocol

All participants were seated in a comfortable chair in a dimly lit room. EEG
data were recorded from 26 scalp electrode sites according to the NuAmps
International 10–20 electrode system using a Quikcap with sintered Ag/AgCl
electrodes, and a continuous acquisition system, with a sample rate of 500 Hz.
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The study focused on midline site (Fz, Cz, Pz) data. These data were recorded
relative to the virtual ground, but referenced offline to linked mastoids. Hori-
zontal eye movements were recorded with electrodes placed 1.5 cm lateral to
the outer canthus of each eye. Vertical eye movements were recorded with
electrodes placed 3 mm above the middle of the left eyebrow and 1.5 cm below
the middle of the left bottom eye-lid. Skin resistance was <5 kOhms. Data
were EOG corrected offline using the Gratton et al. (1983) procedure.

EEG data were acquired under two conditions: resting quietly with their
eyes closed and then with their eyes open (2 min each).

ERP Testing

ERP data were acquired using the NuAmps EEG system. ERPs were elicited
in response to an auditory oddball task, providing a standard comparison to
previous studies, and a continuous performance (working memory) task, to
assess reliability across tasks.

In the auditory oddball task, subjects were presented with a series of high
(1000 Hz) “task relevant” target tones and lower (500 Hz) “task irrelevant”
tones of 50 ms duration (rise and fall time, 5 ms), at 75 dB, with an ISI of 1 s.
Target probability was relatively low (12%), consistent with reports that reli-
ability is maximized at lower target probabilities (Waldhovd & Fjell, 2002).
The two tones were presented in a quasi-random order, with the only constraint
being that two task-relevant tones cannot appear consecutively. Instructions
were presented in a standardized format using audio files. Subjects were
instructed to button press with the index finger of each hand (to counterbalance
for possible motor effects) in response to target and to ignore the lower tones,
and the speed and accuracy of response were equally stressed.

The working memory task consisted of a series of 125 letters (B, C, D, or
G) presented for 200 ms on a computer screen, with an ISI of 2.5 s. Of the 125
letter stimuli, 20 were target letters (i.e., repetitions of the previous letter) and
85 were non-target letters (i.e., non-repeated letters). Via standardized audio
file instructions, subjects were instructed to respond if the same letter appeared
twice in a row (target letters), via button press with the index finger of each
hand. Speed and accuracy of response were again equally stressed.

Neuropsychological Testing

The cognitive tests were part of a fully computerized and standardized battery
(Gordon, 2003a,b); “IntegNeuro.” This battery is presented on a touch-screen
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computer and does not rely on keyboard or computer skills, thereby making it
readily applicable to subjects across a wide range of ages. The IntegNeuro
test battery was administered in a sound-attenuated testing room, with partici-
pants seated in front of the touch-screen computer (NEC MultiSync LCD 1530V).
Standardized task instructions were presented visually on the screen and
using concurrent audio files (via headphones). Nonverbal responses (reaction
time and accuracy) were recorded via the touch-screen computer and verbal
responses were recorded via a microphone and recording system attached to
the headphones. The test battery has well established convergent validity rela-
tive to conventional paper-and-pencil tests tapping equivalent domains of cog-
nitive function, as well as divergent validity relative to tests tapping distinct
domains of function (Paul et al., 2005). Correlations between the IntegNeuro
tests and equivalent measures (such as the WAIS-III digit span tasks, Califor-
nia Verbal Learning Test, Weschler Memory Scale III, Trail Making Tests,
Rey Complex Figure test, Verbal Fluency, and Finger tapping) have been found
to be significant for each test across younger and older subjects, with correla-
tions ranging in magnitude from .53 to .77 (Paul et al., 2005).

The cognitive tests, indexing sensori-motor, attention, executive function
and estimated intelligence, language, and memory domains of function, were
as follows:

Sensori-Motor

Simple Motor Tapping Task. Participants were required to tap a circle on the
touch-screen with their index finger, as fast as possible for 60 s. The depen-
dent variable was total number of taps with the dominant hand.

Choice Reaction Time Task. Participants attended to the computer screen
as one of four target circles was illuminated in a pseudorandom sequence.
For each trial, the subject used their hand of preference (right hand in each
case) to touch the illuminated circle as quickly as possible following presen-
tation. Twenty trials were administered with a random delay between trials of
2–4 s. The dependent variable was the mean reaction time across trials.

Attention

Span of Visual Memory. This provides a computerized adaptation of the Corsi
Blocks task (Milner, 1970) and the Dot Location task variant (Roth & Crosson,
1985). It represents a visual analogue of a digit span test. Participants were
presented with squares arranged in a random pattern on the computer screen.
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The squares were highlighted in a sequential order on each trial. Participants
were required to repeat the order in which the squares were highlighted. Both
forward and reverse trials were conducted. The total correct was the depen-
dent variable.

Digit Span. Participants were presented with a series of digits on the
touchscreen (e.g., 4, 2, 7, etc., 500 ms presentation), with a one second inter-
stimulus interval. Subjects were asked to enter the digits immediately on a
numeric keypad on the touch-screen. In Part 1, subjects were required to
recall the digits in forward order (Digit Span Forwards); in Part 2, they were
required to recall them in reverse order (Digit Span Reversed). In each part,
the number of digits in each sequence was gradually increased from 3 to 9,
with 2 sequences at each level. Performance was indexed by the maximum
number of digits recalled without error.

Switching of Attention Task; Part 1. This test provides a computerized
adaptation equivalent to the Trail Making Test (Reitan, 1958). In Part 1,
subjects are presented with a pattern of 25 numbers in circles and asked to
touch them in ascending numerical sequence (i.e., 1 2 3 . . .). As each num-
ber is touched in correct order, a line is drawn automatically to connect it to
the preceding number, allowing subject to visualize the path. Performance in
terms of psychomotor speed and the basic ability to hold attention on a
simple task is indexed by time to completion and number of errors.

Executive Function

Switching of Attention Task; Part 2. In Part 2, subjects are presented with a
pattern of 13 numbers (1–13) and 12 letters (A–L) and required to touch
numbers and letters alternatively in ascending sequence ( i.e., 1 A 2 B 3 C
. . .). The additional demands of Part 2 reflect the requirement to switch
attention between the respective tasks and mental sets induced, indexed by
time to completion.

Verbal Interference. This task taps the ability to inhibit automatic and
irrelevant responses and is similar to the Stroop task (Golden, 1978). Sub-
jects were presented with colored words with incongruent color-word combi-
nations. The words were presented serially, one at a time, drawn from the
following set of lower case words: red, yellow, green, and blue. The color of
each word is drawn from the following set of colors: red, yellow, green, and
blue. In Part 1, the subject was required to identify the name of each word as
quickly as possible after it was presented on the screen (using a response pad
with the four possible words displayed in black and in fixed format). In Part
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2, the subject was required to name the color of each word as quickly as
possible (using the response pad). Performance was indexed in terms of reac-
tion time and number of errors.

Language/Verbal Function

Letter Fluency. Participants were required to generate by speech, words that
began with the letters F, A, and S, allowing 60 s for each letter and excluding
proper nouns. Fluency was indexed by the total number of correct words
generated across the three trials.

Animal Fluency. Participants were required to name animals as quickly as
possible for 60 s, indexed similarly by total number correct.

Memory

Verbal List-Learning. Participants were required to read a list of 12 English
words, and asked to memorize and recall them verbally. The first list was
presented and recalled on 4 trials to test immediate recall and learning. For
trial 5, a new list was presented and recalled only once, to act as a distractor
list. In trial 6 the original list was presented once again and recalled. Follow-
ing a 30-min delay filled with distractor tasks, participants were required
to recall as many words as possible from the original list (delayed recall).
Finally, participants were required to discriminate the 12 target words from
12 foils on a recognition trial (recognition recall).

Words were closely matched on concreteness, number of letters, and
frequency. The subject was asked to recall (verbally) the word lists after
immediate and delayed recall time intervals. For each trial, scores repre-
sented the number of words correctly recalled within 30 s. Memory perfor-
mance was indexed by the words correctly recalled across the four learning
trials, the immediate recall trial and the delayed recall trial, and the total
number of correctly identified word on the recognition trial.

Estimated Intelligence Domain

Spot-the-Real-Word Task. This task is a computerized adaptation of the Spot
the Real Word test (Baddeley et al., 1993). On each trial, a valid English
word was presented simultaneously with a non-word foil. The subject was
required to select (via the touchscreen) that was the valid word. The number
of words correctly recognized was the dependent measure.
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To estimate intelligence, the total correct score was entered into a regres-
sion formula that factored education, and age to render an estimated intelli-
gence quotient (Sullivan et al., 2000). This estimate has been found to be
highly correlated (r = .8) with the WAIS test of intellectual ability (Paul et
al., 2005) and is a good indicator of premorbid IQ.

EEG DATA SCORING AND REDUCTION

Average power spectra were computed for eyes closed and eyes open condi-
tions. For each condition, the two minutes of EEG were divided into adjacent
intervals of four seconds. Power spectral analysis was performed on each
interval by first applying a Welch window to the data, and then performing a
Fast Fourier Transform (FFT) to provide an average power spectrum for each
midline electrode site. For each spectrum, the power was calculated for the
following four frequency bands: delta (1.5–3.5 Hz) theta (4–7.5 Hz), alpha
(8–13 Hz) and beta (14.5–30 Hz).

ERP Data Scoring and Reduction

ERP data were extracted for target stimuli in the auditory oddball task, and
non-target stimuli in the oddball and working memory task, using a window
from –300 ms to 700 ms (relative to the stimulus onset). Data were filtered
with a 25 Hz low-pass filter, and baselined relative to the 300 ms pre-stimu-
lus window. Peak components for the auditory oddball task were determined
according to the maximal response within latency windows shown previ-
ously to provide the key components for this task (Bahramali et al., 1999;
Lim et al., 1999; Williams et al., 2000). The relevant components and win-
dows, elicited by target stimuli in the oddball task, included: N100 (80–140
ms), P200 (140–270 ms), N200 (180–320 ms), P300 (270–550 ms). For non-
target stimuli, the N100 and P200 were focused on. A parallel procedure was
applied to the working memory paradigm, with a corresponding focus on the
P150 (115–190 ms) and P300 (285–600 ms) of background (non-target) stimuli
shown previously to provide the key components for the updating of visuoverbal
working memory (Clark et al., 1998).

Neuropsychological Data Scoring and Reduction

For each test within each domain, the relevant performance scores were ex-
tracted.
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1When age and sex were not included as covariates, the following session effects were observed:
Theta power: Session effect (f = 16.62, p = .001); Alpha power: Session by midline interaction (f =
3.87, df = 2.19, p = .039), at the uncorrected level. This pattern of results suggests that any significant
effects involving session are due to the contribution of demographic (age, sex) factors rather than to
practice effects per se.

Data Analyses

Consistent with previous studies (e.g., McEvoy et al., 2000), test-retest ef-
fects were analyzed in two ways: via repeated measures analysis of variance
(ANOVA) to examine any differences across sessions and via correlational
procedures to examine the degree of shared association. Whereas ANOVA
may highlight any group practice effects (regardless of variation across indi-
viduals), correlations highlight the stability of individual scores.

In ANOVAs, the within-subjects factor was session (with repeated mea-
sures, session 1 and session 2) for EEG/ERP and neuropsychological mea-
sures. For EEG/ERP data, an additional within-subjects factor of recording
site (midline Fz,Cz,Pz) was included. Age and sex were included as covariates
in these analyses, providing a means to examine any differential impact of
these factors on the test-retest reliability of dependent measures.

Pearson product moment correlation analyses were then undertaken to
examine associations between session 1 and session 2 for each measure.
Parallel partial correlation analyses were also used to control for any system-
atic effects of age and sex.

RESULTS

EEG data

Figure 1A–F depicts the stability of EEG alpha, beta, theta, and delta activity
across test and retest sessions. There were no significant effects for session
(test-retest) for EEG bands across conditions: eyes closed alpha (F

(1,18)
 = .05,

p = .83), beta (F
(1,18)

 = .77, p = .39), theta (F
(1,18)

 = .29, p = .60) and delta (F
(1,18)

=
.14, p = .71), and eyes open alpha (F

(1,18)
 = .12, p = .74), beta (F

(1,18)
 = .09, p =

.77), theta (F
(1,18)

 = .05, p = .82) and delta (F
(1,18)

 = .01, p = .94). There were also
no significant interactions between session and age or sex for EEG bands, or
between session and electrode site. Significant effects for site were observed
for eyes closed alpha (F

(2,17)
 = 5.45, p = .015), due to increasing power from

frontal to posterior midline sites, and for eyes closed beta (F
(2,17)

 = 4.13, p =
.035), due to relatively greater power at centro-parietal sites (Figure 1A–C).1



TEST-RETEST RELIABILITY OF “NEUROMARKER” 1617

 A   

  

D   

  

B   

  

E   

  
C   

  

F   

  
  

Figure 1. EEG spectra for the eyes closed condition across midline sites (A, Fz, B, Cz and
C, Pz) and for the eyes open condition across midline sites (D, Fz, E, Cz, F, Pz).

ERP Data

Figure 2A–D depicts the ERP waveforms for auditory oddball targets and
non-targets, and Figure 2E–F depicts ERP waveforms for working memory
stimuli, across test and retest sessions.

There were no significant session effects for the amplitude of oddball
target ERP components, N100 (F

(1,18)
 = .004, p = .95), P200 (F

(1,18)
 = .88, p =

.36), N200 (F
(1,18)

 = .75, p = .40) and P300 (F
(1,18)

 = .007, p = .93). There
were also no significant session effects for non-target ERPs, N100 (F

(1,18)
 =

.039, p = .85) and P200 (F
(1,18)

 = .039, p = .85). Significant effects for site
were observed for P300 amplitude (F

(2,17)
 = 5.0, p = .02), due its standard
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topographical distribution of increasing response from frontal to parietal mid-
line sites (Figure 2A–C).

For ERP latency to oddball targets, there were no significant session
effects for N100 (F

(1,18)
 = .024, p = .88), P200 (F

(1,18)
 = .85, p = .37), N200

(F
(1,18)

 = .34, p = .57) and P300 (F
(1,18)

 = .09, p = .77), as well as no signifi-
cant site effects.

Figure 2. ERP averaged waveforms for oddball target data at Cz (A) and Pz (B), for oddball
non-target data at Cz (C) and Pz (D), and working memory stimuli at Fz (E) and Pz (F).

 A   

  

B   

  

C   

  

D   

  

E   

  

F   

  

  

2When age and sex were not controlled for, both N200 latency (f = 4.90, df = 1.18, p = .042) and
P300 latency (f = 4.84, df = 1.17, p = .042) for targets were slightly longer at re-test. For nontargets,
N100 latency was also slightly longer at re-test (by about 5 ms, f = 4.92, df = 1.18, p = .04). Together,
these data suggest a slight latency shift of the whole waveform at re-test, a shift that interacts with
demographic data.
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For ERP amplitude and latency for target and non-target components,
neither age nor sex showed a significant interaction with session. Site effects
also did not interact with the session factor for the amplitude and latency of
oddball ERP components.

For the working memory task, there were no significant effects over test-
retest for the amplitude of the frontal P150 (F

(1,18)
 = 2.98, p = .10) and

parietal P300 (F
(1,18)

 = .69, p = .42) components. There were also no signifi-
cant session effects for the latency of the P150 (F

(1,18)
 = .17, p = .68) and

P300 (F
(1,18)

 = 1.13, p = .30) components. Age and sex did not show signifi-
cant differential effects on session for the amplitude and latency of these
working memory components.

Neuropsychological Data

For the 10 neuropsychological tests, mean performance scores for key depen-
dent measures across test and retest are presented in Figure 3A–C.

There were no significant session effects for any of the neuropsychologi-
cal test scores across the five cognitive domains: sensori-motor [motor tapping
(F

(1,18)
 = .01, p = .92), choice reaction time (F

(1,18)
 = .06, p = .82), choice reaction

time (F
(1,18)

 = 2.98, p = .10)]; attention [span of visual memory (F
(1,18)

 = .11, p =
.74), digit span Forwards (F

(1,18)
 = .001, p = .98), digit span reversed (F

(1,18)
 =

2.51, p = .13), switching of attention, Part 1 completion time (F
(1,18)

 = 1.15, p =
.30), switching of attention, Part 1 errors (F

(1,18)
 = .03, p = .87)]; executive

function [switching of attention, part 2 completion time (F
(1,18)

 = .13, p = .72),
switching of attention, Part 2 errors (F

(1,18)
 = .98, p = .34), verbal interference,

Part 1 reaction time (F
(1,18)

 = .81, p = .38), verbal interference, Part 1 errors
(F

(1,18)
 = .32, p = .58), verbal interference, part 2 reaction time (F

(1,18)
 = .61, p =

.45), verbal interference, Part 2 errors (F
(1,18)

 = .05, p = .83)]; language/verbal
function [letter fluency (F

(1,18)
 = .12, p = .73), animal fluency (F

(1,18)
 = .62, p =

.44)]; memory [list learning, trials 1–4 (F
(1,18)

 = .87, p = .36), list learning, total
recall (F

(1,18)
 = 2.4, p = .14), list learning intrusions (F

(1,18)
 = .79, p = .39), list

learning repeats (F
(1,18)

 = .51, p = .48)], and spot the real word reaction time
(F

(1,18)
 = 1.28, p = .26) and errors (F

(1,18)
 = .11, p = .75).

3When age and sex were not controlled, only one test-retest main effect was observed at the
corrected alpha level: Switching of Attention, Part 2 (f = 9.47, df = 20, p = .006). At the uncor-
rected alpha level, the following test-retest effects were observed: Spot the Real Word accuracy (f =
7.18, p = .014), but ot the IQ estimate; Word generation score (FAS) (f = 5.69, p = .027); Total accu-
racy for Memory Recall (f = 10.27, p = .004).
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Figure 3. Neuropsychological test performance, in terms of accuracy, reaction time (RT), and
number of words generated. Abbreviations: Switch A (Switching of attention, Parts 1 and 2),
Verbal Int. (Verbal Interference test, Parts 1 and 2), Tap (Motor tapping RT), Choice RT (Choice
Reaction Time test), Spot RW (Spot the Real Word test), Span VM (Span of Visual Memory
test), Digit SF (Digit Span Forwards), Digit SR (Digit Span Reversed), Letter Fluency (Let-
ters F,A,S), Animal Fluency (Animal Categories), and List Learning (Recall, Lists 1 to 4).
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Neither age nor sex showed any significant interactions with test scores
across each of these domains.

EEG Test-Retest Correlations

Results for the correlations between test and retest EEG measures (depicting
the partial and zero-order correlation coefficients with shared variance due to
r2) are shown in Table 1.

Table 1. Test-retest reliability coefficients (zero-order correlations, with shared
variance) and partial correlations (controlling for age) for each EEG band (eyes closed
and eyes open conditions).

EEG Shared Zero-order Partial
power Site variance (R 2) correlations correlations p value

Eyes closed
Delta Fz 84 .89 .91 <.0001

Cz 73 .81 .85
Pz 84 .92 .90

Theta Fz 81 .90 .89 <.0001
Cz 76 .96 .96
Pz 87 .93 .92

Alpha Fz 61 .78 .78 <.0001
Cz 75 .85 .87
Pz 74 .86 .85

Beta Fz 49 .70 .71 <.0001
Cz 61 .73 .78
Pz 70 .81 .83

Eyes open
Delta Fz 79 .87 .81 <.0001

Cz 89 .94 .92
Pz 92 .96 .94

Theta Fz 86 .92 .89 <.0001
Cz 89 .94 .93
Pz 92 .96 .95

Alpha Fz 73 .86 .85 <.0001
Cz 77 .88 .87
Pz 84 .91 .90

Beta Fz 68 .82 .81 <.0001
Cz 67 .81 .82
Pz 77 .88 .88
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Individual scores were highly stable over test-retest sessions for all four
EEG bands, and for both eyes open and eyes closed conditions (Table 1).
However, reliability coefficients were generally even larger for the eyes open
(>0.8) compared to the eyes closed condition. Across conditions, the test-
retest stability of individual subjects also tended to be relative greater for
theta and delta power (0.86–0.95 and 0.85–0.94, respectively) than for the
alpha and beta bands (.78–.90 and .71–.88, respectively).

ERP Test-Retest Correlations

Correlation coefficients (partial, zero-order, and shared variance) for test and
retest ERP data for both auditory oddball and working memory tasks are
shown in Tables 2A and B.

 For the auditory oddball task, ERP components tended to show greater
stability for amplitude than latency, particularly for N100, P200, and P300
(Tables 2A and B). The stability of individual test-retest ERP data tended to
follow the preferential topography of each component; for example, rela-
tively increasing stability of the P300 from Fz to Pz. Conversly, the least
stable test-retest associations across individuals were for sites where ERP
components are least robust, particularly for latency (such as N100 latency at
Pz). For oddball targets, the P300 showed comparatively greater reproduc-
ibility than other components, whereas for non-targets the P200 was some-
what more consistent than the N100 (Tables 2A and B).

For the working memory task, the P150 was particularly stable, and
showed the greatest shared variance across sessions. Consistent with the oddball
task, the P300 showed greater reproducibility for amplitude than for latency.

Neuropsychological Test-Retest Correlations

Results for the correlations (partial, zero-order and shared variance) for the
association of test-retest neuropsychological data are shown in Table 3.

Neuropsychological tests each showed significant correlations between
test and retest, with reliability coefficients ranging from sound to high (.52–
.89). Tests showing the greatest consistency for individual scores were from
sensori-motor (simple motor tapping, .89), attention (spot the real word re-
sponse time, .79; estimated intelligence, .80), executive function (switching
of attention part 2, .72–.73; verbal interference response time, .71–.79) and
memory (list learning intrusions, .77) domains (Table 3).
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Table 2A. Test-retest reliability coefficients for (zero-order correlations, with shared
variance) and partial correlations (controlling for age) for each ERP component elicited
by targets and non-target stimuli in the auditory oddball paradigm

Shared Zero-order Partial
EEG power Site variance (R 2) correlations correlations p value

Oddball targets
N100 amplitude Fz 61 .78 .76 <.0001

Cz 53 .71 .77 .001
Pz 25 .50 .49* .036

N100 latency Fz 52 .72 .72 .001
Cz 8 .28 .56 .238
Pz 3 .16 .28 .510

P200 amplitude Fz 58 .76 .68 <.0001
Cz 56 .75 .79 <.0001
Pz 1  .09 .13 .757

P200 latency Fz 13 .36 .13 .157
Cz 36 .63 .68 <.001
Pz 9 .30 .28 .303

N200 amplitude Fz 46 .68 .47 .003
Cz 3 .19 .23 .673
Pz 3 .17 .17 .540

N200 latency Fz 50 .71 .71 .002
Cz 18 .43 .43 .075
Pz 9 .31 .28 .189

P300 amplitude Fz 19 .44 .45 .082
Cz 69 .83 .78 <.001
Pz 69 83 .81 <.0001

P300 latency Fz 34 .58 .56 .015
Cz 32 .57 .69 .017
Pz 42 .65 .66 .003

Oddball non-targets
N100 amplitude Fz 58 .76 .74 .001

Cz 64 .80 .74 <.0001
Pz 49 .70 .69 .001

N100 latency Fz 40 .63 .63 .010
Cz 19 .44 .69 .052
Pz 8 .28 .33 .238

P200 amplitude Fz 69 .83 .82 <.0001
Cz 67 .82 .86 <.0001
Pz 38 .62 .64 .002

P200 latency Fz 34 .58 .62 .009
Cz 17 .41 .49 .060
Pz 14 .37 .33 .137

*Significance increased to p < .01. 
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DISCUSSION

In this study, the reliability of “NeuroMarker” was established; it is a new
battery of neurophysiological and neuropsychological measures, which relies
on a standardized methodology implemented in the brain resource interna-
tional database (BRID). The neuropsychological test in “NeuroMarker” spans
five domains of cognitive function (sensori-motor, attention, verbal, execu-
tive function/planning, and memory), and the concomitant neurophysiological
measures comprise resting EEG (eyes open, eyes closed) and ERPs elicited
during auditory oddball and working memory tasks. NeuroMarker tests and
measures were found to be stable over a four-week period in healthy sub-
jects. EEG power was highly reliable across all bands (r = .71–.95), particu-
larly for the lower frequency bands, theta and delta (Table 1). Although the
reliablity of ERP components was generally sound, it was on average lower
than that for EEG data. The most consistent components were the fronto-
central N100 and centro-parietal P300 elicited by oddball targets, the fronto-
central N100 and P200 elicited to oddball non-targets, and the P150 to work-
ing memory stimuli (.76–.93; Table 2A,B). Neuropsychological tests showed
moderate to high consistency across domains of function, with particularly
stable scores in simple motor tapping, spot the real word and estimated intel-
ligence, switching of attention part 2, verbal interference response time, and
list learning intrusions (.71–.89; Table 3).

The high reliability coefficients observed for EEG data over the four-
week period are consistent with previous studies (Gasser et al., 1985; McEvoy
et al., 2000; Pollock et al., 1991). Notably, it was found that reliability tended
to increase with lower frequency bands (Table 1), whereas previous reports
have revealed comparatively lower reliability for the delta band (Gasser et
al., 1985; Pollock et al., 1991). The difference in delta reliability has been
observed at test intervals of over four months (Pollock et al., 1991). The

Table 2B. Test-retest reliability coefficients for (zero-order correlations, with shared
variance) and partial correlations (controlling for age) for each ERP component elicited
by the working memory paradigm

Shared Zero-order Partial
EEG power Site variance (R 2) correlations correlations p value

P150 amplitude Fz 76 .87 .84  <.0001
P150 latency Fz 86 .93 .93 <.0001
P300 amplitude Pz 34 .58 .55 .015
P300 latency Pz 31 .56 .52 .019
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Table 3. Test-retest reliability coefficients for neuropsychological tests

Test Shared Zero-order Partial
(and dependent measure) variance (R 2) correlations correlations p value

Simple Motor tapping
(mean RT) 79 .87 .89 <.0001

Choice Reaction Time
(mean RT) 46 .71 .68 <.001

Spot the Real Word
(total correct) 48 .70 .69 <.001

Spot the Real Word
(mean RT) 62 .76 .79 <.0001

Spot the Real Word
(estimate of intelligence) 64 .78 .80 <.0001

Span of Visual Memory
(total correct) 37 .59 .61 .002

Digit Span Forwards
(maximum correct) 27 .50 .52 .009

Digit Span Reversed
(maximum correct) 40 .60 .63 .001

Switching of Attention
(Part 1—completion time) 28 .59 .53 .008

Switching of Attention 
(Part 1—errors) 46 .74 .68. <.001

Switching of Attention
(Part 2—completion time) 52 .76 .72 <.0001

Switching of Attention 
(Part 2—errors) 53 .77 .73 <.0001

Letter Fluency
(FAS, total number) 61 .71 .71 <.0001

Animal Fluency
(animals, total number) 30 .57 .55 .006

Verbal Interference
(Part 1—mean RT) 50 .70 .71 <.0001

Verbal Interference
(Part 1—errors) 34 .60 .58 .003

Verbal Interference
(Part 2—mean RT) 62 .85 .79 <.0001

Verbal Interference
(Part 2—errors) 35 .60 .59 .005

List Learning
(Number correct, Trials 1–4) 29 .52 .54 .007

List Learning
(total correct, Trials 1–7) 27 .51 .52  .009

List Learning
(repeats) 29 .48 .54 .007

List Learning
(intrusions) 59 .73 .77 <.0001



1626 L. M. WILLIAMS ET AL.

present findings suggest that there is minimal difference in the reliability of
EEG bands over relatively short periods such as the four-week period em-
ployed in this study, consistent with findings comparing intervals of five
minutes to several months (Salinksy et al., 2003).

To date, EEG reliability studies have focused on adult samples, particu-
larly in the 18 to 40 years range (Burgess & Gruzelier, 1997; Gasser et al.,
1985; McEvoy et al., 2000). In the present study, which spanned a wide
range of ages, neither age nor sex were found to impact on EEG stability
over four weeks (Table 1). This observation suggests that the EEG is a reli-
able tool for clinical assessment across the lifespan, although confirmation in
a larger sample that includes children is warranted.

In line with previous reports (e.g., Waldhovd & Fjell, 2002), the degree
of ERP reliability varied with topography, and was most robust for sites
where ERP components were maximal. For instance, P300 amplitude and
latency were more reliable at centro-parietal sites, than at the frontal site.
Similarly, the N100 was more stable frontally, where it is typically maximal.
Topographical distribution largely accounted for the instances in which ERP
reliability coefficients did not reach significance.

This study provided a comparison between the reliability of standard
oddball task ERPs to those elicited by a working memory, which requires
greater vigilance. Although reliability was sound in both tasks, parietal P300
reproducibility was somewhat reduced for working memory, suggesting that
attentional demands may increase its variability over time. By contrast, the
earlier P150 component showed a high level of consistency, indicating that
components tapping sustained vigilance are comparatively stable over re-
peated testing sessions. ERPs elicited by additional tasks are available in the
“NeuroMarker” battery, and provides a means to assess the generality of
ERP reliability across a wider range of cognitive load, and in regard to af-
fect-related functions. From the current findings, the generally sound level of
ERP consistency for sites of maximal activity suggests that the standardized
methodology established in the BRID has utility for application in clinical
evaluations. Given that instability in ERPs may suggest the presence of dis-
ease processes, and that low consistency may index cognitive decline and
dementia in elderly subjects (Fabiani et al., 1987; Sandman & Patterson,
2000), the present methodology provides a sound normative framework to
examine these clinical processes and changes.

Consistent with the previous studies, neuropsychological test reliability
was generally sound across cognitive domains (Dikmen et al., 1999; Ushiyama
et al., 1995; Watson et al., 1994).
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It is noted that the high stability revealed for the spot the real word
estimate of intelligence supports the view that this measure provides a reli-
able brief index of intellectual ability (Baddeley et al., 1993). Although sig-
nificant test-retest correlations were found for all tests, the authors did, how-
ever, observe relatively lower reliability for digit span forwards performance
and list learning recall, which tap aspects of memory, consistent with previ-
ous reports that memory may be more vulnerable to the differential effects of
practice across individual subjects (Dikmen et al., 1999). Importantly, how-
ever, age and sex did not show a differential impact on test-retest reliability
for these tests, indicating that they are applicable for retest assessments across
age groups and across males and females. Indeed, our results suggest that the
neuropsychological tests in “NeuroMarker” in general do not show a differ-
ential impact from age or sex over retest, for relatively short periods such as
the four weeks used in this study.

CONCLUSION AND SIGNIFICANCE

Taken together, this study provides preliminary support for the consistency
of the “NeuroMarker” battery over time, and the utility of using a standard-
ized approach for neurocognitive assessments of clinical conditions and treat-
ment across a wide range of ages. Future studies are warranted to examine
reliability explicitly in clinical groups, the effects of age and sex using be-
tween-groups designs in large sample sizes, and reproducibility over longer
retest intervals.
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