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amplitude in the episodic memory task best characterized 
impaired subjects. Sensitivity in recognizing impairment in 
the validation analysis was 89% with 79% specificity (area 
under the curve = 0.94). Retest reliability was 0.89 for the un-
impaired and 0.74 for the impaired validation groups.  Con-

clusion:  These promising initial results suggest that with fur-
ther refinement and testing, an assessment combining cog-
nitive task performance with simultaneous neurofunctional 
measures could eventually provide an important benefit for 
clinicians and researchers.  Copyright © 2010 S. Karger AG, Basel 

 Introduction 

 Current methods for assessing cognitive brain func-
tion of elderly people are limited in a number of respects. 
As improved medications become available for treating 
brain dysfunction, there will be an increasing need for 
better measures to guide early treatment  [1, 2] . Specifi-
cally, although a formal neuropsychological assessment 
remains the gold standard for clinical assessment of cog-
nitive capability, validity of testing is dependent upon as-
tute observation of the patient during the testing to de-
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 Abstract 

  Background:  The development of better treatments for 
brain diseases of the elderly will necessitate more sensitive 
and efficient means of repeatedly assessing an individual’s 
neurocognitive status.  Aim:  To illustrate the development of 
an assessment combining episodic memory and working 
memory tasks with simultaneous electroencephalography 
and evoked potential (EP) brain function measures.  Meth-

ods:  Data from matched groups of elderly subjects with 
mildly impaired episodic verbal memory on neuropsycho-
logical tests and those with no objective signs of impairment 
were used for scale development. An exploratory multivari-
ate divergence analysis selected task performance and neu-
rophysiological variables that best recognized impairment. 
Discriminant validity was then initially assessed on separate 
impaired and unimpaired groups.  Results:  Decreased re-
sponse accuracy and parietal late positive component EP 
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termine the degree to which diminished alertness due to 
sleepiness or a drug, or extra effort to compensate for a 
mild deficit, affected cognitive performance. Direct neu-
rofunctional measurements during cognitive testing, 
such as positron emission tomography, functional MRI 
or EEG, can provide information about both cognitive 
performance and brain function, and thus may be helpful 
in this regard. Combining the different types of informa-
tion available from neuropsychological testing and direct 
brain function measures into a single index could provide 
an important benefit for clinicians and researchers. Here 
we report methodological progress on this issue and pro-
vide an example of how such a method could be derived.

  Of the neurofunctional modalities, electroencepha-
lography (EEG) is the least stressful for the patient and 
the most economical. Although not a three-dimensional 
imaging modality, EEG provides a unique and sensitive 
means of monitoring subsecond evoked potential (EP) 
processes of attention and memory that are not otherwise 
directly observable. For instance, EEG measures have 
been shown to be more sensitive than cognitive task per-
formance measures to drug-related changes in function-
al alertness in the elderly  [3] .

  Here we introduce an assessment that combines com-
puterized attention and memory testing with simultane-
ous EEG and EP measures. This assessment is not intend-
ed as a substitute either for comprehensive neuropsycho-
logical testing or for three-dimensional anatomical or 
functional neuroimaging in diagnosing incipient degen-
erative brain disorders such as mild cognitive impair-
ment (MCI). Rather, it is possible that a combined assess-
ment using EEG or another neurofunctional assessment 
modality may prove useful in efficiently quantifying the 
neurocognitive effects of medications or other treatments 
on elderly patients.

  Pathological age-related cognitive decline first be-
comes evident as impaired memory, attention and/or 
other executive functions. Greater episodic memory im-
pairments characterize amnestic MCI with early medial 
temporal lobe (MTL) damage prodromal to the develop-
ment of Alzheimer disease (AD), whereas greater execu-
tive function impairments may occur in MCI associated 
with cerebrovascular pathology and other disorders  [4, 
5] . Working memory (WM), the ability to control atten-
tion and sustain its focus on active mental representa-
tions in the face of distracting influences  [6] , is an essen-
tial executive cognitive function. The capacity to retain 
and manipulate information in WM decreases with age 
in the elderly  [7] . Whereas WM involves the current ma-
nipulation of information, episodic memory refers to the 

retrieval of events recently experienced, which depends 
on somewhat different neural systems. Performance on 
episodic memory tests incorporating a distraction be-
tween study and test periods can be disrupted by MTL 
dysfunction  [8] . Given the early onset of atrophy in MTL 
regions in amnestic MCI and AD  [9] , it is not surprising 
that these conditions are accompanied by declines in ep-
isodic memory abilities. To assess both of these essential 
cognitive functions, well-established spatial n-back WM 
and verbal episodic memory recognition tasks were used 
for the initial combined assessment.

  To illustrate how neuropsychological testing and EEG 
brain function measures could be combined into a single 
index, a retrospective analysis was done on a heteroge-
neous data sample. Healthy elderly adults and patients 
with memory complaints were recorded at numerous re-
search laboratories and geriatric clinics across the USA. 
Repeated assessments were made over periods of up to 24 
months to assess the retest reliability and sensitivity of 
the measures. All subjects were tested with the same EEG 
neurocognitive task battery, but because these recordings 
were mostly added onto existing studies, the number and 
frequency of the sessions and the specific neuropsycho-
logical tests administered differed across locations. Based 
on neuropsychological test scores and/or clinical diagno-
ses, a group of mildly impaired subjects was selected, as 
was a matched comparison group of cognitively healthy 
subjects. The performance and neurophysiological vari-
ables that best discriminated the data from these two 
groups were selected by an algorithm and combined into 
an exploratory equation. The validity of this equation was 
then tested by applying it to data from independent im-
paired and comparison validation groups. The tests and 
measures were not intended to be a definitive character-
ization of MCI, but rather an illustration of how a metric 
combining neuropsychological test performance and 
neurophysiological measures could be developed.

  Methods 

 Test Administration 
 Physiological signals were recorded with a custom-built EEG 

headset with disposable solid-hydrogel electrodes placed at stan-
dard 10–20 system scalp locations, including over bilateral and 
midline dorsolateral prefrontal, midline sensorimotor, bilateral 
superior parietal and midline parietooccipital cortical areas, ref-
erenced to digitally linked mastoids. These locations were selected 
based on cognitive EEG studies with 40 or 100 electrodes  [10–12] . 
Vertical and horizontal eye movements were monitored with 4 ad-
ditional electrodes placed above and lateral to each eye. Signals 
were sampled at 128 Hz and band-pass filtered from 0.1 to 35 Hz.
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  The 20-min test battery consisted of 2 blocks of a verbal epi-
sodic memory task, each consisting of 3 phases: word presenta-
tion, distracter and word recognition  [13] . These are merely illus-
trative of what tasks could be reasonably expected to expose dif-
ferences between impaired and healthy subjects, and not intended 
to be definitive choices for assessing amnestic MCI. During the 
word presentation phase, subjects indicated whether each of 24 
words appearing sequentially contained 1 or 2 syllables. (A pho-
nological instead of a semantic task was used in the presentation 
phase to facilitate the construction of a large number of nonover-
lapping word lists, to allow for multiple repeated assessments.) 
Subjects were told that they would be tested on the words later, so 
they should try to remember the words as they were making syl-
lable judgments. Following the first word presentation phase, the 
distracter phase consisted of a simple reaction time task. This was 
followed by the word recognition phase, in which subjects indi-
cated whether each of 48 words appearing sequentially was one of 
the words seen 4 min earlier on the presentation list, with half the 
words being old and half new. The second block of the episodic 
memory task then started with a presentation phase using the 
same list of 24 words to be remembered. The distracter phase in 
the second block was a 1-back WM task, followed by a recognition 
phase that used the same 24 words from the presentation list and 
24 new foil words. The 1-back WM  [11]  and reaction time tasks 
each took 4 min and consisted of 50 trials. For the 1-back task, 
subjects had to decide whether the location of the dot stimulus on 

each trial was the same as on the immediately preceding trial. The 
simple reaction time task had the same stimulus characteristics as 
the 1-back WM task and served as a control. Following the repeti-
tion of the episodic memory task, a resting EEG was recorded with 
eyes open and closed for 5 min. Subjects received instructions and 
sufficient practice for 1-back WM and episodic memory tasks to 
stabilize performance prior to the test. The total time to admin-
ister the test was approximately 1 h.

  Subjects 
 The test was administered in pilot studies at 5 research labo-

ratories and 2 clinics. The research protocols were approved by 
each local institutional review board, and all subjects provided 
informed consent. A total of 191 subjects were recruited from the 
community and were at least 55 years of age, had no uncontrolled 
major health problems (including psychiatric disorders) and were 
not being treated for cognitive complaints. Forty-four patients 
with mild cognitive complaints were recruited from neurology 
and psychiatry clinics. So that the exploratory analysis would 
identify performance and neurophysiological measures reliably 
associated with impairment per se, groups of elderly people un-
equivocally with and without consistent objective evidence of ep-
isodic memory impairment were formed ( table 1 a).

  The mildly impaired group comprised subjects who either 
demonstrated objective impairment on standard neuropsycho-
logical tests at the baseline test session and on 1 or more follow-up 

Table 1. D emographic variables for the mildly impaired and comparison groups

a Exploratory analysis groups

Impaired 
(n = 28)

Comparison 
(n = 28)

Statistics

Age, years 74810 7488 t(54) < 1, N.S.
Education, years 1583 1582 t(54) < 1, N.S.
Gender – female, n 10 (36%) 15 (54%) �2(1)   = 1.81, N.S.
MMSE score at baselinea 28.281.6 29.381.0 t(40) = 2.49†

Memory test score at baselineb –2.581.0 0.580.7 t(54) = 13.31***

b Validation analysis groups

Impaired 
(n = 19)

Comparison 
(n = 16)

Statistics

Age, years 74811 7286 t(33) < 1, N.S.
Education, years 1583 1682 t(33) = 1.68, N.S.
Gender – female, n 7 (37%) 16 (100%) �2(1) = 15.38***
MMSE score at baselinea 26.383.7 29.381.1 t(27) = 2.46†

Memory test score at baselineb –1.681.1 0.880.8 t(25) = 6.52***

V alues denote means 8 SD unless otherwise indicated. N.S. = Not significant; MMSE = Mini-Mental State 
Examination. † p < 0.05; *** p < 0.0001.

a MMSE scores were available for 23/28 impaired and 19/28 comparison participants in the exploratory 
analysis, and for 19/19 impaired and 10/16 comparison participants in the validation analysis.

b Memory test scores are z-scores. 
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tests occurring at least 6 months later, or if follow-up neuropsy-
chological test results were unavailable, they tested as impaired
at baseline and were diagnosed as having MCI by a neurologist
or psychiatrist specializing in geriatrics. Because the recordings 
were made during the course of different studies and treatment 
regimens over the multiple laboratories and clinics, the content 
and timing of the neuropsychological batteries differed across re-
cording sites. The standard episodic memory tests included the 
California Verbal Learning Test, Hopkins Verbal Learning Test, 
Wechsler Logical Memory Test, Rey Auditory Verbal Learning 
Test, and Free and Cued Selective Reminding Test. The objective 
impairment criteria for inclusion in the impaired group were: (1) 
a score at least 2 SD below normal on 1 standard episodic memo-
ry test, or (2) a score at least 1.5 SD below normal on 1 standard 
memory test if accompanied by a score 1 SD below normal on a 
nonmemory cognitive test, or (3) scores at least 1 SD below normal 
on 2 or more standard memory tests. Test scores were assessed 
using published norms.

  Out of all the subjects recorded at the research laboratories and 
clinics, 28 met these criteria (mean age: 74 years). Seven of the 28 
were undergoing treatment at a clinic, including 4 with predomi-
nant amnestic impairment and 3 with MCI due to vascular dis-
ease, head trauma or depression. The other 21 subjects were re-
cruited from the community. The comparison group comprised 
individuals whose memory or other cognitive test scores were bet-
ter than 0.75 SD below normal on baseline and 1 or more follow-
up testing sessions over a minimum period of 6 months. Forty-
four subjects, all from the community, met this definition. The 28 
who best matched the impaired subjects on age and education 
were selected for the cognitively healthy comparison group.

  In addition to lower memory tests scores [t(54) = 13.31; p  !  
0.0001], the impaired group also had lower Mini-Mental State Ex-
amination (MMSE) scores than the comparison group [28.2 vs. 
29.3; t(40) = 2.49; p  !  0.05], although MMSE scores were well 
within the normal range for both groups  [14] . The groups did not 
differ in age [t(54) = 0.06; p = 0.95] or education [t(54) = 0.26;
p = 0.80], and although the comparison group had more female 
members than did the impaired group, the difference in gender 
composition was not significant [ �  2 (1) = 1.81; p = 0.18]. Nonethe-
less, the gender imbalance was accounted for statistically with 
linear mixed models that used gender as a covariate. When en-
rolled, all subjects were scheduled for testing at follow-up inter-
vals 12 and 24 months after their baseline test; many of the sub-
jects were also tested between 1 week and 3 months after baseline, 
and again at 6 months after baseline. To assess the effects of aging, 
72 healthy young adults (18–39 years old, matched with the el-
derly on education level) were tested in our laboratory 3 times (at 
baseline, 3 and 6 months).

  An impaired elderly validation group was composed of 19 oth-
er subjects (mean age: 74 years; 7 females) who were tested at a 
clinic and received a diagnosis of MCI or a related disorder (mild 
AD, or Parkinson’s disease with MCI or mild dementia) but either 
had test scores that were not sufficiently poor to meet the criteria 
for the impaired group used in the exploratory analysis or were 
not given neuropsychological tests ( table 1 b). A cognitively healthy 
validation comparison group was composed of the 16 community 
members (mean age: 72 years; 16 females) who met the objective 
criteria for being cognitively healthy but did not match the im-
paired exploratory analysis subjects on age and education, and 
therefore were not used in the exploratory analysis. In addition to 

lower neuropsychological memory test scores [t(25) = 6.52; p  !  
0.0001], the impaired validation group had lower MMSE scores 
than the comparison validation group [26.3 vs. 29.3; t(27) = 2.46; 
p  !  0.05]. The groups did not differ in age [t(33) = 0.57; p = 0.57] 
or education [t(33) = 1.68; p = 0.10]. However, the validation 
groups were not balanced on gender [ �  2 (1) = 15.38; p  !  0.0001] as 
all members of the comparison group were female. The remaining 
143 subjects comprised a heterogeneous mixture of 121 healthy 
community members and 22 clinic patients with a variety of neu-
rological or psychiatric issues. These subjects did not have poor 
enough neuropsychological scores to qualify for inclusion in the 
impaired exploratory analysis or validation groups, yet did not 
meet all the criteria for inclusion in the cognitively healthy groups 
(e.g. 1 or more neuropsychological test scores may have been 0.75 
SD below the norm on 1 of multiple test dates, or follow-up neu-
ropsychological test data may have been unavailable).

  To illustrate an example application of a combined assessment, 
data were analyzed from a separate experiment with 12 healthy 
elderly subjects (62–75 years; 6 male) who took a single oral dose 
of diphenhydramine, an over-the-counter antihistamine with se-
dating effects  [3] . These subjects were well educated (mean of 18 
years of education), high functioning (mean Wechsler Abbrevi-
ated Scale of Intelligence score of 125) and had no evidence of 
dementia (MMSE score of 28 or higher).

  Data Analysis 
 Preliminary EEG Analysis 
 Automatic detection and removal of artifacts due to eye move-

ments and blinks, scalp muscle activity, head and body move-
ments and bad electrode contacts  [15]  was followed by visual in-
spection of all decontaminated and raw data. Power spectral esti-
mates were computed on the decontaminated EEG data by 
averaging 2-second periodograms over the task or resting condi-
tion and combining them into frequency band variables as de-
scribed below. Averaged EP were computed across the interval 
from 0.5 s before to 1 s after the task stimulus.

  Combining EEG, EP and Task Performance Data into a Score 
 For the exploratory analysis, a set of task performance, EEG 

power spectral, and EP amplitude and latency measures known 
to be affected by aging and conditions that impair memory was 
selected for consideration  [3, 12, 16–18] . Based on examination of 
the performance, EP and EEG spectra ( fig. 1 a), this set was re-
duced to 10 candidate variables that appeared to differ between 
the impaired and comparison exploratory groups, including 4 
performance, 3 EP and 3 EEG measures. The 4 performance vari-
ables consisted of percent correct and mean reaction time from 
the episodic memory recognition phase and the WM task. The 3 
EP variables were computed from the episodic memory task: right 
frontal and right parietal late positive component (LPC) ampli-
tude and parietooccipital P200 amplitude. The LPC amplitude is 
sensitive to episodic memory manipulations  [19–21] , whereas the 
P200 amplitude is modulated by manipulations of attention  [22, 
23] . The 3 EEG variables sensitive to aging  [24, 25]  were measured 
during eyes-closed resting conditions: left frontal theta power, left 
frontal peak alpha frequency and parietooccipital peak alpha 
power. To put all variables on the same scale, raw values of each 
variable were standardized relative to the mean and SD of the ex-
ploratory comparison group at each test.
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  The values of the candidate variables for each subject were 
then submitted to an exploratory multivariate divergence analy-
sis, a simple type of discriminant analysis that performed an ex-
haustive search over all possible subsets of up to 3 of the 10 can-
didate variables to find the particular subset that – considered 
together – maximized the separation (divergence) between the 2 
groups of subjects  [26–29] . Data from baseline, 12- and 24-month 
tests were used because nearly all subjects were recorded at those 
3 time points. The final set of variables was limited to 3 to avoid 
overfitting the exploratory data set  [27] . Because summary values 
were used (e.g. single EP or spectral band measurements averaged 
over an EEG data file), the resulting models were not overly large. 
The values of each of the chosen variables for each test session 
were weighted by multiplying each one by the percentage of the 
total divergence contributed by that variable in the exploratory 
analysis and dividing by its variance in the exploratory data set. 
The resulting values were then added together to form a single 
score characterizing the subject’s neurophysiological and neuro-
cognitive brain function at the time of that session. Data from
the validation groups and remaining subjects were likewise com-
bined into scores for each test session using the 3 variables, weights 
and variances calculated in the divergence analysis of the explor-
atory groups. The same final set of 3 variables chosen by the di-
vergence analysis of the exploratory data were frozen for applica-

tion to the validation analysis and the remaining subjects; a sec-
ond divergence was not performed for the validation analysis.

  Based on the scores for each subject in the impaired and com-
parison groups, receiver-operator characteristic (ROC) curves 
were then generated to calculate area under the curve (AUC), sen-
sitivity (correctly identifying members of the impaired group) 
and specificity (correctly identifying members of the comparison 
group) values over all subjects  [30] . Significance of each AUC was 
calculated using the normal distribution from the z-ratio com-
puted as the AUC minus 0.5 divided by the standard error for 
AUC = 0.5, the null hypothesis. Differences between 2 AUC were 
assessed by a two-sample Z test  [31] . So that an individual’s score 
could easily be interpreted relative to a normative sample, raw 
scores were standardized relative to the values of the cognitively 
healthy comparison group at baseline. The mean score of the 
comparison group at baseline was thus set at 100 with an SD of 15. 
Retest reliability for the scores at follow-up test sessions was cal-
culated as the Pearson product moment correlation coefficient. 
Comparison of reliability values across groups was done by apply-
ing the Fisher transformation to each correlation coefficient. The 
difference between the 2 transformed correlations was divided by 
the standard error to yield the normally distributed variable z, 
and significance was calculated using the normal distribution. 
Because not all subjects were tested at all time points, the effect of 
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  Fig. 1.  Neurophysiological data from mildly impaired and healthy 
comparison groups from exploratory analysis (data averaged 
from baseline, 12- and 24-month tests) ( a ) and validation analysis 
(data averaged from baseline, 3-, 6- and 12-month tests) ( b ). Left 
panels: episodic memory task EP at the right frontal (F4) and right 
parietal (P4) sites; frontal and parietal LPC and parietal P200 EP 
amplitudes were candidate variables for distinguishing impaired 
from comparison subjects in the exploratory analysis, and the pa-

rietal LPC was selected by the divergence analysis. Right panels: 
EEG power spectra at the left frontal (F3) and midline parietooc-
cipital (POz) sites while subjects rested with their eyes closed; 
frontal alpha peak frequency, frontal theta power and parietooc-
cipital alpha power were candidate variables for distinguishing 
impaired from comparison subjects in the exploratory analysis, 
none of which were selected by the divergence analysis. 
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group membership on the score and individual variables was test-
ed with a linear mixed model analysis to adjust for the correlation 
due to differing numbers of repeated observations on each sub-
ject. ‘Subject ID’ was used as a random factor, ‘session’ as a re-
peated factor, ‘group’ as a between-subjects factor, and ‘gender’ as 
a covariate. A model with an unstructured covariance structure 
was used because it produced the smallest value of Akaike’s infor-
mation criterion.

  Results 

 Valid data were recorded in 99% of the total 1,592 test 
sessions; the 18 invalid tests resulted from excessive 
movement artifacts or equipment problems. Forty-two of 
the 44 patients with cognitive complaints (95%) were able 
to understand and perform the tasks without apparent 
difficulty; the other 2 patients initially had some diffi-
culty understanding the instructions but were able to 
complete the test.

  A linear mixed model analysis of the 10 candidate 
variables in the exploratory data indicated that accuracy 
was lower (p  !  0.0001) and reaction time longer (p  !  
0.001) in the episodic memory task, and 1-back WM task 
accuracy was lower (p  !  0.01) for the impaired than the 
comparison group. The impaired group had a lower epi-
sodic memory parietal LPC EP amplitude (p  !  0.01) and 
lower parietooccipital P200 EP amplitude (p  !  0.05) 
( fig. 1 a, left panels). None of the 3 background EEG mea-
sures differed between impaired and comparison groups.

  The exploratory divergence analysis selected a combi-
nation of 3 measures to discriminate the impaired from 

comparison groups, all from the episodic memory task 
( table 2 ): (1) performance accuracy (weight: 0.43); (2) pa-
rietal LPC EP amplitude (weight: 0.35), and (3) reaction 
time (weight: 0.22). These 3 measures were combined to 
make a single score, as described above. Impaired sub-
jects had lower scores than comparison subjects across 
test sessions and at each individual test session (t  1  5.10, 
p  !  0.0001 in all cases) ( table 3 a). Across all tests, the AUC 
was 0.89 [z(213) = 9.80; p  !  0.0001] with 81% sensitivity 
and 81% specificity. The increase in AUC from 0.85 at 
baseline to 0.93 at 24 months was not significant [z(85) = 
1.02; p = 0.31]. Ten of the 12 impaired subjects (83%) who 
completed the 24-month follow-up test were still classi-
fied as impaired at 24 months, and 15 of the 19 compari-
son subjects (79%) were still classified in the comparison 
group. The score was highly reliable at follow-up tests, 
with a retest correlation of r(81) = 0.83 (p  !  0.0001) for 
comparison subjects and r(74) = 0.68 (p  !  0.0001) for im-
paired subjects across all follow-ups. Scores were more 
variable across tests for the impaired than the compari-
son group, but retest reliability did not significantly differ 
between the 2 groups (z = 1.04; p = 0.30).

  The exploratory analysis results were then applied
to the impaired and comparison validation groups ( ta-
ble 3 b). Scores at baseline averaged 64 (SD = 17) for the 
impaired validation group and 102 (SD = 16) for the 
healthy validation group, with an AUC of 0.96 [z(33) = 
4.64; p  !  0.0001], with 89% sensitivity and 81% specific-
ity. The exploratory analysis results consistently discrim-
inated between the validation groups over the baseline, 
3-, 6- and 12-month tests (there were insufficient im-

Table 2. V alues of episodic memory task variables distinguishing impaired and comparison elderly groups in the exploratory and 
validation analyses

Exploratory analysis V alidation analysis

elderly 
impaired 
(n = 28)

elderly 
comparison 
(n = 28)

elderly 
i mpaired 
(n = 19)

elderly 
comparison 
(n = 16)

young 
adults 
(n = 72)

Performance accuracy, % 69813*** 8488 56817* 84810 8887**
Parietal LPC EP amplitude, �V 2.281.5* 4.182.9 2.081.9* 4.582.6 4.082.5, N.S.
Reaction time, ms 9478130** 839893 8918150, N.S. 842895 724891***

Mea n 8 SD variable values averaged over all 5 tests for the 
exploratory elderly groups, over 4 tests (baseline, 3, 6 and 12 
months) for the validation elderly groups, and over 3 tests (base-
line, 3 and 6 months) for the young adults. Significance results are 
from linear mixed models using gender as a covariate. For the el-
derly impaired groups, symbols indicate whether the value differs 

from that of the elderly comparison group from the same analysis. 
Values from a healthy young adult group are also shown; symbols 
indicate whether the value differs from that of the combined el-
derly comparison groups (n = 44). N.S. = Not significant. * p < 
0.01; ** p < 0.001; *** p < 0.0001. 
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paired subjects at 24 months). Across all test sessions, 
scores averaged 66 (SD = 18) for the impaired validation 
group and 103 (SD = 17) for the healthy comparison val-
idation group, with an AUC of 0.94 [z(106) = 7.80; p  !  
0.0001], and with 89% sensitivity and 79% specificity. 
Eleven of the 12 subjects (92%) in the impaired validation 
group who completed the 12-month follow-up test were 
still classified as impaired, and 9 of the 13 (69%) com-
parison subjects were still classified in the comparison 
group at 12 months. The score was highly reliable across 
follow-up tests, with retest correlations of r(34) = 0.89

(p  !  0.0001) for comparison validation subjects and
r(35) = 0.74 (p  !  0.0001) for impaired validation subjects 
across all follow-ups. The validation groups exhibited
effects on the individual performance and EEG vari-
ables generally similar to those observed in the explor-
atory analysis ( table 2 ) in that both episodic memory per-
formance accuracy and the parietal LPC EP amplitude
were lower for the impaired group (p  !  0.01 in both cases) 
( fig. 1 b, left).

  The mean score for the remaining 143 subjects whose 
neuropsychological test results were neither poor enough 

Table 3.  Scores, AUC, sensitivity/specificity and retest reliability of exploratory analysis recognizing impaired and comparison subject 
groups, and of validation analysis on other impaired and comparison subject groups

a Exploratory analysis results

Baseline
(n = 28, 28)a

3 months
(n = 24, 25)a

6 months
(n = 19, 13)a

12 months
(n = 21, 26)a

24 months
(n = 12, 19)a

All tests

Score
Impaired
Comparisonb

78817
100815

77813
100814

73815
100814

73820
100815

71817
100815

75816
100814

AUC 0.85***
(0.75–0.95)

0.92***
(0.84–0.99)

0.90**
(0.78–1.01)

0.88***
(0.77–0.99)

0.93**
(0.82–1.03)

0.89***
(0.84–0.93)

Sensitivity, %
Specificity, %

79
82

83
76

79
85

81
85

83
79

81
81

Retest reliabilityc

Impaired
Comparison

0.73***
0.86***

0.64**
0.90***

0.70**
0.82***

0.70†

0.76**
0.68***
0.83***

b Validation results

Baseline
(n = 19, 16)a

3 months
(n = 11, 15)a

6 months
(n = 14, 8)a

12 months
(n = 12, 13)a

All tests

Score
Impaired
Comparisonb

64817
102816

70815
103816

71820
106820

60820
104820

66818
103817

AUC 0.96***
(0.91–1.01)

0.95**
(0.88–1.03)

0.89*
(0.75–1.03)

0.94**
(0.85–1.03)

0.94***
(0.89–0.98)

Sensitivity, %
Specificity, %

89
81

91
80

86
88

92
69

89
79

Retest reliabilityc

Impaired
Comparison

0.64†

0.90***
0.88***
0.90*

0.74*
0.89***

0.74***
0.89***

S cores are means 8 SD. Values in parentheses denote 95% CI. 
N.S. = Not significant.

† p < 0.05; * p < 0.01; ** p < 0.001; *** p < 0.0001. 
a n is the number of subjects in the impaired and comparison 

groups, respectively. 

b Scores are scaled so that the mean of the exploratory com-
parison group is 100 with an SD of 15 at the baseline session.

c Values are Pearson’s correlation coefficients (r) between base-
line and follow-up tests.
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for inclusion in the impaired groups nor good enough for 
inclusion in the cognitively healthy comparison groups 
was 87 (SD = 18) at baseline and remained largely un-
changed across follow-up tests (mean = 85, SD = 17). Lin-
ear mixed model analyses confirmed that these remain-
ing subjects scored significantly higher than subjects in 
the impaired validation group (mean = 66; p  !  0.0001), 
and lower than the subjects in the comparison validation 
group (mean = 103; p  !  0.001) across all tests.

  Assessing Individual Differences in Response to 
Medication 
 Because the value of such a methodology in future re-

search may well prove to be in evaluating whether a ther-
apeutic treatment has affected the neurocognitive func-
tion of an individual patient, the combined assessment 
method was applied to 12 subjects in a separate double-
blind, randomized, cross-over experiment in which they 
took a single oral dose of 50 mg of diphenhydramine  [3] . 
Healthy elderly adults performed the working and epi-
sodic memory tasks at hourly intervals before and up to 
3.5 h after having taken either diphenhydramine or a pla-

cebo. Diphenhydramine produced neurophysiological 
changes characteristic of drowsiness, such as increased 
low-frequency EEG power (p  !  0.05) and variability (p  !  
0.001). Task performance did not decrease after diphen-
hydramine, however, suggesting that participants ‘fought 
off ’ the drowsiness in an effort to maintain a high level of 
performance.

  The analysis described above was performed to dis-
criminate data from the diphenhydramine and placebo 
conditions, and used to assess individual differences in 
response to the drug. The variability in parietal low-fre-
quency (2–6 Hz) EEG power and WM task EP slow-wave 
amplitude were identified by the divergence analysis and 
combined to distinguish diphenhydramine from placebo 
with 100% sensitivity and 92% specificity (AUC = 0.98;
p  !  0.0001). No task performance variables were selected, 
as using performance information did not increase dis-
crimination accuracy. The result from the group was then 
applied to each of the 12 individuals to characterize the 
magnitude of the drug effect on each person in a single 
score. Encouragingly, large individual differences in the 
magnitude of the diphenhydramine response were iden-
tified ( fig. 2 ).

  Comparison with Young Adult Group 
 To assess the effects of normal aging, the 44 cogni-

tively healthy elderly subjects (from both the exploratory 
and validation comparison groups; mean age: 73 years; 31 
females) were contrasted with a group of 72 healthy young 
adults (mean age: 24 years; 38 females) ( table 2 , right col-
umn;  fig. 3 ). Data were analyzed from 3 tests for young 
adults and up to 5 tests for healthy elderly adults. Relative 
to the healthy elderly, young adults had higher episodic 
memory task accuracy (p  !  0.001) and shorter reaction 
times (p  !  0.0001). They also had lower 1-back WM task 
accuracy (p  !  0.01) with shorter reaction times (p  !  
0.0001). Although episodic memory task parietal LPC 
and P200 EP amplitudes did not differ between the young 
adults and healthy elderly (p = 0.65 and 0.065, respec-
tively), the young adults had smaller frontal LPC ampli-
tudes than healthy elderly (p  !  0.0001) ( fig. 3 , left). In ad-
dition, young adults had larger contingent negative var-
iation EP amplitudes (p  !  0.05) compared to healthy 
elderly adults. The young adults had greater resting EEG 
power in the theta band (p  !  0.05) and less power in the 
beta band (13–18 Hz; p  !  0.001) ( fig. 3 , right). The peak 
alpha frequency was somewhat slower for the healthy el-
derly than young adults, but the effect was not statisti-
cally significant (p = 0.052).
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  Fig. 2.  Drug effect scores for each of 12 healthy elderly subjects at 
the published peak time (150 min) after having ingested 50 mg of 
diphenhydramine. The group mean (and standard error) is shown 
for comparison in the black bar at the left. A multivariate diver-
gence analysis chose variability in parietal low-frequency EEG 
power and WM task EP slow-wave amplitude to distinguish di-
phenhydramine from placebo in the group with 100% sensitivity 
and 92% specificity (AUC = 0.98; p  !  0.0001). The result from the 
group was then applied to each of the 12 individuals to character-
ize the magnitude of the drug effect on each person. The more 
negative the score, the stronger the subject’s neurophysiological 
response to diphenhydramine. There is a wide range of scores 
amongst the individuals, although all scores are in the negative 
direction. 
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  Discussion 

 We described the development of a methodology for 
combining performance and neurophysiological data 
into a single metric characterizing brain function in el-
derly people in various stages of cognitive decline. It con-
sists of a novel assessment of verbal episodic memory and 
WM that combines cognitive task performance with si-
multaneously obtained EEG and EP neurophysiological 
measures to provide a score reflecting an individual’s 
cognitive brain status. An example of its application was 
presented in pilot exploratory and validation studies of 
subjects with and without mildly impaired amnestic 
function. 

  The scientific foundation of this combined assessment 
rests on a series of basic cognitive neurophysiological ex-
periments on WM and verbal episodic memory  [11, 13, 
32, 33] , followed by the development of tasks and EEG 
measures suitable for routine serial assessments  [3, 16–18, 
34] . Engineering advances facilitated use of the assess-
ment by researchers and clinicians who were not special-
ists in cognitive neurophysiology, including a quickly ap-
plied EEG headset, automated quality assurance for test 
administration and data analysis, and multivariate anal-
ysis to combine cognitive task performance and neuro-
physiological measures into a single score. 

  The combined assessment described herein was ap-
parently successful in the example studies in that: (1) in 
the exploratory analysis, the mildly impaired group had 
mean test scores of 75 compared to 100 for the compari-
son group, and the impaired subjects were recognized 
with good sensitivity and specificity (AUC = 0.89) and 
high retest reliability (0.83 for comparison and 0.68 for 
impaired subjects), (2) the set of 3 measures chosen by the 
exploratory divergence analysis (2 task performance and 
1 EP) are intuitively appealing and easily understood in 
the context of prior research on early degenerative brain 
disease, as discussed below, and (3) the exploratory anal-
ysis results generalized well in the validation analysis to 
a new sample of mildly impaired and healthy comparison 
subjects (AUC = 0.94; p  !  0.0001; 89% sensitivity and 79% 
specificity; retest reliability: 0.89 for comparison and 0.74 
for impaired subjects).

  Taken at face value, the sensitivity and specificity of 
the results are within the recommended range for an ac-
ceptable clinical biomarker of AD, whose cognitive neu-
rophysiological effects are more severe than the preclini-
cal and early clinical stages of cognitive impairment of 
the subjects in the current study  [35] . However, these ini-
tial results should merely be interpreted as encouraging 

further research since they are based on a relatively small 
number of subjects (56 for the exploratory analysis and 
35 for the validation) taken from a heterogeneous sample, 
and are subject to other limitations, as discussed below. 
In fact, the most effective combination of performance 
and neurophysiological variables to recognize impair-
ment, as well as the actual discriminant validity of the 
combined assessment, must be determined on a larger 
subject population including patients with amnestic, ex-
ecutive and mixed types of MCI. It also should be noted 
that the verbal episodic memory and spatial n-back WM 
tasks used here do not by any means represent the full 
spectrum of cognitive functions, nor are they likely to be 
the best tasks for assessing episodic memory and WM of 
elderly subjects.
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  Fig. 3.  Neurophysiological data from cognitively healthy elderly 
and young adult groups. Data are averages from baseline, 12- and 
24-month tests for 44 elderly adults and from baseline, 3- and 
6-month tests for 72 young adults. Left panels: episodic memory 
task EP at the right frontal (F4) and right parietal (P4) sites; the 
healthy elderly adults had a larger LPC amplitude than the young 
adults frontally, but not parietally, whereas the young adults had 
a larger contingent negative variation amplitude than the elderly 
adults. Right panels: EEG power spectra at the left frontal (F3) and 
midline parietooccipital (POz) sites while subjects rested with 
their eyes closed; young adults had larger theta power and small-
er beta power than did healthy elderly adults.   
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  The score from the combined assessment averaged 85 
across all tests for the 143 subjects whose scores on stan-
dard episodic memory tests did not qualify them for in-
clusion in the impaired or healthy exploratory or valida-
tion groups. This fell in between the scores for the im-
paired (75 on exploratory and 66 on validation analysis) 
and comparison (100 on exploratory and 103 on valida-
tion analysis) groups. The individuals included a hetero-
geneous mixture of 121 community members (score = 85, 
SD = 17) and 22 clinic patients with a variety of neuro-
logical and psychiatric issues (score = 89, SD = 19). Al-
though it is possible that those among the 143 subjects 
with the lowest scores actually had an amnestic MCI, 
such results are not interpretable without a confirmed 
clinical diagnosis and other objective evidence substan-
tiating a basis for cognitive health or impairment.

  A limitation of the example studies is a degree of cir-
cularity between the initial subject selection criteria and 
the differences found between groups in the example 
study. As neuropsychological episodic memory tests were 
used as the gold standard to categorize subjects as im-
paired or cognitively healthy, it is not surprising that 
group differences were found in both performance and 
neurophysiological variables from a different psychomet-
ric test of verbal episodic memory. This limitation must 
be considered in judging the accuracy of the equation in 
distinguishing between the impaired and control groups 
in the exploratory analysis. This limitation could, in 
principle, be overcome if an objective measure, indepen-
dent of standard neuropsychological test performance, 
were available that definitively classified subjects as cog-
nitively impaired or healthy (e.g. hypothetical blood or 
brain imaging tests). Because no such measure exists, 
however, neuropsychological testing is, and is likely to 
continue to be, the gold standard in this domain for the 
foreseeable future, and this type of circularity is likely to 
affect other studies of this type. This limitation was ame-
liorated by requiring consistently poor memory test 
scores on multiple occasions – or a medical specialist’s 
clinical judgment of impairment when only one test was 
available – for inclusion in the exploratory impaired 
group, or consistently good test scores for inclusion in the 
healthy comparison groups.

  The task performance measures that best distin-
guished between the impaired and comparison groups 
were accuracy and reaction time in the episodic memory 
task, with relative weights of 0.43 and 0.22 from a total 
weight of 1.0. The finding that episodic memory recogni-
tion performance is a sensitive marker of cognitive im-
pairment in the elderly is consistent with previous find-

ings of verbal episodic memory deficits in patients in the 
preclinical and later stages of AD  [36, 37] . Lesion, volu-
metric and functional imaging studies suggest that such 
performance deficits in amnestic MCI and AD patients 
may be associated with cortical atrophy in important re-
gions of the semantic cognition network, including the 
MTL, anterior temporal lobe, inferior prefrontal cortex 
and left entorhinal cortex  [38–40] . Although accuracy in 
the 1-back WM task was lower for the impaired than 
comparison exploratory groups (this was true in the val-
idation groups as well), this effect was weaker than what 
was observed with the episodic memory performance 
variables, and no 1-back measures were chosen by the 
multivariate divergence analysis. This result may be part-
ly due to the relatively small WM load imposed by the 
1-back task; pilot studies indicated that many elderly pa-
tients could not perform more difficult versions of the 
WM task, such as the 2-back. The choice of tasks will be 
an important issue for future studies aiming at combin-
ing neuropsychological and neurophysiological mea-
sures to characterize different types of MCI.

  The most important neurophysiological marker of im-
pairment was the episodic memory parietal LPC EP am-
plitude, with a weight of 0.35. The LPC is an established 
index of memory processes  [41, 42]  whose generators 
have been localized to the medial temporal and paralim-
bic areas  [43, 44] . Prior studies reported that patients with 
MCI or mild AD had diminished LPC to the repetition of 
congruous statements  [45] , but did not link the finding 
directly with impaired episodic memory performance as 
is reported here.

  The comparison of the elderly subjects with young 
adults may provide insight into the nature of the LPC
amplitude difference observed between the impaired
and healthy elderly groups. Whereas the parietal LPC of 
healthy elderly subjects was larger than that of impaired 
elderly, and not different than that of young adults, the 
frontal LPC amplitude of healthy elderly was larger than 
either that of impaired elderly or young adults. These top-
ographical differences suggest that the episodic memory 
task LPC may be differentially modulated in normal and 
pathological aging, and are consistent with prior research 
suggesting that such increased frontal activation in 
healthy elderly subjects may indicate a compensatory re-
cruitment of frontal resources in response to the neural 
changes of normal aging  [46, 47] .

  Compared to healthy elderly controls, individuals 
with AD tend to exhibit increased EEG power in the del-
ta and theta bands, decreased power in the alpha band, 
and a slower peak alpha frequency  [48, 49] . Although 
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similar, albeit less robust, effects have been reported in 
MCI patients  [50–52] , significant differences in such 
measures were not observed between the impaired and 
comparison groups in the current study. This may reflect 
the relatively mild impairment of these subjects and rein-
forces the point that further studies with larger popula-
tions are required to determine the essential discriminat-
ing neurophysiological characteristics of mild impair-
ment.

  Because of the small number of subjects who were con-
sistently impaired or unimpaired on standard episodic 
memory tests, it was not possible to match the groups 
perfectly on all relevant demographic variables, in par-
ticular gender. Linear mixed model analyses indicated 
that none of the 3 variables selected by the exploratory 
divergence analysis showed a significant interaction be-
tween group and gender (p  1  0.05 in all cases). Using gen-
der as a covariate, the score and the 3 component vari-
ables still differed significantly between the impaired and 
comparison groups. Because the groups did not differ in 
other potentially confounding factors such as age or edu-
cation level, the most prominent neurophysiological dif-
ference between the groups (LPC amplitude) seems likely 
to be indicative of changes in brain function associated 
with episodic memory impairment.

  The value of a combined assessment in future research 
may well prove to be in evaluating whether a therapeutic 
treatment has affected the neurocognitive function of an 
individual, rather than in diagnosing impairment. The 
results from the example application of the method to a 
separate study of elderly adults taking the sedating anti-
histamine diphenhydramine illustrate this potential. Af-
ter the method identified the measures most sensitive to 
diphenhydramine in the group as a whole, the group re-
sults were used to generate a score for each of the 12 sub-
jects to characterize the magnitude of the drug effect on 
each person in a single score. The resulting large indi-
vidual differences in the magnitude of the diphenhy-
dramine response suggest that following further refine-
ment and new exploratory and confirmatory prospective 
studies, such a combined assessment might facilitate 
monitoring the effects of therapeutic drugs and help phy-
sicians improve patient care for individuals.

  In summary, we have shown how a combined cogni-
tive and neurophysiological assessment for the elderly 
could be derived, and presented an example of its use in 
pilot exploratory and validation studies. The example 
data presented are only illustrative of how such informa-
tion can be combined, and it should not be inferred that 
the reported equation can be used to characterize amnes-

tic MCI. Promising results were observed when the ex-
ploratory equation was applied to the validation analysis, 
and further studies using an assessment based on this 
type of combined methodology as an outcome measure 
in research thus seem worthwhile, particularly in studies 
evaluating treatments for early-stage cognitive impair-
ment of the elderly, in which the assessment may prove 
helpful in determining the optimal dosage for individual 
patients (i.e. personalized medicine). Future research 
should apply this methodology to more tightly controlled 
data sets for both the development of a specific equation 
to characterize MCI and the assessment of MCI patients’ 
reaction to treatments. Such a combined assessment 
methodology also could be applied to subjects impaired 
in specific domains (e.g. amnestic MCI, executive dys-
function) to assess which cognitive and neurophysiologi-
cal measures best characterize those particular impair-
ments. Regardless of the specific methods and study sam-
ples used to derive the equations, the validity of the results 
must then be tested in prospective studies. With more 
refinement and validation on larger, better controlled 
subject samples, some variation of such a combined 
method may be of practical use to clinicians and research-
ers alike. More generally, the present results suggest that 
assessments of neurocognitive function of the elderly that 
combine direct neurological function measures and cog-
nitive task performance measures merit further explora-
tion.

  Acknowledgments 

 The authors thank Ms. Lita Sam-Vargas, and Drs. Robert Du, 
Moira Fordyce, Martin Sliwinski, David Loring, Catherine Mad-
ison and Steven Michaelson for their help with data collection, 
analysis and interpretation.

  Disclosure Statement 

 This research was sponsored by grants from the National In-
stitute of Aging (R44 AG017397), the National Institute of Neu-
rological Diseases and Strokes (R44 NS048815) and the National 
Institute of Mental Health (R44 MH60053) (A.G., principal inves-
tigator). There are no conflicts of interest for any of the authors. 



 Gevins et al. Dement Geriatr Cogn Disord 2011;31:7–1918

 References 

  1 Fellows L, Bergman H, Wolfson C, Chertkow 
H: Can clinical data predict progression to 
dementia in amnestic mild cognitive impair-
ment? Can J Neurol Sci 2008;   35:   314–322. 

  2 van den Kommer TN, Bontempo DE, Co-
mijs HC, Hofer SM, Dik MG, Piccinin AM, 
Jonker C, Deeg DJ, Johansson B: Classifica-
tion models for early identification of per-
sons at risk for dementia in primary care: an 
evaluation in a sample aged 80 years and old-
er. Dement Geriatr Cogn Disord 2009;   28:  
 567. 

  3 McEvoy LK, Smith ME, Fordyce M, Gevins 
A: Characterizing impaired functional alert-
ness from diphenhydramine in the elderly 
with performance and neurophysiologic 
measures. Sleep 2006;   29:   959–966. 

  4 Graham NL, Emery T, Hodges JR: Distinc-
tive cognitive profiles in Alzheimer’s disease 
and subcortical vascular dementia. J Neurol 
Neurosurg Psychiatry 2004;   75:   61–71. 

  5 Reed BR, Mungas DM, Kramer JH, Betz BP, 
Ellis W, Vinters HV, Zarow C, Jagust WJ, 
Chui HC: Clinical and neuropsychological 
features in autopsy-defined vascular demen-
tia. Clin Neuropsychol 2004;   18:   63–74. 

  6 Engle RW, Tuholski S, Kane M: Individual 
differences in working memory capacity and 
what they tell us about controlled attention, 
general f luid intelligence and functions of 
the prefrontal cortex; in Miyake A, Shah P 
(eds): Models of Working Memory. Cam-
bridge, Cambridge University Press, 1999, 
pp 102–134. 

  7 Raz N, Gunning-Dixon FM, Head D, Dupuis 
JH, Acker JD: Neuroanatomical correlates of 
cognitive aging: evidence from structural 
magnetic resonance imaging. Neuropsy-
chology 1998;   12:   95–114. 

  8 Squire LR, Stark CE, Clark RE: The medial 
temporal lobe. Annu Rev Neurosci 2004;   27:  
 279–306. 

  9 Rusinek H, Endo Y, de Santi S, Frid D, Tsui 
WH, Segal S, Convit A, de Leon MJ: Atrophy 
rate in medial temporal lobe during progres-
sion of Alzheimer disease. Neurology 2004;  
 63:   2354–2359. 

 10 Gevins AS, Smith ME, Le J, Leong H, Ben-
nett J, Martin N, McEvoy L, Du R, Whitfield 
S: High resolution evoked potential imaging 
of the cortical dynamics of human working 
memory. Electroencephalogr Clin Neuro-
physiol 1996;   98:   327–348. 

 11 Gevins A, Smith ME, McEvoy L, Yu D: High-
resolution EEG mapping of cortical activa-
tion related to working memory: effects of 
task difficulty, type of processing, and prac-
tice. Cereb Cortex 1997;   7:   374–385. 

 12 Ilan AB, Smith ME, Gevins A: Effects of 
marijuana on neurophysiological signals of 
working and episodic memory. Psychophar-
macology 2004;   176:   214–222. 

 13 Ilan AB, Gevins A, Coleman M, ElSohly MA, 
de Wit H: Neurophysiological and subjective 
profile of marijuana with varying concentra-
tions of cannabinoids. Behav Pharmacol 
2005;   16:   487–496. 

 14 Crum RM, Anthony JC, Bassett SS, Folstein 
MF: Population-based norms for the Mini-
Mental State Examination by age and educa-
tional level. JAMA 1993;   269:   2386–2391. 

 15 Du W, Leong HM, Gevins AS: Ocular arti-
fact minimization by adaptive filtering. Pro-
ceedings of the Seventh IEEE SP Workshop 
on Statistical Signal and Array Processing, 
Quebec City, 1994, pp 433–436. 

 16 Gevins A, Smith ME: Detecting transient 
cognitive impairment with EEG pattern rec-
ognition methods. Aviat Space Environ Med 
1999;   70:   1018–1024. 

 17 Gevins A, Smith ME, McEvoy LK: Tracking 
the cognitive pharmacodynamics of psycho-
active substances with combinations of be-
havioral and neurophysiological measures. 
Neuropsychopharmacology 2002;   26:   27–39. 

 18 Meador KJ, Gevins A, Loring DW, McEvoy 
LK, Ray PG, Smith ME, Matamedi GK, Ev-
ans BM, Baum C: Neuropsychological and 
neurophysiologic effects of carbamazepine 
and levetiracetam. Neurology 2007;   69:   2076–
2084. 

 19 Friedman D: Event-related brain potential 
investigations of memory and aging. Biol 
Psychol 2000;   54:   175–206. 

 20 Paller KA, Kutas M, Mayes AR: Neural cor-
relates of encoding in an incidental learning 
paradigm. Electroencephalogr Clin Neuro-
physiol 1987;   67:   360–371. 

 21 Rugg MD: ERP studies of memory; in Rugg 
MD, Coles MGH (eds): Electrophysiology of 
Mind. Event-Related Brain Potentials and 
Cognition. New York, Oxford University 
Press, 1995, vol XV, pp 132–170. 

 22 Low MD: Psychology, psychophysiology and 
the EEG; in Niedermeyer E, Lopes da Silva F 
(eds): Electroencephalography. Basic Prin-
ciples, Clinical Applications, and Related 
Fields. Baltimore, Urban and Schwarzen-
berg, 1982, pp 455–460. 

 23 Hillyard SA, Picton TW: Electrophysiology 
of cognition; in Geiger SR (ed): Handbook of 
Physiology. The Nervous System V. New 
York, American Physiological Society, 1986, 
pp 519–584. 

 24 Klass DW, Brenner RP: Electroencephalog-
raphy of the elderly. J Clin Neurophysiol 
1995;   12:   116–131. 

 25 Polich J: EEG and ERP assessment of normal 
aging. Electroencephalogr Clin Neurophysi-
ol 1997;   104:   244–256. 

 26 Tou JT, Gonzalez RC: Pattern Recognition 
Principles. Reading, Addison-Wesley, 1974. 

 27 Gevins AS: Pattern recognition of brain elec-
trical potentials. IEEE Trans Pattern Anal 
Mach Intell 1980;PAMI-2:   383–404. 

 28 Smith ME, Gevins A, Brown H, Karnik A, 
Du R: Monitoring task load with multivari-
ate EEG measures during complex forms of 
human computer interaction. Hum Factors 
2001;   43:   366–380. 

 29 Gevins AS, Smith ME: EEG in neuroergo-
nomics; in Parasuraman R, Rizzo M (eds): 
Neuroergonomics. The Brain at Work. Ox-
ford, Oxford University Press, 2006, pp 15–
31. 

 30 Hanley JA, McNeil BJ: The meaning and use 
of the area under a receiver operating char-
acteristic (ROC) curve. Radiology 1982;   143:  
 29–36. 

 31 Wu J, Martin A, Kacker R, Hagwood C: Sig-
nificance test in operational ROC analysis; 
in Vijaya Kumar B, Prabhakar S, Ross AA 
(eds): Biometric Technology for Human 
Identification VII. Proceedings of SPIE, Or-
lando, 2010, vol 7667, pp 1–15. 

 32 Gevins AS, Zeitlin GM, Doyle JC, Yingling 
CD, Schaffer RE, Callaway E, Yeager CL: 
Electroencephalogram correlates of higher 
cortical functions. Science 1979;   203:   665–
668. 

 33 McEvoy LK, Smith ME, Gevins A: Dynamic 
cortical networks of verbal and spatial work-
ing memory: effects of memory load and task 
practice. Cereb Cortex 1998;   8:   563–574. 

 34 Gevins A, Smith ME: Neurophysiological 
measures of working memory and individu-
al differences in cognitive ability and cogni-
tive style. Cereb Cortex 2000;   10:   829–839. 

 35 Consensus report of the Working Group
on ‘Molecular and Biochemical Markers of 
Alzheimer’s Disease’. The Ronald and Nancy 
Reagan Research Institute of the Alzheimer’s 
Association and the National Institute on 
Aging Working Group. Neurobiol Aging 
1998;   19:   109–116. 

 36 Collie A, Maruff P: The neuropsychology of 
preclinical Alzheimer’s disease and mild 
cognitive impairment. Neurosci Biobehav 
Rev 2000;   24:   365–374. 

 37 Greene JD, Baddeley AD, Hodges JR: Analy-
sis of the episodic memory deficit in early
Alzheimer’s disease: evidence from the 
doors and people test. Neuropsychologia 
1996;   34:   537–551. 

 38 Brambati SM, Belleville S, Kergoat MJ, Chay-
er C, Gauthier S, Joubert S: Single- and mul-
tiple-domain amnestic mild cognitive im-
pairment: two sides of the same coin? 
Dement Geriatr Cogn Disord 2009;   28:   541–
549. 

 39 Joubert S, Brambati SM, Ansado J, Barbeau 
EJ, Felician O, Didic M, Lacombe J, Gold-
stein R, Chayer C, Kergoat MJ: The cognitive 
and neural expression of semantic memory 
impairment in mild cognitive impairment 
and early Alzheimer’s disease. Neuropsy-
chologia 2010;   48:   978–988. 



 Combined Cognitive and 
Neurophysiological Assessments 

Dement Geriatr Cogn Disord 2011;31:7–19 19

 40 McDonald CR, Gharapetian L, McEvoy LK, 
Fennema-Notestine C, Hagler DJ Jr, Holland 
D, Dale AM, Alzheimer’s Disease Neuroim-
aging Initiative: Relationship between re-
gional atrophy rates and cognitive decline in 
mild cognitive impairment. Neurobiol Ag-
ing 2010, E-pub ahead of print. 

 41 Sanquist TF, Rohrbaugh JW, Syndulko K, 
Lindsley DB: Electrocortical signs of levels
of processing: perceptual analysis and recog-
nition memory. Psychophysiology 1980;   17:  
 568–576. 

 42 Wilding EL, Rugg MD: An event-related po-
tential study of recognition memory with 
and without retrieval of source. Brain 1996;  
 119(pt 3):889–905. 

 43 Guillem F, Rougier A, Claverie B: Short- and 
long-delay intracranial ERP repetition ef-
fects dissociate memory systems in the hu-
man brain. J Cogn Neurosci 1999;   11:   437–
458. 

 44 Halgren E, Baudena P, Heit G, Clarke JM, 
Marinkovic K, Clarke M: Spatio-temporal 
stages in face and word processing. 1. Depth-
recorded potentials in the human occipital, 
temporal and parietal lobes. J Physiol Paris 
1994;   88:   1–50. 

 45 Olichney JM, Iragui VJ, Salmon DP, Riggins 
BR, Morris SK, Kutas M: Absent event-relat-
ed potential (ERP) word repetition effects in 
mild Alzheimer’s disease. Clin Neurophysiol 
2006;   117:   1319–1330. 

 46 Davis SW, Dennis NA, Daselaar SM, Fleck 
MS, Cabeza R: Que pasa? The posterior-an-
terior shift in aging. Cereb Cortex 2008;   18:  
 1201–1209. 

 47 Dennis NA, Hayes SM, Prince SE, Madden 
DJ, Huettel SA, Cabeza R: Effects of aging on 
the neural correlates of successful item and 
source memory encoding. J Exp Psychol 
Learn Mem Cogn 2008;   34:   791–808. 

 48 Moretti DV, Babiloni C, Binetti G, Cassetta 
E, dal Forno G, Ferreric F, Ferri R, Lanuzza 
B, Miniussi C, Nobili F, Rodriguez G, Sali-
nari S, Rossini PM: Individual analysis of 
EEG frequency and band power in mild
Alzheimer’s disease. Clin Neurophysiol 
2004;   115:   299–308. 

 49 Rossini PM, Rossi S, Babiloni C, Polich J: 
Clinical neurophysiology of aging brain: 
from normal aging to neurodegeneration. 
Prog Neurobiol 2007;   83:   375–400. 

 50 Moretti DV, Pievani M, Geroldi C, Binetti G, 
Zanetti O, Rossini PM, Frisoni GB: EEG 
markers discriminate among different sub-
group of patients with mild cognitive im-
pairment. Am J Alzheimers Dis Other De-
men 2010;   25:   58–73. 

 51 Prichep LS, John ER, Ferris SH, Rausch L, 
Fang Z, Cancro R, Torossian C, Reisberg B: 
Prediction of longitudinal cognitive decline 
in normal elderly with subjective complaints 
using electrophysiological imaging. Neuro-
biol Aging 2006;   27:   471–481. 

 52 Rossini PM, del Percio C, Pasqualetti P, Cas-
setta E, Binetti G, dal Forno G, Ferreri F, 
Frisoni G, Chiovenda P, Miniussi C, Parisi L, 
Tombini M, Vecchio F, Babiloni C: Conver-
sion from mild cognitive impairment to
Alzheimer’s disease is predicted by sources 
and coherence of brain electroencephalogra-
phy rhythms. Neuroscience 2006;   143:   793–
803. 

  


