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Objectives: The P300 is a useful psychophysiological index that reflects cognitive functions; however, the rela-
tionship between P300 indices and neuropsychological tests in Alzheimer's disease (AD) patients is unclear.
Methods: Thirty-one AD patients and 31 elderly normal control (NC) subjects were recruited. Age and education
level were matched between the two groups. The relationship between the P300 and the Korean version of the
Consortium to Establish a Registry for Alzheimer's disease (CERAD-K) assessment packet (including 11 neuro-
psychological tests) was examined in AD patients.
Results: Compared to the NC subjects, the AD patients exhibited significantly decreased P300 amplitudes; how-
ever, there was no significant difference between the two groups in terms of P300 latency. After a
permutation-based correction for multiple tests, P300 amplitudes at the Cz and Pz electrodes were significantly
correlated with performance on the word list recognition, constructional praxis, and word fluency neuropsy-

chological tests in the AD patients. Additionally, P300 latencies at the Pz and C6 electrodes were also significant-
ly correlated with performance on the Mini-Mental State Examination, CERAD-K version (MMSE-K), and Trail
Making Test part A (TMT-A) neuropsychological tests in the AD patients.
Conclusions: The results suggest that the P300 is responsive to the deterioration of language, memory, and ex-
ecutive functions observed in AD patients. Although there was no significant difference between the AD patients
and NC subjects in the P300 latency, P300 latency has been shown to reflect impaired global cognition and at-
tention deficits associated with AD. Our results suggest that P300 indices could be used as biological markers
that indicate impaired neuropsychological functions in AD patients.
© 2012 Elsevier Inc. All rights reserved.
1. Introduction

Alzheimer disease (AD), one of the most common causes of mental
deterioration in the elderly, is a progressive neurodegenerative disorder
that is characterized by cognitive and behavioral dysfunction. This
disease has a slow onset and gradual progression. Early treatment is
needed for better treatment outcome; therefore, an early diagnosis of
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the condition is very important. Although the biological methods used
to diagnose and evaluate AD patients are still very rudimentary (Kim
et al., 2012), the P300 component of event-related potentials (ERPs)
has been used to study dementia and aging (Polich, 2007). There are
some distinguishable ERP components in the time range of the P3
wave, specifically a frontally maximal P3a component and a parietally
maximal P3b component. The P3a component is characterized by an in-
frequent, distinct tone presented in a series of frequent tones without a
task. The P3b component is a task-relevant potential elicited during tar-
get stimulus processing. When ERP researchers refer to the P3 compo-
nent, they usually mean the P3b component (Luck, 2005; Polich,
2007). The P300 component is easy to observe and reflects both
attention and working memory processing (Polich, 2007). Polich et al.
reported that the amplitude of P300 was smaller and that the peak la-
tency was longer in AD patients compared to control subjects (Polich
et al., 1990). The P300 has been revealed as a sensitive tool to detect
the progress of AD in the initial stage (Polich and Corey-Bloom, 2005),
and similar findings were found in minimal cognitive impairment
(MCI) patients (Frodl et al., 2002; Golob et al., 2002, 2007).

Lai et al. (2010) investigated the P300 of probable AD patients, MCI
patients, and normal controls in a 1-year prospective study. The cogni-
tive abilities screening instrument (CASI) test was used to screen the
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patients (Cullen et al., 2007). In this study, the P300 amplitude reduction
and CASI score changes failed to reach statistical significance between
the baseline and the follow-up in probable AD andMCI patients; howev-
er, the P300 latencies were significantly more delayed in the follow-up
(Lai et al., 2010). In general, the P300 amplitude and latency have been
revealed as sensitivemarkers that indicate the progress of cognitive dys-
function in AD patients (Ball et al., 1989; Polich et al., 1986).

The diagnosis of AD is heavily dependent on the neuropsychological
test scores of suspected AD subjects. There are relatively few studies,
however, that have systematically investigated the relationship between
neuropsychological tests and P300 parameters. A larger P300 amplitude
has been related to better short- (Verleger, 1988) and long-termmemory
function (Johnson et al., 1985). Additionally, significant positive correla-
tions were observed between the P300 amplitude and neuropsychologi-
cal tests, such as verbal IQ, the Wechsler Memory Scale (Lee et al.,
1994), digit span (Fjell and Walhovd, 2001), and the Trail Making Test
part B (TMT-B), in healthy subjects (Lee et al., 1994) and obsessive–com-
pulsive disorder patients (Kim et al., 2003). In sum, the P300 amplitude
has been shown to be highly correlated with neuropsychological test
scores, such as the TMT-B, the Wechsler Memory Scale, and digit span,
in patientswith several neuropsychiatric illnesses and in healthy controls.

The P300 latency indicates the stimulus classification speed
(Katada et al., 2003) and the increased cognitive load (Reza et al.,
2006), but it is not generally related to the response selection pro-
cesses (McCarthy and Donchin, 1981; Pfefferbaum et al., 1986). The
P300 latency indicates how long it takes to process information be-
fore making a response; therefore, it has often been considered a sen-
sitive temporal index of the neural activity underlying the processes
of attention allocation and immediate memory (Polich, 2007). The
P300 latency increases as cognitive capability decreases in AD pa-
tients (Lai et al., 2010) and is also significantly correlated with neuro-
psychological tests, such as the TMT-B (Kim et al., 2003), the Stroop
task (Kindermann et al., 2000), the Wechsler Adult Intelligence
Scale (Liu et al., 2007), and verbal fluency (Souza et al., 1995). Thus,
the P300 latency may play an important role in indicating the cogni-
tive dysfunction associated with AD (Katada et al., 2003). To date, no
studies have directly evaluated the relationship between the P300 in-
dices and multiple diagnostic neuropsychological tests in AD patients.

Various neuropsychological tests have been used widely for the
diagnosis of AD in clinical practices. Recently, the Consortium to Es-
tablish a Registry for Alzheimer's Disease (CERAD) also developed
standardized clinical and neuropsychological assessment batteries
to evaluate patients with AD. Although it is important to make a psy-
chophysiological validation of each neuropsychological test in the
CERAD package, it has not been tested in a clinical sample yet. If
there is a significant relationship between the neuropsychological
tests of CERAD and the P300 parameters, it will provide clinically
valuable information for diagnosing dementia. In this study, we hy-
pothesized that changes in the P300 (i.e., reduced amplitude and de-
layed latencies) would be correlated with the neuropsychological
tests of the CERAD in AD patients, thereby providing evidence that
the P300 could be used as a biological marker of the cognitive dys-
function associated with AD. In the present study, we have correlated
the P300 with the CERAD-K (the Korean version) neuropsychological
tests in patients with AD and age- and education-matched normal
controls to evaluate the clinical implication of the P300 in AD pa-
tients. If significant correlations exist, we may be able to monitor
the progress of AD or the effects of therapeutic interventions in AD
patients by measuring the P300.

2. Methods

2.1. Participants

Patients with AD and healthy controls were recruited from the
Psychiatry Department of Inje University, Ilsan Paik Hospital, Korea.
The AD patients were diagnosed as probable AD by the structured di-
agnostic evaluation using the CERAD-K (Lee et al., 2002) on the basis
of the National Institute of Neurological and Communication Disorders
and the Stroke-Alzheimer's Disease and Related Disorders Association
(NINCDS-ADRDA) criteria (McKhann et al., 1984). The Clinical Dementia
Rating Scale (CDR) (Morris, 1997) was used to grade dementia severity
at the time of the EEG. The subjects underwent neurological,
serological, and imaging tests, including computed topography and
magnetic resonance imaging. Those with other medical conditions
(e.g., severe cardiovascular disease, a history of substance abuse and/
or other serious system diseases, such as malignancy, uncontrollable
hypertension or seizure disorders) known to cause or affect dementia
were excluded from the study. If the AD patients could not voluntarily
perform the target detection task well, those subjects were also exclud-
ed from our data set. Accordingly, nine AD patients were excluded due
to unsatisfactory performances on the oddball task.

The age-, sex- and education level-matched elderly normal control
subjects (NC, ages>70 years old) were recruited from social communi-
ties around the hospital through posters and the local newspaper. They
were examined by a trained psychiatrist according to the protocol in the
CERAD-K (Lee et al., 2002). They had no history of psychiatric or neuro-
logical abnormalities. Reliable informants were also interviewed to ac-
quire additional information regarding the cognitive and functional
capacities and medical history of the subjects.

The conditions of the NC were confirmed and determined by the
results of the CERAD-K neuropsychological tests. The subjects were
defined as normal when they did not show any cognitive impairment
in the 11 neuropsychological tests. Cognitive impairment was defined
as subjects' test scores that were 1.5 standard deviations below the
education- and sex-matched norms (Lee et al., 2002). All subjects
provided written informed consent prior to participating in the
study. This study was approved by the Institutional Review Board of
Inje University Ilsan Paik Hospital.

2.2. Neurocognitive function test

Cognitive function was assessed using the CERAD-K. The CERAD-K as-
sessment packet included the following 11 tests: (1) the Mini-Mental
State Examination in the CERAD-K (MMSE-KC); (2) the Korean version
of the Short Blessed Test (SBT-K); (3) word list memory (the learning of
a visually presented list of 10 words, three trials); (4) word list recall (de-
layed); (5) word list recognition (the recognition of previously studied
words among non-studied words); (6) the Korean version of the Boston
Naming Test (K-BNT; the naming of line drawings); (7) word fluency
(the animal category; verbal fluency); (8) constructional praxis (copying
figures); (9) constructional recall (delayed figure recall); (10) the trail
making test A; and (11) the trail making test B (TMT A and B; timed con-
nection of a labeled circle).

These tests allowed us to examine the functional capacity of sever-
al cognitive domains: (1) global cognition (MMSE-KC, SBT-K) and at-
tention (TMT-A); (2) memory (word list memory, word list recall,
word list recognition, constructional recall); (3) language (K-BNT);
(4) visuospatial function (constructional praxis); and (5) executive
function (TMT-B, word fluency).

2.2.1. Verbal fluency
Tests of verbal fluency involve the associative exploration and re-

trieval of words based on phonemic or semantic criteria, usually
conducted in the setting of a time constraint. Verbal fluency patterns
can be divided into two types: semantic and phonemic fluency
(Henry et al., 2004). The verbal fluency test of the CERAD-K measures
verbal production, semantic memory, and language. In the test, sub-
jects were asked to name as many examples of the category (e.g., “an-
imal”) as possible for a limited time (Lee et al., 2002). This fluency
task evaluates semantic fluency and requires strategic searching and
retrieval of information from the semantic memory. Semantic fluency
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requires the subject to constrain searching of exemplars from a su-
perordinate category and make semantic associations within the cat-
egory (Murphy et al., 2006).

2.2.2. K-BNT
Fifteen items from the 60-item, Korean version of the Boston nam-

ing test were used to construct a modified, 15-item test. This test is
a widely used assessment tool to measure confrontational word
retrieval.

2.2.3. MMSE-KC
The MMSE-KC is a neurocognitive test designed to screen for cog-

nitive impairment. The scores range from 0 to 30, and higher scores
indicate better cognition. Scores ofb25 are considered to indicate
cognitive impairment.

2.2.4. Word list memory
The subjects were presented with 10 unrelated items. They were

instructed to read each word aloud as it was presented and to re-
member them. Immediately following the 10 words, subjects were
asked to recall as many items as possible. On each of the three learn-
ing blocks, the 10 words were presented in a different order.

2.2.5. Constructional praxis
This task measures visuospatial and constructional abilities and

requires subjects to copy four line drawings that are presented in
order of increasing complexity.

2.2.6. Word list recall
This test assesses the ability of the subjects to recall words. The

subjects were given 90 s to recall the 10 words presented in the
word list memory test approximately 15 min later.

2.2.7. Word list recognition test
This test was administered after the word list recall test. The sub-

jects were asked to indicate the 10 words that were presented during
the word list memory test and 10 distracter words. The number of
items that the subjects recognized correctly was counted. This recog-
nition test can be regarded as an explicit memory test (Shimamura
et al., 1987).

2.2.8. Constructional recall
This task assesses the ability of the subjects to recall pictures. The

subjects were asked to recall the four line drawings of the figures
presented in the constructional praxis task after a delay of a few min.

2.2.9. TMT-A/B
The TMT is a neuropsychological test of visual attention and task

switching. Two versions were used: TMT-A and -B. In the TMT-A,
the targets were all numbers, but in the TMT-B, the subjects alternat-
ed between numbers and letters. Therefore, a greater cognitive com-
plexity and a higher working memory load are associated with the
TMT-B (Chen et al., 2001).

2.2.10. SBT-K
The SBT-K (Lee et al., 1999) measures orientation, memory, and

concentration. It consists of 6 shortened items that ask subjects to
identify the year, month, and time, to count backwards from 20 to
1, to say weekdays and seasons in reverse order, and to recall
their names and addresses. The scores of the SBT-K ranged from
0 (no errors) to 28 (maximum errors).

2.3. EEG recording

The subjects were seated in a comfortable chair in a sound-
attenuated room. The stimulus presentation and data synchronization
for the electroencephalogram (EEG) were accomplished using
E-Prime (Psychology Software Tools, Pittsburgh, PA, USA). The audi-
tory oddball paradigm was used as a stimulation protocol. Infrequent
target tones of 1500 Hz were presented randomly among frequent
standard tones of 1000 Hz. The probabilities of the standard and tar-
get tones were 85% and 15%, respectively. In total, 400 auditory stim-
uli were presented; the tone duration was 100 ms, with rise and fall
times of 10 ms, and the interstimulus interval was 1500 ms. The au-
ditory stimuli were delivered via MDR-D777 headphones (Sony,
Tokyo, Japan) at 85 dB SPL. The subjects were asked to press a button
promptly in response to target tones. The experiment was performed
over a period of approximately 15 min. Break time was permitted
only when the subjects were tired and asked to rest.

The EEG activity was recorded using a NeuroScan SynAmps ampli-
fier (Compumedics USA, El Paso, TX, USA) and Ag–AgCl electrodes
mounted in a Quick Cap, using a modified 10–20 placement scheme.
A total of 62 scalp electrodes (FP1, FPZ, FP2, AF3, AF4, F7, F5, F3, F1,
FZ, F2, F4, F6, F8, FT7, FC5, FC3, FC1, FCZ, FC2, FC4, FC6, FT8, T7, C5,
C3, C1, CZ, C2, C4, C6, T8, TP7, CP5, CP3, CP1, CPZ, CP2, CP4, CP6,
TP8, P7, P5, P3, P1, PZ, P2, P4, P6, P8, PO7, PO5, PO3, POZ, PO4, PO6,
PO8, CB1, O1, OZ, O2, and CB2) were used in this study. The vertical
electrooculogram (EOG) was recorded using two electrodes, one lo-
cated above and one below the right eye. The horizontal EOG was
recorded at the outer canthus of each eye. The EEG data were
recorded with a 1- to 100-Hz band-pass filter at a sampling rate of
1000 Hz. The ground electrode was placed on the forehead, and the
reference electrodes were located at both mastoids. The electrode im-
pedance was less than 5 kΩ. The averaging of the ERP waves and re-
lated procedures were performed using NeuroScan 4.3 software
(Compumedics USA, Ltd., Charlotte, NC, USA). Any gross movement
artifacts were removed from the recorded data by visual inspection,
and eye blinks were removed using established mathematical proce-
dures (Semlitsch et al., 1986). Trials were rejected if they included
significant physiological artifacts (amplitude exceeding ±75 μV) at
all cortical electrode sites. After artifact removal, a baseline correction
was conducted by subtracting the mean value for 100 ms before the
stimulus onset from the post-stimulus data for each trial. The data
were band-pass filtered at 1–30 Hz and then epoched to 100 ms
pre-stimulus and 900 ms post-stimulus. The P300 peak amplitudes
and latencies were measured from the most-positive peak between
300 and 450 ms for the target tones at Fz, Cz, Pz, C5, and C6. These
3 electrodes (Fz, Cz, and Pz) are commonly used, as the P300 shows
maximal amplitude at central-parietal scalp sites (Handy, 2005). In
addition, we also included C5 and C6 for the comparison of laterality.

The ERP waveforms were only averaged for the corrected trials.
The hit rate was significantly lower in the AD patients compared

to the NC (Table 2). The number of accepted epochs in the AD and
NC groups were 49.65±8.50 and 53.13±6.82 (p=0.08), respective-
ly. The averaged acceptance rate did not differ significantly between
the two groups (p=0.13).

2.4. Statistical analysis

All statistical analyses were performed using Statistical Package for
Social Science version 13.0 and Statistical Analysis System version 9.1.
The data were analyzed by repeated measures analyses of variance
(ANOVA), with group (AD vs. NC) as a between-subjects factor and 5
electrodes sites (Fz, Cz, Pz, C5, and C6) as the within-subjects factors.
Mauchley's test was used to evaluate the sphericity assumption. The
correction of the degrees of freedom was made using the Green-
house–Geisser procedure (for simplicity, the uncorrected degrees of
freedom are presented). Post hoc comparisons were made using inde-
pendent t-tests to determine the significance of the differences be-
tween the groups (AD versus NC) at the location of each electrode.
The Spearman correlation was used to analyze the relationships
between the P300 variables (amplitude and latency) and the



Table 2
Behavioral data for patients with Alzheimer's disease (AD) and normal control (NC)
subjects for the Oddball Task.

AD NC t-Value p

Response time (ms) 556.76±129.06 535.63±105.22 0.64 0.52
Percentage of correct hits 59.58±38.31 88.75±15.87 −3.78 0.00
Number of accepted epochs 49.65±8.50 53.13±6.82 −1.78 0.08

65M.-S. Lee et al. / Progress in Neuro-Psychopharmacology & Biological Psychiatry 40 (2013) 62–69
neuropsychological test scores. To eliminate false-positive relation-
ships between the P300 variables (amplitude and latency) and the
neuropsychological test scores, we employed permutation testing to
assess whether the correlation value of each of the P300 variables
was greater than what occurred by chance (Bae et al., 2011;
Coutanche et al., 2011). For each of the P300 variables, we permuted
the neuropsychological test scores 10,000 times independently to
generate a null distribution of correlation coefficients and then tested
whether the original correlation coefficient exceeded the statistical
significance of pb0.05.

3. Results

3.1. Demographic data and neuropsychological test results

Thirty-one AD patients and 31 NC were recruited. Age (AD:
76.45±5.57 years, NC: 75.84±4.74 years) and education level (AD:
5.0±5.36 years, NC: 5.13±3.72) did not differ significantly between
the AD patients and the NC subjects. The AD patients were classified
as having mild AD (N=18, CDR score: 0.5 or 1), moderate AD (N=9,
CDR score: 2) or severe AD (N=4, CDR score: ≥ 3). The mean scores
of all subset tests of the CERAD-K (verbal fluency, K-BNT, MMSE-KC,
SBT-K, word list memory, constructional praxis, word list recall, word
list recognition, constructional recall, TMT-A and TMT-B) in the AD
group were significantly lower than those in the NC group. The
MMSE-KC scores of the NC subjects were low, but this result could be
related to the lower educational levels in the Korean participants rather
than the pathological process of Alzheimer's disease (Kim et al., 2011).
Table 1 presents the demographic characteristics (i.e., age and educa-
tional years) of the AD and NC groups and the results of each subset
test of the CERAD-K.

3.2. Behavioral data

The behavioral results are presented in Table 2. There were no sig-
nificant differences in the response times (AD: 556.76±129.06, NC:
535.63±105.22, p=0.52) or the number of accepted epochs (AD:
49.65±8.50, NC: 53.13±6.82, p=0.08). The percentage of correct
hits, however, was significantly different (AD: 59.58±38.31, NC:
88.75±15.87, p=0.001) between the two groups.

3.3. P300 amplitude and latency

Examples of the P300 waveforms for the target stimuli from the
AD patients and the NC subjects are presented in Fig. 1. The P300
Table 1
Clinical characteristics of patients with Alzheimer's disease (AD) and normal control
(NC) subjects.

AD (N=31) NC (N=31) p

Age (years) 76.45±5.57 75.84±4.74 0.64
Males:females 8:23 5:26 0.06
Educational duration (years) 5.0±5.36 5.13±3.72 0.19
CERAD-K

MMSE-KC 16.16±5.25 25.58±3.60 b0.01
Short Blessed Test—Korean 19.13±7.12 5.87±6.30 b0.01
Trail Making Test part A 262.17±119.86 132.77±103.49 b0.01
Trail Making Test part B 298.61±17.41 276.32±91.13 b0.01
Word list memory 8.59±4.29 13.35±6.21 b0.01
Word list recall 2.07±1.79 4.74±2.68 b0.01
Word list recognition 4.69±2.83 7.26±3.48 b0.01
Constructional recall 1.37±1.62 5.65±3.51 b0.01
Constructional praxis 5.87±2.68 8.55±3.18 b0.01
Boston naming test 6.48±2.85 9.55±3.20 b0.01
Word fluency 6.29±3.77 12.03±3.89 b0.01

CERAD-K: Consortium to Establish a Registry for Alzheimer's Disease, Korean version.
MMSE-KC: Mini-Mental Status Examination, CERAD-K version.
amplitude showed significant main effects for group (F=11.58,
df=1, p=0.001) and electrode site (F=3.38, df=4, p=0.024). Fur-
ther analysis revealed that the P300 amplitudes of the AD patients
were significantly lower than those of the NC (Table 3), and the
P300 amplitude at the Pz electrode was the highest among the 5 elec-
trodes sites in both the AD patients and the NC subjects (Table 3).
Nevertheless, there was no significant interaction between group
and electrode sites in the P300 amplitude (F=2.25, df=4, p=0.064).

The P300 latency showed a significant main effect for electrode
site (F=8.06, df=4, p=0.00). Further analysis revealed that the
P300 latencies were the longest at the Pz electrode (Table 2); howev-
er, there was also no significant interaction between group and elec-
trode sites in the P300 latency (F=0.82, df=4, p=0.51).

3.4. Correlation between the P300 and CERAD-K tests

Table 4 summarizes the Spearman correlation between the P300
indices and the scores of the neuropsychological tests in the AD pa-
tients. The P300 amplitude showed significant positive correlations
with word list recognition (ρ=0.422, p=0.025 at Cz; ρ=0.539,
p=0.002 at Pz), constructional praxis (ρ=0.379, p=0.040 at Cz),
and word fluency (ρ=0.389, p=0.032 at Cz). The P300 latency
showed significant correlations with the MMSE-K (ρ=−0.365, p=
0.045 at Cz) and the TMT-A (ρ=0.474, p=0.007 at Cz). Fig. 2 is a
scatterplot of the scores on the CERAD-K cognitive tests and the am-
plitude and latency of P300 in patients with AD.

4. Discussion

The P300 amplitude was significantly decreased in the AD patients
compared to the NC subjects, as observed in almost all of the elec-
trodes. Our results are consistent with previous studies that reported
a decreased P300 amplitude in AD patients (Boller et al., 2002; Frodl
et al., 2002; Yamaguchi et al., 2000). Ally et al. (2006) reported that
the P300 amplitude was significantly decreased in AD patients com-
pared to age- and gender-matched normal controls. Additionally,
their biological children showed a significantly decreased P300 am-
plitude and latency compared to those of age- and gender-matched
normal controls. These results support the idea that the P300 ampli-
tude can be used as a biological marker in a preclinical stage as well
as in a clinical stage (Ally et al., 2006). The Alzheimer's Disease
Assessment-Cognitive subscale (ADAS-cog) is also commonly used
for the assessment of a variety of cognitive functions. The P300 ampli-
tude showed a moderate but significant correlation with the
ADAS-cog at Cz and Pz. The P300 latency showed a significant corre-
lation with the ADAS-cog only at Pz (van Deursen et al., 2009).

Furthermore, our results revealed that the right hemispheric C6
electrode showed a significant amplitude difference between the AD
patients and the NC subjects, while the left hemispheric C5 electrode
did not, suggesting that the right hemisphere may be more signifi-
cantly impaired than the left hemisphere in AD patients. Indeed, pre-
vious research has shown that more severe impairment of the right
hemisphere may be a characteristic of AD. For example, brain perfu-
sion abnormalities lateralized in the right hemisphere were associat-
ed with the minimal cognitive impairment in those who developed
AD (Chetelat et al., 2003; Habert et al., 2011). Additionally, the early
involvement of the right hemisphere, not the left hemisphere, in AD



Fig. 1. Grand-averaged event-related potentials of Alzheimer's disease (AD) patients and matched normal control subjects (NC) from a standard oddball ERP paradigm.
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was previously found in neurophysiological (Jung et al., 2007), neuro-
psychological (Goldstein and Shelly, 1981) and structural (Good et al.,
2001) studies, which is consistent with the right-lateralized P300
amplitude reduction in our AD patients. Our results also suggested
that the frontal and parietal regions were relatively more damaged
compared to the central region. In fact, AD patients exhibit specific
Table 3
Comparison of the P300 amplitude and latency between Alzheimer's disease (AD)
patients and normal control (NC) subjects.

AD (N=31) NC (N=31) t-Value p

FZ amplitude (μV) 3.50±3.41 6.59±6.57 −2.330 .023
CZ amplitude (μV) 4.06±2.82 6.04±4.99 −1.929 .058
PZ amplitude (μV) 4.12±2.57 7.95±3.87 −4.593 .000
C5 amplitude (μV) 3.72±2.22 4.95±4.18 −1.442 .155
C6 amplitude (μV) 4.00±2.45 6.94±3.37 −3.929 .000
FZ latency (ms) 362.52±44.23 359.61±38.52 .276 .784
CZ latency (ms) 362.23±43.52 364.42±39.25 − .208 .836
PZ latency (ms) 385.16±38.58 371.13±34.67 1.506 .137
C5 latency (ms) 354.29±42.04 358.13±41.58 − .361 .719
C6 latency (ms) 349.23±33.24 347.61±31.01 .198 .844
regional deficits, such as the frontal and temporoparietal areas.
Duffy et al. (1984) reported that the areas showing maximal group
differences in slow waves bilaterally between the senile AD group
and their controls were the mid-frontal and anterior frontal lobes
(Duffy et al., 1984). Elmstahl et al. (1994) reported that the most
marked delta wave activity was observed over the posterior regions
of the brain in AD patients (Elmstahl et al., 1994).

The changes in the P300 are not specific for AD. There are similar
P300 changes in other neuropsychiatric disorders. For example, the
P300 amplitude in non-bipolar, melancholic depression has been
assessed. Prior to treatment, the P300 amplitudes in depressives
were smaller than those in controls, and they negatively correlated
with severity. The P300 amplitudes also significantly increased in
patients following recovery and were normalized (Gangadhar et al.,
1993). Delayed P300 latency was also reported in major depression
(Vandoolaeghe et al., 1998). The P300 has been employed to charac-
terize schizophrenia. Increases in the sample percentage of the para-
noid subtype were associated with very strong increases in the effect
sizes for both the P300 amplitude and latency. The schizophrenia
subtype, especially the paranoid type, was reported to be consistently



Table 4
Spearman's correlation between the scores on the CERAD-K cognitive tests and the P300 amplitude and latency in patients with Alzheimer's disease (N=31).

MMSE-KC SBT-K TMT Word List Constructional K-BNT Word Fluency

A B Memory Recall Recognition Recall Praxis

FZ amplitude .107 − .257 − .221 .235 .030 − .077 .240 − .072 .262 − .080 .197
CZ amplitude .157 − .312 − .301 .225 .030 .034 .422* − .128 .379* .190 .389*
PZ amplitude .059 − .259 − .028 .245 − .036 .142 .539** − .229 .231 .054 .154
C5 amplitude .138 − .227 − .070 .276 .001 .054 .296 − .109 .149 .120 .256
C6 amplitude − .099 .162 − .101 .143 − .188 − .212 .179 − .291 .118 − .210 .044
FZ latency − .115 − .136 .280 .059 .059 − .092 − .096 .142 .041 .057 .129
CZ latency − .365* .093 .474** − .174 − .069 − .147 − .087 .087 − .030 − .266 − .201
PZ latency − .239 .101 .265 − .195 − .021 .156 .287 .072 − .043 − .231 − .012
C5 latency − .191 .186 .006 − .070 − .139 − .027 − .002 .128 − .126 − .247 − .197
C6 latency .176 − .187 .278 − .103 .337 .287 .155 .332 .358 .311 − .059

MMSE-KC: Mini-Mental Status Examination, CERAD-K version; SBT-K: Short Blessed Test-Korean; TMT: Trail Making Test A/B; K-BNT: Korean version of the Boston Naming Test. A
permutation-based correction for multiple tests was conducted. *: significant differences at the 0.05 level, **: significant differences at the 0.01 level.
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related to the P300 deficits in schizophrenia patients in a meta-
analysis of the P300 and schizophrenia (Jeon and Polich, 2003).

Furthermore, other types of dementia could have characteristic
changes in the P300. Bonanni et al. reported that delayed latencies
and reduced amplitudes were also found in patients with dementia
with Lewy bodies (Bonanni et al., 2010b) and vascular dementia
(Xu et al., 2012). The major limitation of the applicability of the
P300 as a biological marker of AD is its low specificity.

For these reasons, the combination of the P300 and other more
specific neuropsychological tests are needed for the evaluation of
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AD. The present study compared the P300 amplitude and latency of
AD patients and NC subjects in the auditory oddball paradigm, and
the relationships between the P300 indices and the neuropsychologi-
cal testswere explored in the AD patients.We found that the P300 am-
plitudes in the AD patientswere significantly reduced compared to the
NC subjects, and there were significant correlations between the P300
indices and the neuropsychological test scores in the AD patients.

In the present study, although the P300 amplitude did not signifi-
cantly correlate with global cognitive function as measured by the
MMSE-K, it was significantly correlated with memory (word list
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recognition) and visuospatial function (praxis). Previously, the P300
amplitude has been determined to be associated with verbal memory
in schizophrenia patients (Kim et al., 2003). The P300 amplitude has
been shown to be sensitive and proportional to the amount of atten-
tional resources devoted to a given task (Gonsalvez and Polich, 2002;
Johnson, 1995; Wickens et al., 1983). A greater P300 amplitude has
been associated with superior memory performance (Fabiani et al.,
1990; Johnson, 1995). Additionally, the P300 component has been
shown to indicate an update of activity in cortico-limbic circuits
that are implicated in attention and working memory (Donchin and
Coles, 1988). The P300 amplitude can therefore be considered as a
measure of central nervous system activity that reflects the process-
ing of incoming information; however, the neuropsychological ori-
gins and meaning of the P300 are not yet clear. The source of the
P300 has been identified as the medial temporal lobe (Halgren
et al., 1980; McCarthy et al., 1989) and the frontal lobe (Pardo et al.,
1991; Posner and Petersen, 1990). The P300 appears to originate
when a stimulus commands frontal lobe attention, and its activity is
completed when attentional resources are allocated for stimulus eval-
uation and subsequent memory updating (Polich, 2007).

P300 latency was not significantly different between the AD pa-
tients and NC subjects in our study. The ERPs of the AD group were
flat during the 300–500 ms, and it therefore appears probable that
AD patients have ill-defined peaks for the P300. Although we tried
to find a maximal peak within 300–500 ms, this flat response might
be related with non-significant differences in the latencies between
the two groups; however, the P300 latency was significantly correlat-
ed with global cognition as measured by the MMSE-K and TMT-A in
the AD patients. The P300 latency is considered to be a measure of
stimulus classification speed (Polich, 1986), although unrelated to
the response selection processes (Pfefferbaum et al., 1986) and inde-
pendent of the behavioral response time (Ilan and Polich, 1999). Gen-
erally, P300 latency is negatively correlated with mental efficiency,
such that shorter latencies are associated with superior cognitive
performance on neuropsychological tests (Houlihan et al., 1998;
Reinvang, 1999). As a result, the P300 latency was considered to be
highly sensitive for the early cognitive decline of AD patients
(Brown et al., 1982; Ito, 1991; Onofrj et al., 1991). Bonanni et al.
(2010a) reported that P300 latencies at Fz and Pz were significantly
correlated with the ADAS-cog, the MMSE, and the Frontal Assessment
Battery (FAB), as well as behavioral symptoms (Bonanni et al.,
2010a). Nojszewska et al. (2009) reported that the P300 abnormality
found in Parkinson's disease patients was significantly correlated
with executive function deficits measured by the Wisconsin card
sorting test. These results suggest that the neuropsychological tests,
such as global cognitive function and frontal executive function,
were well correlated with both the P300 latency and amplitude
(Nojszewska et al., 2009). Our finding provided additional evidence
that the P300 latency reflects global cognition, rather than specific
memory, language, visuospatial function, and executive function. In
sum, consistent with other studies, our results highlight the useful-
ness of the P300 latency as a marker of the general cognitive decline
in AD patients.

Our study has some limitations. First, we used the relatively higher
high-pass filter to analyze the P300 waves. Holinger et al. (2000)
reported that the relatively higher high-pass filter cutoff of 1 Hz
(compared to the lower filter cutoff of 0.001, 0.1, and 0.3 Hz) may
have produced the reduction of the P300 amplitude (Holinger et al.,
2000). It is possible that if the relatively higher high-pass filter has
caused the reduction of the general P300 amplitudes in both the AD
and NC groups, it would increase the possibility of type II errors rather
than type I errors statistically. Our study, however, produced signifi-
cant differences in the P300 amplitude between the two groups in
spite of potentially reduced P300 amplitudes. Second, our study is a
cross-sectional design, and a longitudinal study would be more help-
ful in determining the functionality of the P300 as a biomarker in AD.
Recently, new analyses identified the P300 subcomponents, P3a
and P3b (Juckel et al., 2008). As reliable separation of the P300 sub-
components is possible by dipole source analysis, it would also be
useful to investigate the correlation of the neuropsychological studies
and the P300 subcomponents in further studies.

Our study revealed that the P300 amplitude and latency are asso-
ciated with the neuropsychological decline in AD patients. There was
a significant difference in the P300 amplitude between the AD pa-
tients and the NC subjects. The P300 was significantly correlated
with executive function, memory, and visuospatial function in the
AD patients. Although we did not find any significant differences in
the P300 latency between the AD patients and the NC subjects, the
P300 latency was significantly correlated with impaired global cogni-
tive function and attention in AD patients. As the P300 amplitude and
latency showed significant correlations with neuropsychological abil-
ity in AD patients, we may use the P300 as a follow-up screening test
to assess the cognitive decline in AD patients. Additionally, it could be
a useful tool for evaluating symptom improvement after treatment
intervention. Our results suggest that the P300 indices are useful in
reflecting the psychopathology of AD patients, and the P300 can be
used as another assessment tool of AD patients in combination with
other neuropsychological tests.
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