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Abstract High frequency (30–70 Hz) gamma band

oscillations in the human electro-encephalogram (EEG) are

thought to reflect perceptual and cognitive processes. It

is therefore interesting to study these measures in cognitive

impairment and dementia. To evaluate gamma band

oscillations as a diagnostic biomarker in Alzheimer’s

disease (AD) and mild cognitive impairment (MCI), 15

psychoactive drug naı̈ve AD patients, 20 MCI patients and

20 healthy controls participated in this study. Gamma band

power (GBP) was measured in four conditions viz. resting

state, music listening, story listening and visual stimula-

tion. To evaluate test–retest reliability (TRR), subjects

underwent a similar assessment one week after the first.

The overall TRR was high. Elevated GBP was observed in

AD when compared to MCI and control subjects in all

conditions. The results suggest that elevated GBP is a

reproducible and sensitive measure for cognitive dysfunc-

tion in AD in comparison with MCI and controls.

Keywords EEG � Induced gamma band �
Alzheimer’s disease � Mild cognitive impairment �
Sensitivity � Reliability

Introduction

Alzheimer’s disease (AD) is a progressive neurodegener-

ative disorder with clinical manifestations of loss of

cognitive functions and impaired daily life activities.

The neurophysiological basis for the cognitive and

behavioural dysfunction in AD is not completely under-

stood but involves changes in a variety of neural substrates

throughout the brain. Frequency analysis of ongoing

(background) electroencephalography (EEG) provides a

good indication about the neurological integrity of the

central nervous system (CNS) and has as such often been

used in AD studies. In clinical studies the frequency

spectrum of EEG is divided in four frequency bands; delta

(\4 Hz), theta (4–8 Hz), alpha (8–13 Hz) and beta (13–

30 Hz). The EEG in AD is characterised by an increase of

power in the lower frequencies and a decrease in the power

of the higher frequencies (Huang et al. 2000; Jelic et al.

1996; Jeong 2004). The decline in power of the higher

frequencies is a consistent finding in AD that correlates

with cognitive performance, but nevertheless has no etio-

logical specificity for AD. It is especially difficult to

discriminate AD from vascular dementia (VaD), based on

clinical EEG (Jeong 2004).

A basic question in functional brain research is how the

manifold of serial and parallel neuronal activations needed

to process basic stimuli are integrated and bound together.

The precise timing and integration of neural activation is

crucial for successful information processing in the brain.

Several studies have suggested an important role for very
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high frequency or gamma band activity (30–100 Hz) in the

timing and integration process of neuronal networks in the

brain (Singer and Gray 1995; Basar et al. 2001; Kaiser and

Lutzenberger 2003). Gamma band oscillations can thus be

considered as neural activity that is generated to synchro-

nize sub-processes in neural networks that are involved in

specific information processing (Kaiser and Lutzenberger

2003, 2005). High frequency discharges and synchroniza-

tion seem to be responses to stimuli, as a mechanism for

the integration of different features of a stimulus to a whole

(Tallon-Baudry and Bertrand 1999). As reviewed by

(Tallon-Baudry and Bertrand 1999) there are three ways to

describe gamma band activity: (1) the gamma band evoked

response which is characterized by EEG activity that is

phase-locked to the onset of a certain stimulus and is

therefore directly related to it; (2) the 40 Hz steady-state

response (SSR) which is a sinusoidal response at the

driving stimulus frequency and is elicited by simple visual,

auditory or somatosensory stimuli. This SSR can be

interpreted as a natural resonance frequency of the brain

and is related to primary sensory processing (Galambos

et al. 1981); (3) induced gamma band oscillations which

result from continuous sensory stimulation and are not time

or phase locked to a specific stimulus but elevated during

meaningful information processing. Taken together,

gamma band activity and synchronicity play an important

role in both primary stimulus processing as well as higher

information processing.

In Alzheimer’s disease several studies have reported

decreased synchronization of the gamma band (Koenig

et al. 2005; Stam et al. 2002, 2003) but none of these

human studies have focused on induced gamma band

power (GBP). EEG power expresses the magnitude and

intensity of the local EEG signal and is calculated by the

squared amplitude of the oscillations. Synchronization is a

numerical property of the association between two or more

different EEG electrodes requiring groups of neurons dis-

tant from each other firing in the same phase and/or

frequency. In comparison to synchronization, EEG power

could be a simpler, faster and more straightforward mea-

sure to examine changes in gamma band oscillations in

patient groups. Furthermore, most studies on gamma band

activity in AD have been assessed in patients using psy-

choactive medication. To rule out these potential

medication effects as confounding with diagnosis, only

patients naı̈ve for psychoactive drugs should be included in

studies comparing gamma band activity between patients

and controls.

The current study focuses on induced gamma band

power and has two major objectives. The primary

objective is to evaluate the diagnostic sensitivity of

induced GBP in discriminating psychoactive drug naı̈ve

AD patients from MCI patients and healthy controls. The

secondary objective is to evaluate the reliability and sta-

bility of induced GBP in cognitively impaired patients.

The design for the first objective is based on a study by

Fitzgibbon et al. (2004), which showed gamma band

augmentation in a variety of relatively simple cognitive

tasks in healthy volunteers. Music listening, story listen-

ing and movie watching are highly over-learned which

makes them particularly suitable to be applied in cogni-

tively impaired patients.

In the current study we determined whether differences

in GBP, induced by the cognitive task load of these para-

digms, could discriminate AD patients, MCI patients and

healthy controls. Since information processing is disturbed

in AD and MCI we hypothesised that induced GBP would

be lower in AD subjects than in MCI and controls subjects

in all tasks conditions. Furthermore, it was to be expected

that GBP in MCI was lower than in the control and higher

than in the AD group.

Materials and methods

Subjects

The study involved three different groups of subjects:

1. Fifteen psychoactive drug naı̈ve patients with a

diagnosis of probable AD according to the NINCDS-

ADRDA criteria (McKhann et al. 1984) were included.

Standard blood workup and neuroimaging (CT or

MRI) were carried out, and the diagnosis was

supported by abnormal performance on neuropsycho-

logical testing.

2. Twenty psychoactive drug naı̈ve patients with a

diagnosis of MCI according to the Petersen criteria

were included (Petersen et al. 2001). MCI subjects also

received standard blood workup, neuroimaging and

neuropsychological testing. The diagnosis AD or MCI

was made in a weekly consensus meeting of different

specialists.

3. Twenty healthy control subjects were recruited from

the Maastricht Aging Study (MAAS), a longitudinal

study of the determinants of healthy cognitive aging

(van Boxtel et al. 1998). The control subjects were not

using any psychoactive medications. The medical

history was screened by a medical health question-

naire. Main exclusion criteria were a history of stroke,

head trauma, or any other neurological or psychiatric

disorders. Additional exclusion criteria were severe

cardiovascular disease, a Hachinski ischemic scale

(HIS) (Hachinski et al. 1974; Rosen et al. 1980) higher

than three or a history of substance abuse and/or other

serious system diseases (e.g. malignancy, uncontrolled

1302 J. A. van Deursen et al.

123



hypertension, neuropathy or seizure disorders). All AD

and MCI patients were recruited at the Memory Clinic

of University Hospital Maastricht and were judged

competent to give consent by their treating physicians.

This study was carried out in accordance with the

declaration of Helsinki. All participants gave written

informed consent prior to the study, for AD patients a

family member also signed the consent form. The local

Medical Ethics Committee of University Hospital

Maastricht approved the study.

Experimental procedure

All subjects took part in two identical recording sessions,

spaced apart one week. Prior to EEG acquisition, the cog-

nitive subscale of the Alzheimer’s disease assessment scale

(ADAS-cog) (Rosen et al. 1984; Verhey et al. 2004) was

administered, on both occasions. The Dutch version of the

National Adult Reading Test (NART) (Schmand et al.

1991) was administered to estimate pre-morbid intelli-

gence. The three outcome measures; music listening, story

listening and movie watching were part of a larger study,

which further included: auditory 40-Hz steady state stimu-

lation, contingent negative variation (CNV), a checkerboard

reversal task and an event related potentials (ERP) para-

digm. Continuous EEG was recorded while subjects

performed the music listening task, story listening task and

movie watching task. Headphones were used to present the

auditory stimuli. To evaluate test–retest reliability (TRR) of

the acquired data, all subjects were tested twice with an

interval of at least one week.

EEG acquisition

A commercially available Nuamps� EEG acquisition sys-

tem was used to record the EEG’s. Electrodes (AgCl) were

positioned following the 10–20 system on a 32-channel

electrode cap, using 19 Medcat� electrodes. A low pass

filter of 100 Hz and a high pass filter of 0.1 Hz were

applied. The sample frequency was 512 Hz and analogue-

digital conversion was 20 bit. Electrode impedance was

kept below 5 kX. A reference electrode was placed on the

right ear lobe. To control for possible vertical eye move-

ments, an electro-oculogram (EOG) electrode was placed

1 cm under the midline of the right eye. A ground electrode

was placed on the forehead, at Fpz. EEG’s were recorded

in a magnetically shielded and sound attenuated room. The

visual stimuli were presented on a flat, LCD screen located

outside the shielded room at eye height. Subjects were able

to see the screen through magnetically shielded glass.

Neuroscan� 4.3 software was used for EEG recording and

analyses.

EEG gamma band paradigms

During the resting state measurement, subjects were

instructed to keep their eyes open and fixate at a white

crosshair located on a black screen for 90 s.

During the music listening task, subjects were instructed

to listen for 90 s to broad-spectrum acoustical music.

While listening to the stimuli subjects fixated on a white

crosshair on a black screen and kept their eyes open. The

music was a segment from Enya’s ‘‘From where I am’’.

During the story listening task subjects listened for tree

minutes to a fragment of a Dutch spoken documentary (Fly

Away 2, fragment Australia). While listening to the stimuli

subjects had to fixate on a white crosshair on a black screen

with their eyes open. The fragment was spoken monoto-

nously, and pauses were not longer than 5 s. Subjects were

instructed to listen carefully to the spoken text.

In the visual task a series of moving abstract objects

were presented for 180 s. The objects were coloured and

moved at variable speed. This was a fragment of recorded

Windows� screensaver. Subjects were instructed to moni-

tor the movements carefully.

EEG analysis

EEG analysis was performed off-line. The continuous EEG

files were cut in epochs of 1 s. Epochs containing eye-

movement, electromyographic activity and head motion

artefacts were excluded from analysis. The average number

of uncontaminated epochs in resting state condition was 62

(AD: 55, MCI: 63, Control: 67). In the music listening task

the average number of uncontaminated epochs was 67

(AD: 60, MCI: 67, Control: 74). In the story listening task

the average number of uncontaminated epochs was 153

(AD: 145, MCI: 161, Control: 153). In the visual task the

average number of uncontaminated epochs was 85 (AD:

83, MCI: 89, Control: 84.) The uncontaminated epochs

were transformed from the temporal domain to the fre-

quency domain using fast-Fourier transformation (1 Hz

resolution, 512 point block-size, Hanning window 1–

100 Hz). The gamma band was defined as the frequency

between 30 and 100 Hz. A notch filter of 50 Hz was

applied to omit contamination of the electrical light net-

work in the room. The frequency epochs were averaged

and absolute GBP was calculated for every task, subject

and electrode.

EMG analysis

In order to ensure that the results are related to EEG

differences and not to electromyographic (EMG) contam-

ination (Whitham et al. 2007), an extra analysis was

performed on those electrodes that previously showed GBP
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differences between the groups. The procedure involved

low-pass amplitude filtering and visual inspection of the

EEG epochs under guidance of a clinical EEG expert.

Obvious and suspect epochs for EMG contamination were

omitted from further analysis. The number of ‘‘clean’’

epochs was in resting state 53 (AD: 43, MCI: 57, Control:

61), in music listening 56 (AD: 52, MCI: 64, Control: 52),

in story listening 131 (AD: 128, MCI: 135) and in the

visual task 68 (AD: 71, MCI: 68, Control: 64). These

‘‘corrected’’ EEG epochs were further processed and ana-

lysed in the same manner as the original data. A paired

sample t-test was used to examine differences between the

EMG corrected an uncorrected data.

Statistics

Statistical analysis was done with SPPS for Windows

(version 11.5). Significance levels associated with the dif-

ferences in GBP between the AD, MCI and control groups

were calculated for each electrode using ANOVA for

repeated measures. Electrode positions were used as a

within subject variable. Since GBP was calculated in two

identical sessions, the mean of these two sessions was used

to calculate between group differences. Post-Hoc Bon-

feronni correction for multiple comparisons was used. For

the ANOVA for repeated measures analysis, the mean EEG

power values of the two sessions were calculated for each

subject and each electrode.

To examine test–retest reliability of GBP within the

different paradigms, a paired T-test was used to evaluate

potential differences between the two sessions for the Fz,

Cz and Pz electrode. Furthermore, Pearson’s correlation

coefficient was calculated for each task at Fz, Cz and Pz.

These analyses were done for each patient group separately.

To examine the relation between GBP and cognitive

performance measured by ADAS-cog, Pearson’s correla-

tion coefficient was calculated between GBP and ADAS-

cog.

To test whether the stimuli induced increased GBP,

these conditions were compared to resting state using

ANOVA. The differences between the groups in changes in

GBP in task condition compared to resting state were

examined by calculating the ratio between task and resting

state. Differences in this ratio between groups were ana-

lysed using ANOVA for repeated measures.

Results

Subject’s demographics

Fifteen AD patients (11 male, 4 female) with a mean age

(SD) of 75.2 years (6.9) and a mean (SD) MMSE score of

20.8 (2.7, range 17–26), 20 (12 male, 8 female) MCI

patients with a mean (SD) age of 70.6 (7.2) and mean (SD)

MMSE of 26.3 (1.6, range 23–29) and, 20 (12 male, 8

female) healthy control subjects with a mean (SD) age of

69.5 (6.1) and mean (SD) MMSE of 29.3 (0.8, range 28–

30) completed the study. There was no statistical difference

in age between the groups (F2,52 = 2.2, P = 0.14).

Neuropsychological tests

Average ADAS-Cog scores were 19.6 (SD: 5.9; n 15) in

the AD group, 10.8 (SD: 4.5; n 20) in the MCI group and

5.8 (SD: 2.6; n 20) in the control group. These scores

showed a significant difference between the groups in the

expected direction (F2,52 = 84.8, P \ 0.001). Results from

the NART showed that the mean estimated pre-morbid

intelligence was 96.9 (F2,52 = 2.3, P = 1.03) and did not

differ between the groups.

Test–retest reliability (TRR)

The paired samples T-test revealed a significant difference

between the sessions in the resting state condition in the

AD group at electrode Cz and in the control group at Cz

and Pz electrode (see Table 1). In the other task conditions

there were no significant differences between the two

sessions.

Pearson’s correlation coefficient between the two ses-

sions was very high in resting state, music listening, and

story listening for all the groups (see Table 1). The visual

task showed a lower correlation between the sessions for

all the groups.

Induced gamma band paradigms

Figure 1 summarizes the results of GBP in the four

conditions.

In resting state, GLM showed differences between the

group for C3 (F2,52 = 3.83, P = 0.037), P3 (F2,52 = 4.29,

P = 0.032), Pz (F2,52 = 5.26, P = 0.009), P4 (F2,52 =

4.51, P = 0.039), T6 (F2,52 = 4.10, P = 0.020), O1

(F2,52 = 3.42, P = 0.044) and O2 (F2,52 = 6.33,

P = 0.006). Bonferonni correction for multiple compari-

sons showed that GBP was higher in the AD group

compared to the MCI at C3 and O2 and control group at C3,

P3, Pz, P4, T6, O1 and O2 (P \ 0.05). There was no dif-

ference between the MCI and control group.

In the music listening task, GLM showed differences

between the groups for T5 (F2,52 = 5.3, P = 0.006), T6

(F2,52 = 5.2, P = 0.012), P3 (F2,52 = 7.13, P = 0.021),

Pz (F2,52 = 7.02, P = 0.001), O1 (F2,52 = 9.18,

P \ 0.004) and O2 (F2,52 = 7.38, P \ 0.002). Bonferonni

correction for multiple comparisons showed higher GBP in
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the AD group when compared to the MCI group at P3, O1,

O2 and control group at T5, T6, P3, Pz, O1 and O2

(P \ 0.05). There was no difference between MCI and

control subjects.

In the story listening task, GLM showed a difference

between the groups for O2 (F2,52 = 7.23, P = 0.003).

Bonferonni correction for multiple comparisons showed

significantly higher GBP in the AD group when compared

to the control group. There was no difference between the

MCI group and the control group. There was no significant

difference between the groups at other electrodes.

In the visual task, ANOVA showed a difference

between the groups for T5 (F2,52 = 4.13, P = 0.029),

O1 (F2,52 = 5.16, P = 0.022) and O2 (F2,52 = 6.82,

P = 0.001). Bonferonni correction for multiple compari-

sons showed significantly higher GBP in AD compared to

MCI at O2 electrode and control group at T5, O1 and O2

(P \ 0.05). There was no significant difference between

MCI and control group.

Correlation between GBP and ADAS-Cog

The correlations between GBP and ADAS-cog are pre-

sented in Table 2. The correlations were calculated for the

electrodes that significantly separated the patient groups.

The results showed a modest but significant correlation

between GBP and ADAS-cog in all conditions and all

analysed electrodes.

Differences between task and resting state condition

To examine if GBP is altered during task performance we

compared GBP during task to resting state.

Figure 2 shows the electrodes with significantly

increased GBP in task condition compared to resting state

for each group separately together with the overall increase

of GBP.

For music listening, GBP increased in the AD at Fz

(F1,1 = 4.9, P = 0.047), F4 (F1,1 = 5.6, P = 0.029), F8

(F1,1 = 5.9, P = 0.031), Cz (F1,1 = 5.3, P = 0.041) and

T4 (F1,1 = 5.2, P = 0.042). In the MCI group only O2

showed a significant increase of GBP (F1,1 = 5.1,

P = 0.047) compared to resting state. In the control group

music listening increased GBP in F4 (F1,1 = 5.6,

P = 0.029), C4 (F1,1 = 5.8, P = 0.026), P4 (F1,1 = 5.4,

P = 0.032) and T6 (F1,1 = 7.0, P = 0.016) compared to

resting state. When the increase of GBP in music listening

was analysed for all subjects irrespective of patient group a

significant difference was shown for Fz, F3, F4, F7, F8, Cz,

T4, T5 and T6. The F and P values were in the same order

of magnitude as when the groups were analysed separately.

The percentages of increase in GBP due to music listening

was 155% in AD, 28% in MCI and 40% in the control

group. The AD group showed significantly higher increase

of GBP due to music listening on T5 compared to MCI and

controls. There were no other significant differences

between the groups in GBP increase due to music listening.

Table 1 Test–retest reliability of GBP

Alzheimer group MCI group Control group

Mean

lV2 s1

Mean

lV2 s2

Sig.

P
Pearson’s

R
Mean

lV2 s1

Mean

lV2 s2

Sig.

P
Pearson’s

R
Mean

lV2 s1

Mean

lV2 s2

Sig.

P
Pearson’s

R

Resting state

Fz 0.70 0.46 0.086 0.68 0.47 0.43 0.409 0.62 0.52 0.41 0.051 0.95

Cz 0.65 0.48 0.037 0.89 0.48 0.43 0.284 0.71 0.49 0.41 0.036 0.96

Pz 0.70 0.53 0.051 0.90 0.43 0.40 0.448 0.57 0.40 0.36 0.004 0.96

Music listening

Fz 0.84 0.73 0.181 0.90 0.54 0.55 0.780 0.77 0.51 0.57 0.323 0.85

Pz 0.86 0.75 0.136 0.92 0.51 0.54 0.394 0.84 0.48 0.53 0.409 0.81

Cz 0.87 0.75 0.124 0.93 0.46 0.50 0.281 0.86 0.40 0.45 0.349 0.58

Story listening

Fz 0.80 0.61 0.062 0.97 0.51 0.48 0.203 0.81 0.51 0.57 0.222 0.85

Cz 0.79 0.61 0.091 0.98 0.50 0.46 0.154 0.90 0.49 0.52 0.436 0.84

Pz 0.82 0.60 0.105 0.98 0.46 0.43 0.194 0.92 0.43 0.45 0.465 0.76

Visual task

Fz 0.54 0.67 0.335 0.29 0.56 0.42 0.287 0.33 0.52 0.55 0.747 0.53

Cz 0.52 0.66 0.373 0.33 0.51 0.41 0.379 0.35 0.47 0.50 0.671 0.56

Pz 0.52 0.65 0.395 0.42 0.44 0.38 0.516 0.27 0.38 0.43 0.370 0.40

The table presents the mean power in lV2 of the electrodes per session (i.e. s1 = session, s2 = session 2). The P-value represents the

significance of the difference between the sessions. Pearson’s R represents the correlation coefficient between the two sessions
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Fig. 1 Group comparison of GBP in different paradigms. Solid electrodes represent significantly increased GBP in AD compared to MCI, AD

compared to control and MCI compared to control. All solid electrodes (P \ 0.05)
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The story listening task showed increased GBP in the

AD group for Fp1 (F1,1 = 4.8, P = 0.044) and F4

(F1,1 = 4.7, P = 0.049) compared to resting state. In the

MCI group there was no significant increase or decrease of

GBP during story listening compared to resting state. In the

control group GBP increased during story listening at F3

(F1,1 = 5.2, P = 0.035), P3 (F1,1 = 4.9, P = 0.039), T5

(F1,1 = 10.7, P = 0.004) and T6 (F1,1 = 7.8, P = 0.007)

compared to resting state. When the increase of GBP in

story listening was analysed for all subjects irrespective of

patient group a significant difference was shown for F3, F4,

F5, F7, F8, Fp1, T5 andT6. The F and P values were in the

same order of magnitude as when the groups were analysed

separately. The percentage of increase in GBP due to story

listening was 134% in the AD, 49% in MCI and 68% in

controls. Statistical analysis of story listening related GBP

increase showed no significant differences between the

groups.

The visual task showed no increased GBP in the AD

group compared to resting state. In the MCI group the

visual task showed increased GBP at O1 (F1,1 = 6.3,

P = 0.016) compared to resting state. In the control group

the visual task showed increased GBP at Fz (F1,1 = 4.4,

P = 0.049) compared to resting state. When the increase of

GBP in the visual task was analysed for all subjects irre-

spective of patient group a significant difference was

shown for F3, F4, F5, F7, F8, Fp1, T5 and T6. The F and P

values were in the same order of magnitude as when the

groups were analysed separately.

The percentage of increased GBP due to the visual task

was 57% in AD, 26% in MCI and 62% in the control

group. Statistical analysis of visual task related GBP

increase showed no significant differences between the

groups.

The differences between task performance and resting

state was highest for the AD and control group. None of the

electrodes showed decreased GBP in task performance

compared to resting state condition.

Effect of EMG on GBP

The removal of EMG contaminated epochs resulted in a

general decrease of GBP in all conditions (see Table 3).

The original differences between the groups remained in

the resting state and music listening conditions, except for

the O1 and O2 electrodes. In the story listening task there

were no effects on the differences between the groups. In

the visual task the original differences were no longer

significant after EMG correction. The contamination of

EMG was found highest in the O1 and O2 electrodes.

Discussion

Contrary to our hypothesis we found a higher instead of a

lower GBP in AD compared to MCI and controls.

A first step in our analysis was to ensure that differences

in GBP between the groups are reproducible and stable, by

evaluating test–retest reliability (TRR). An earlier study

using a similar design demonstrated a satisfying TRR in

young healthy subjects (Frund et al. 2007), but TRR has

not been reported in studies with cognitively impaired

patients. In the current study, out of 36 comparisons (i.e.

three groups, three electrodes and four task conditions)

made between the sessions with a paired samples t-test,

only three significant differences between sessions were

found; one difference in the resting state condition in the

AD group, and two in the control group. In spite of these

differences, the correlation between the two sessions was

high for all electrodes. As shown in Table 1, the resting

state GBP is higher in the first session compared to the

second. This is most likely related to habituation or

diminished arousal in the second session. Another point is

that cognitive activity during resting state is an uncon-

trolled condition that is therefore more difficult to compare

between subjects and sessions than under task conditions.

The correlation between the sessions in the task conditions

Table 2 Correlation between GBP and ADAS-cog

Pearson’s R Sig. P

Resting state

C3 0.38 0.007

Pz 0.39 0.006

P3 0.39 0.016

P4 0.38 0.007

T6 0.39 0.005

O1 0.47 0.001

O2 0.46 0.001

Music listening

Pz 0.38 0.005

P3 0.37 0.007

T5 0.38 0.005

T6 0.28 0.005

O1 0.46 0.001

O2 0.47 0.001

Story listening

O2 0.33 0.018

Visual task

T5 0.34 0.011

O1 0.37 0.006

O2 0.41 0.002

Pearson’s R represents the correlation coefficient between GBP and

ADAS-cog

The P-value represents the significance of the correlation
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was high to very high for all paradigms, except for the

visual task. For the latter no satisfying explanation could be

found. Overall the TRR results suggest that GBP measures

across all stimulus conditions are reproducible in healthy

elderly subjects as well as in cognitively impaired patients.

The differences in GBP between the groups are located

in the parietal, occipital and posterior temporal regions.

These brain areas are also thought to be affected by typical

AD neuropathological manifestations (i.e. neuritic plaques

and neurofibrillary tangles) especially in the milder stages

of AD (Braak and Braak 1995). The congruence in the

location of the GBP changes and AD neuropathology

suggests a specific association. Furthermore, we found a

significant increase of GBP during task performance

compared to resting state, similar to what was shown in

healthy subjects by (Fitzgibbon et al. 2004) for all groups.

The difference between the groups in task condition was

most prominent in the music listening task, which might be

related to the complexity of the music stimuli. Music might

contain a broader auditory spectrum than the spoken text in

story listening and could therefore require more attentional

recourses. This increase of GBP during task performance

compared to rest was higher in AD than the other groups in

music listening and story listening. This task related dif-

ference was however only significant in T5 during music

listening, which is probably related to lack of statistical

power. The current results suggest that the difference in

GBP between the groups was increased by task perfor-

mance but this needs further substantiation by studies with

larger sample sizes.

A difficulty with this type of studies is that gamma band

and EMG share the same frequency. A recent study by

Whitham et al. (2007) showed convincing evidence for

major effects of EMG on GBP. Therefore we retrospec-

tively tried to eliminate this factor. The post-hoc EMG

analysis showed a general decrease of GBP in all condi-

tions and for all electrodes. Nevertheless, it was shown that

the major results of this study are sustained after reduction

of the EMG contamination. The conservative procedure

resulted in the removal of suspect EMG epochs, but also

diminished the number of epochs with valid gamma band

activity. It has to be noted that it is difficult to discriminate

Fig. 2 The solid electrodes represent significantly increased GBP during task performance compared to resting state (P \ 0.05). The results are

presented for each group separately. Overall represents significantly increased GBP in task condition for all subjects irrespective of subject group
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low voltage EMG from gamma band activity as they share

the same frequency. To the best of our knowledge there are

no automated algorithms that remove or reduce EMG from

the EEG without having an effect on GBP. Therefore we

considered the filtering and visual inspection as an ade-

quate method to remove EMG artefacts. The study by

Whitham et al. (2007) together with the current results

suggest that in induced gamma band studies EMG activity

should be taken into account.

A methodologically strong aspect of the current study

is that only patients naı̈ve for psychoactive drugs were

included in this study. Almost all other studies on gamma

band activity in AD included patients on cholinesterase

inhibiting drugs, NMDA receptor antagonists or other

psychoactive drugs. Several studies have reported that

cholinesterase inhibitors have a strong impact on the EEG

signal (Kogan et al. 2001; Rodriguez et al. 2002, 2004).

This difference between the current study and previous

studies might explain why elevated GBP has not been

reported earlier. One other study showed enhanced GBP

in psychoactive drug naı̈ve AD patients using a 40-Hz

steady state response (SSR) paradigm (Osipova et al.

2006).

The finding of increased GBP cannot be explained in a

straightforward manner. In contrast to the current findings

there are two that showed decreased GBP in AD, one in

humans and one in animals. The human study showed

decreased GBP in a 40-Hz SSR paradigm in AD compared

to controls (Ribary et al. 1991). In the animal study GBP

was decreased in APP over-expressing mice, measured in-

vitro (Driver et al. 2007). It has to be noted that the

methods used in these two studies, fundamentally differ

from induced GBP measurements and that therefore these

results cannot be compared head to head. It would however

for future research be interesting to study the relation

between different type of gamma band paradigms in ani-

mals and in humans.

Although in the current study relatively simple tasks

were used, attentional demands might play an important

role in controlled processing during task performance.

Increased attention might be required in AD as patients

have more difficulty in processing information in an

automatic manner compared to the MCI and control group.

The enhanced GBP in AD might therefore reflect an

increased level of controlled processing and effortful

attention as a functional compensation mechanism in AD.

Previous studies have shown that as attentional demand or

task difficulty increases, GBP increases (Landau et al.

2007; Tallon-Baudry et al. 2005; Tiitinen et al. 1993). The

hypothesis of different attentional demands between the

groups is however not substantiated by the current data. In

the resting state paradigm no GBP differences between the

groups would be expected since there was no selective

cognitive activity ongoing. Since the current study showed

resting state differences, it cannot be concluded that

enhanced GBP in AD is primarily the result of a difference

in attentional demands. An alternative explanation might

be that GBP is continuously enhanced in AD irrespective

of sensory stimulation or specific demands on cognitive

processing. Decreased resting state gamma band synchro-

nization in AD was earlier demonstrated in the occipito-

parietal regions (Koenig et al. 2005; Stam et al. 2002). An

fMRI study showed that the posterior cingulate cortex and

medial parietal cortex, areas usually activated in resting

state condition, and deactivated in task condition are more

active in AD subjects than in healthy controls during task

performance (Lustig et al. 2003). In the current study GBP

was increased in resting state in the same brain areas; the

occipito-parietal regions. Another aspect is that induced

gamma band oscillations, consist of task-related compo-

nents as well as task-unrelated components. These task-

unrelated oscillations are continuously present and are not

lost during averaging of the data. This is in contrast to

event-related designs where task-unrelated activity van-

ishes during pre-processing of the data. These task-

unrelated oscillations therefore might have an effect on

Table 3 Effect of EMG on GBP

Mean lV2 UC Mean lV2 C Sig. P

Resting state

C3 0.68 0.48 0.048

Pz 0.45 0.42 0.027

P3 0.52 0.46 0.024

P4 0.44 0.40 0.031

T6 0.56 0.43 0.026

O1 1.03 0.60 0.018

O2 0.86 0.57 0.050

Music listening

Pz 0.52 0.47 0.118

P3 0.59 0.52 0.085

T5 0.95 0.59 0.064

T6 0.76 0.48 0.002

O1 0.98 0.58 0.002

O2 0.86 0.54 0.005

Story listening

O2 0.85 0.68 0.000

Visual task

T5 0.83 0.76 0.085

O1 0.88 0.77 0.004

O2 0.75 0.75 0.000

Paired samples t-test between corrected (C) and uncorrected (UC)

EEG

The P-value represents the significance of the difference between

corrected and uncorrected EEG
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GBP and could be enhanced in AD. The latter point

together with the fMRI data suggests that the so-called

default mode is more active in AD and that this involves

the gamma band. Increased default activity might be rela-

ted to decreased cortical inhibition in AD. Decreased

inhibition and hyper excitability of cortical responses in

AD has been suggested by a number of studies (Di Lazzaro

et al. 2004; Nardone et al. 2006a, b). Cortical disinhibition

and hyper excitability are often associated with dysfunction

of glutamate and GABA neurotransmission, which is a

known characteristic of AD pathology (Francis 2005). The

role of GABA and glutamate in the regulation of gamma

band has been shown in vitro and suggest glutamate as a

generator of gamma band oscillations and GABA as an

inhibitor (Whittington et al. 2000). How these neurotrans-

mitters regulate gamma band oscillations in the human

brain and how this is reflected in scalp EEG is however not

clear.

The present study shows a discrepancy with previous

studies that showed decreased gamma band synchroniza-

tion in AD (Koenig et al. 2005; Stam et al. 2002). This

decrease in gamma band synchronization can be

explained by the loss of long distance corticocortical

connections that characterize AD. A study by Stam et al.

(2006) showed impaired synchronization of the gamma

band especially in the long distance connections. The

results from the current study showing increased local

GBP in AD suggest that the local networks are preserved.

Increased local GBP might therefore reflect a compensa-

tion mechanism for decreased long distance connectivity.

In the present study, synchronization was not calculated

but the higher GBP might represent impaired information

integration between different brain areas. Whether there is

a relation between GBP and synchronization is dependent

on the method used to calculate synchronization (Pereda

et al. 2005). For future research it would be interesting to

compare synchronization and power data in the same

study sample.

In the current study we were not able to show a dif-

ference in GBP between the MCI and control group.

Since ADAS-cog separated these two groups significantly

it can be concluded that this is not the result of a small

difference in cognitive status. The lack of a statistical

difference may be related to the fact that MCI is an

ambiguous construct of which the criteria include a het-

erogeneous population (Visser and Brodaty 2006). This

might explain that there is no difference between the MCI

and control groups. Nevertheless, was there a non-sig-

nificant trend towards a difference between MCI and

controls that was in line with our hypothesis that the GBP

in the MCI group would be in between the GBP of the

AD and control group.

Conclusion

Our results suggest that GBP is a reproducible measure that

is able to differentiate AD patients from MCI and control

subjects. Whether induced GBP measured during ongoing

activity is a valid method needs to be substantiated by

future research.
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