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Abstract

Mild cognitive impairment is sometimes regarded as related to aging. However, statistically every
second case turns into full dementia, which still is resistant to any treatment. It is therefore desir-
able to recognize deviations from normality as early as possible. This might be feasible by using
quantitative EEG analysis in the presence of mental work. The present retrospective data analysis
revealed a new quantitative biomarker indicating the degree of impairment. Current source den-
sity was calculated from 16 channel EEG using CATEEM® software. Four different conditions were
analyzed: relaxed state, performing a d2-concentration test, a calculation performance test and a
memory test for 5 min each. Subjects older than 40 years were divided into two groups according
to their DemTect score: 13 - 18 (HC; n = 44) or 8 - 12 (MCI; n = 45). Spectral power was chopped
into six frequency ranges (delta, theta, alpha 1, alpha 2, beta 1 and beta 2). Average spectral power
was enhanced in the MCI group in comparison to healthy subjects with respect to delta (p = 0.05)
during relaxed state when all electrode positions were regarded. With respect to EEG recording
during performance of three different psychometric tests it was recognized that mainly spectral
changes during performance of the d2-concentration test were related to mild cognitive impair-
ment. With regard to all electrode positions statistically significantly lower spectral power values
were reached during the d2-test for delta (p = 0.001), theta (p = 0.0001) and alpha 1 waves (p =
0.08) in impaired subjects in comparison to healthy subjects. Regarding regions of interest in-
creases of delta and theta power were seen in the fronto-temporal brain during performance of
the d2-concentration test. These increases disappeared when looking at MCI data. In the cen-
tro-parietal region decreases of alpha and beta 1 power emerged, which were even larger in MCI
subjects. No MCI-dependent changes were observed in the other two tests. A correlation was found
between psychometric performance of the d2-test and the DemTect score (r = 0.51). MCI subjects
had statistically significant worse performance in all three mental challenges in comparison to
healthy volunteers. It is concluded that MCI can be characterized at an early stage by EEG record-
ing in the relaxed state. High spectral delta and theta power in general and specifically at fronto-
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temporal electrode positions (especially at T3) was recognized as a biomarker for MCI. A DemTect
score of 8-12 was validated as indicative for MCI.
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1. Introduction

Mild cognitive impairment is regarded as a possible transitional stage during the development of Alzheimer’s
disease [1]. According to literature about every second subject suffering from this impairment develops manifest
dementia [2]-[4]. Since progression from mild cognitive impairment to dementia occurs fluently, the problem
arises to find a quantitatively defined diagnosis of this stage in order to recognize possible parameters for the
risk of development of dementia later on. This early brain dysfunction can be described by considering three
different approaches. The first approach consists in using an interactive questionnaire like mini-mental state
(MMS [5]) or DemTect [6] [7]. The second approach is represented by use of psychometric tasks (cognitive
testing) like the d2-test for concentration, a memory test or performance of arithmetic calculations [8]. The third
approach very often is covered by a neurophysiological methodology, usually recording of quantitative elec-
troencephalography [9] [10] or biochemical parameters from cerebrospinal fluid [11]. Thus, a combination of
measurements on these three levels should be able to provide a quantitative definition of mild cognitive impair-
ment and fulfil the criteria for an early diagnosis and recognition of the risk potential. Results should also pro-
vide the quantitative base for testing of drugs or food supplements aiming at the improvement of these early
deficits.

The present investigation deals with the comparison of data from 45 healthy control subjects (HC group;
DemTect score 13 - 18) with 44 subjects rated as cognitively impaired on the base of a DemTect score between
8 and 12 (MCI group). Concomitant use of psychometric performance and current source density imaging [12]
[13] is used to validate this score range for the diagnosis of mild cognitive impairment as proposed by the
DemTect guideline in comparison to being mentally healthy. With respect to EEG, basic conditions (recording
during the relaxed eyes open condition) as well as event related EEG during performance of mental tasks [14]
are used in order to learn more on possible deficits with respect to special demands. The analysis is based on
data from 89 subjects using recordings of the first visit in the laboratory during several clinical studies (Eu-
draCT-Nr.: 2007-004753-29 and EudraCT-Nr. 2009-015827-97).

2. Methods
2.1. Subjects

Eighty-nine subjects were taken from five consecutive clinical studies. They were asked to perform an interac-
tive questionnaire developed for recognition of mild cognitive impairment (DemTect) before they entered the
study consisting of a combined technology of EEG recording in the presence of mental performance of three
different psychometric tasks. VVolunteers were grouped according to the proposal of the developers of the test
and according to the validation results published. Subjects having a score from 8 - 12 were assembled into the
cognitive impaired group (MCI), those scoring higher from 13 - 18 were taken as healthy control group (HC).
Both groups were compared with respect to electric power under the different recording conditions and with re-
spect to psychometric performance.

2.2. Experimental Procedure

Subjects (HC group 17 male/27 female, average age 50.5 and 47 years, respectively; MCI group 25 male/20 fe-
male, average age 58.1 and 56.6 years, respectively) were sitting alone in a quiet separate room in a comfortable
easy chair. The light was dimmed. Baseline recording of 6 min under the condition of eyes open was followed by
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the performance of the d2-test, a mathematical calculation task and a memory test. All experiments took place at
the same time of the day (starting at 8 am).

2.3. EEG Recording

The EEG was recorded bipolarly from 17 surface electrodes according to the international 10/20 system [15]
against a common average reference calculated from Cz against all other electrodes as proposed by Lehmann [16]
(Computer aided topographical electroencephalometry: CATEEM® from MEWICON CATEEM-Tec GmbH,
A-4164 Schwarzenberg, Austria) using an electrocap. EEG recording was performed as reported earlier [17].
Setting was kept constant for each individual throughout the experiment.

2.4. Current Source Density Analysis

In this study the EEG was processed not in the potential mode based on voltage [18], but in a surface charge mode
obtained by Laplacian estimates also known as current source density analysis (CSD), [12] [13]. Charge is the 2"
derivation of the potential and gives the curvature of the potential curve according to space. Under the condition of
using a homogenous, steadily conducting medium surface charge mode provides the source density of the electric
flow on the cortex surface. Whereas the EEG in the potential mode tends to produce a more extensive and diffuse
picture of changes, Laplacian estimate acts as a spatial filter emphasizing local sources over distant sources (for
review see [19]). There is a sharply contrasted display of cortex areas with highly activated generators in the depth
of the brain and brain areas with less intensely working generators. Harmony et al. [12] were able to demonstrate,
that spectral parameters obtained from the CSD showed higher correlations with computer tomography measures
than those calculated from the potential mode of the EEG. We therefore used this methodology in order to describe
the focal changes of brain activity.

Brain Imaging was achieved by conversion of numerical values of spectral EEG power into spectral colours and
additive colour mixture according to RGB as used in TV settings [20]. Data acquisition and analysis were carried
out simultaneously and provide topographical maps displayed on-line on the computer screen. The maps show the
relative, time averaged changes of electrical brain activity of each recording condition during mental work in % of
the reference period during relaxation with open eyes.

2.5. Psychometric Testing

The d2 attention test is a well-known standardized validated test. Number of correct answers and number of
lines were evaluated as performance index including quality and quantity of answers. Arithmetic test (Concen-
tration Performance Test (CPT) was carried out as described by Diker and Lienert, [8]. Number of solved tasks
and correctness gave a performance index. The memory test was applied according to the following schema: a
combination of 8 numbers and/or letters (for example: (Dv8L30PX) was presented on the screen for 4 s. After
this no information was given for 10 s. Finally, a fourfold multiple choice including the correct answer was pre-
sented for decision. Number of tasks and correctness were evaluated to give a performance index. Each test was
presented for 5 minutes. The row of order was kept constant for the sake of direct comparisons of the results
under identical conditions.

2.6. Statistics

Since EEG data are not normally distributed, the non-parametrical Wilcoxon test was chosen for comparison
between the two groups. Data were averaged for each of the recording periods of 5 minutes during eyes open
and the different challenges (i.e. in separate for each psychometric test). Statistics gave p values, which are pre-
sented at the appropriate site. The absolute power values under the recording condition “eyes open” were taken
as reference values and set to 100% when psychometric tests were performed. Thus, possible physiological
changes during test performance are given in % of these reference values.

In order to differentiate results from healthy subjects and those suffering from mild cognitive impairment data
were fed into linear discriminant analysis according to Fischer. Results from the first three discriminant func-
tions were depicted in space (x, y and z coordinates). Results from the 4™ to 6" functions were transformed into
colour according to the RGB mode (like in TV).
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3. Results
3.1. Electric Power during the Recording Condition “Eyes Open”

Comparison of the absolute electric power values with respect to all 17 electrode-positions of the source density
EEG of subjects with mild cognitive impairment (MCI; n = 45) with the healthy control group (HC; n = 44) re-
vealed massive differences. Higher values of electric power at single electrodes were generally seen in the group
of subjects with MCI in comparison to healthy subjects. Global median values regarding all electrode positions
were higher in MCI subjects than in HC subjects but did not reach such high statistical significance as with re-
spect to delta (Table 1).

Table 1. Absolute power values for each electrode position under the recording condition of “eyes open” in relaxed posi-
tion for every frequency range from delta, through theta, alpha 1, alpha 2, beta 1 and beta 2. Electrode positions: C = cen-
tral, P = parietal; F = frontal; T = temporal; O = occipital. Even numbers represent the right hemisphere, uneven numbers
the left hemisphere. Statistically significant differences with respect to median values regarding all electrodes from healthy
subjects (HC; n = 44) in comparison to individuals with mild cognitive impairment (MCI; n = 45) are marked by stars be-
fore the number. “ = p < 0.05; “ = p < 0.01; " = p < 0.001.

Eyes Open [uV?]

Electrode Delta Theta Alpha 1 Alpha 2 Beta 1 Beta 2

HC MCI HC MCI HC MCI HC MClI HC MCI HC MCI
Cz 2.71 323 058 0.58 0.55 0.66 03 056 062 067 089 1.15
Fz 3.03 329 072 0.74 0.74 0.86 049 067 067 078 096 133
F3 293 389  0.64 0.81 0.76 0.97 051 066 1.04 117 208 249
C3 210 365 052 0.56 0.58 0.77 0.63 1.04 124 140 176 204
P3 171 221 042 0.40 0.52 0.63 048 065 08 072 077 063
Pz 2.49 248 054 0.53 0.58 075 052 069 067 070 066 062
P4 1.73 217 035 0.42 0.44 055 044 073 076 071 073 074
c4 2.36 289 050 0.55 0.57 078 070 1.04 139 145 196 231
F4 3.52 412 0.72 0.78 0.86 0.91 0.62 082 111 133 260 375
F7 7.07 1059  1.39 1.41 1.38 1.79 1.15 142 198 187 475 3.16
T3 4.16 462  0.88 0.89 1.22 1.31 1.23 132 244 178 336 3.10
T5 3.19 3.79 1.10 0.96 1.74 1.51 1.37 125 207 170 184 134
o1 310 5.8 0.73 “0.88 0.68 1.17 070 "0.99 130 160 1.85 265
02 400 7546 079 0.86 0.90 0.91 0.87 110 149 183 220 240
T6 3.07 288 077 0.69 1.14 1.51 1.04 136 18 150 172 1.70
T4 3.79 412 093 0.89 1.20 1.38 1.18 111 237 213 331 335
F8 784 1188 157 1.60 1.61 1.92 1.42 140 267 201 618 3.66

global median 3.14 3.62 0.71 0.74 0.83 0.91 0.75 0.86 1.33 1.43 181 192
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3.2. Spectral Power during Performance of the d2-Concentration Test

Regarding the median of all electrode positions during performance of the d2-concentration test statistically dif-
ferent values for the MCI subjects in comparison to healthy control were obtained when recordings in the re-
laxed state were taken as reference (100%). Highest statistical significance for the difference between the
healthy and the cognitively impaired group is reached in the delta (p < 0.001) and theta frequency range (p <
0.001). But also lower values for alpha 2 power (p < 0.08) were seen during this challenge. Lower spectral pow-
er in the alpha 1 frequency range did not reach statistical significance. No statistically significant differences
between MCI subjects and healthy controls were observed with the calculation performance test (CPT) or the
memory test (Table 2).

During performance of the d2-test healthy volunteers (HC-group) were able to increase fronto-temporal delta
and theta power taking the recording condition “eyes open” as reference (100%). Highest statistical significance
was reached by increases of theta power in frontal and temporal areas of the brain as documented in Figure 1 by
statistical analysis for each location in separate. At the same time attenuation of electric power were observed
with respect to alpha waves mainly in central areas of the brain.

d2-Test/Eyes Open

ASC, ASF. A3F3 ASC3 APP3 ASP. ABP4 ASCs ASF4 ASF7 AST3 A3Ts AS0; AS02 A®Tg AST4 A%Fg 180%
o

x iis EO

mcr = bl uHhHhH"'J_JHI_J' plial =,

Figure 1. Documentation of statistically significant differences in healthy subjects in comparison to subjects
suffering from MCI with respect to every single electrode position under the recording condition of the d2-test.
Statistically significant differences between HC and MCI are documented by stars. Brain maps were con-
structed using the recording condition eyes open as reference. Differences are shown between healthy subjects
(HC) and subjects with mild cognitive impairment (MCI) during performance of the d2-test. Please note
fronto-temporal brightening in the left hemisphere (right side of upper map) in healthy people compared to
lack of such feature in mild cognitive impairment (lower map).

*p<0.05;**p<0.01;***p<0.001
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Opposite to this, subjects diagnosed to have MCI according to “DemTect” score produced significant less
electric power regarding delta and theta frequencies during performance of this test. Differences in changes of
power with respect to single electrode locations are depicted in Figure 2 for the HC control group (upper panel)
and the MCI group (lower panel), respectively. Statistical significance is given in the lower part for each loca-
tion of recording.

During the course of brain research it has become obvious that electric activity depends on the region where
one looks at. Different mental challenges have been recognized to induce quite different patterns of electric ac-
tivity. This is also seen during performance of a concentration test (Figure 1). Under this recording condition
eminent higher delta spectral power values are observed at parietal areas (electrode positions Pg,4) as well as
delta and theta spectral power in fronto-temporal areas represented by the electrode positions F;,g,, and T3,4. In
MCI subjects these increases disappear nearly completely in a highly statistically significant manner. In addi-
tion, alpha waves are depressed in the parietal region during the d2test. This decrease became even more pro-
nounced in mentally impaired subjects. This difference also becomes visible when looking at the electric maps

Spectral Power d2 - Test/Eyes Open Spectral Power d2 - Test/Eyes Open
Fz,7,8 T3,4 [%] z P3,4
150+

[%]
1504

140+ 140+

1304 130+

1204
1204

1104}
110+ ‘
100+ |
100 -
904
90+ .
o]
80+ 20d)

70+ 60

Delta
EHC BMCI

Theta Alphal Alpha 2 Beta 1l Beta 2

60~

Theta Alphal Alpha 2 Beta 1 Beta 2 *p<0.05; **p<0.01; ¥**p<0.001

Figure 2. Differences in spectral EEG power between healthy subjects (HC) and subjects suffering from
mild cognitive impairment (MCI) with respect to two regions of interest (ROI) when performing the
d2-concentration test. Data from the relaxed state are taken as reference. Fronto-temporal region is

represented by the electrode positions F,,7,3 and centro-parietal region is represented by the positions C,
and P3, 4.

Table 2. Differences of frequency changes (test condition in % relative to eyes open condition) between healthy subjects
(HC) and the MCI group are given for each psychometric test as median values taking all electrode positions in considera-
tion. Statistical significance is given as p-values for the comparison between healthy people (HC) and subjects suffering
from mild cognitive impairment (MCI).

d2-Test/Eyes Open [%0]

Delta Theta Alpha 1 Alpha 2 Beta 1 Beta 2
HC MCI HC MCI HC MCI HC MCI HC MCI HC MCI
global median 116.26 98.41 11067 99.66 93.77 8874 86.82 76.67 88.07 81.75 118.80 100.54
p< 0.001 0.001 0.076
CPT/Eyes Open [%]
Delta Theta Alpha 1 Alpha 2 Beta 1 Beta 2
HC MCI HC MCI HC MCI HC MCI HC MCI HC MCI
global median  117.49 11391 102.32 106.54 90.32 81.79 80.66 72.70 85.53 86.86 98.19 103.84
p<
Memory/Eyes Open [%]
Delta Theta Alpha 1 Alpha 2 Beta 1 Beta 2
HC MCI HC MCI HC MCI HC MCI HC MCI HC MCI
global median 116.60 98.50 97.72 8891 88.08 81.03 90.39 7568 9232 90.30 101.95 94.97
p<

calculated for both groups (Figure 1). Due to the absence of theta power a large difference is seen in fronto-
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temporal areas. Thus, under the recording condition “d2-concentration test” massive differences with respect to
spectral power in fronto-temporal and parietal brain regions are visible. The numerical values for these two re-
gions of interest are given in separate as median of the respective fronto-temporal and parietal electrode posi-
tions (Figure 2).

3.3. Electric Power during the Recording Condition “CPT”

During performance of the calculation-performance-test (CPT) healthy volunteers were able to increase frontal
delta and theta power in comparison to the recording condition “eyes open” (set to 100%). As depicted in the
middle bar chart of Figure 3, electrode locations F;, Fg, Ts and T show increases of delta and theta power. With
respect to this hardly a difference was observed in cognitively impaired volunteers. However, when looking at
the brain map depicted in Figure 3, left frontal increases of slow power were attenuated in mildly impaired sub-
jects. Despite the impression of lower production of delta and theta waves in the impaired group (as also docu-
mented in Figure 4) this difference was not statistically significant. The same is true for beta power. Global

CPT/Eyes Open

ASC, ASF. ASF3 ASC3 ASP3 AP, ASP4 ASCy ASF4 ASF7 AST3 A®Ts AS0; AS02 A®Tg AST4 ASFg

180%
Ref.

ve GlEEEEEnebEaatiahl 2

ASC, ASF, ASF3 APC3 APP3 ASP, AP4 ASCs ASFa ASF7 AST3 ASTs AS0; A202 A%Te AST4 AdFg ROC,
(]

o 1] ] ST | | [ ] I"_-‘ﬂ'_il_di_‘l_‘h

- *p<0.05,

Figure 3. Documentation of statistically significant differences in healthy subjects in comparison to subjects
suffering from MCI with respect to every single electrode position under the recording condition of the calcu-
lation performance test (CPT). Statistically, significant differences between HC and MCI are documented by a
star. Brain maps constructed using the recording condition eyes open as reference. Differences are shown be-
tween healthy subjects (HC) and subjects with mild cognitive impairment (MCI) during performance of the
d2-test. Please note that only marginal differences between healthy people subjects suffering from mild cogni-
tive impairment are seen.
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Spectral Power CPT/Eyes Open
[%] Fz,7,8 T3,4

150+
140+
130+
120+
110+
100+
90+
80+

70+

60~

Delta Theta Alphal Alpha 2 Beta 1 Beta 2
Spectral Power CPT/Eyes Open
[%] Cz P34

1504

1404

130+

1204

110+

100+

90

80

70+

60-

Theta Alphal Alpha 2 Beta 1

EIHC EIMCI

Delta

Figure 4. Differences in spectral EEG power between healthy
subjects (HC) and subjects suffering from mild cognitive im-
pairment (MCI) with respect to two regions of interest (ROI)
when performing the calculation performance test. Data from
the relaxed state are taken as reference. Fronto-temporal region
is represented by the electrode positions F,,g and cen-
tro-parietal region is represented by the positions C, and Ps,,.

median values of electric power with regard to all electrode positions during the performance of the calculation
test are given in Table 2 (middle part). Despite some further reduction of alpha 1 and alpha 2 power in mildly
impaired subjects this difference in comparison to healthy subjects did not become statistically significant.

This result is underlined by the spectral changes as observed in the two regions of interest. Despite some low-
er value with respect to alpha 1 power in mildly impaired subjects, the difference did not become statistically
significant as depicted in Figure 4.

3.4. Electric Power during the Recording Condition “Memory Test”

During performance of the memory test, healthy volunteers were able to increase frontal delta power (F7,g) and
to some extent also theta power in comparison to the recording condition “eyes open” (set to 100% in Figure 5).
A similar feature was observed in cognitively impaired volunteers. But with respect to delta and theta spectral
power cognitively impaired subjects produced somewhat less spectral power (bar chart in the middle of Figure
5). Electric maps in mildly impaired subjects reveal less red colour in the frontal brain due to some but statisti-
cally not significant delta decreases. Differences between healthy controls and impaired subjects are also ob-
vious from the regions of interest in Figure 6. Obviously, the lower spectral delta power is statistically not sig-
nificantly different between the two groups. However, alpha 2 spectral power was significantly less in impaired
subjects. When regarding global median values (calculated from all electrode positions) also a tendency of at-
tenuation of alpha 2 spectral power emerged, but which did not become statistically significant at this global

measurement (Table 2).
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Memory/Eyes Open

..‘

ASC, ASF, ASF3 ASC3 APP3 APP, APP4 APC4 ASF4 ASF7 APT3 APTs A20; A202 A®Tg ART4 ARFg

180%
Ref.
EO

Figure 5. Documentation of statistically significant differences between healthy subjects and subjects suffering
from MCI with respect to every single electrode position. Statistically significant differences between HC and
MCI subjects are documented by stars. Brain maps are constructed using the recording condition eyes open as
reference (100%). Differences are shown between healthy subjects (HC) and subjects with mild cognitive im-
pairment (MCI) during performance of the memory test. Please note only marginal differences between healthy
people and subjects suffering from mild cognitive impairment.

Spectral Power Memory/Eyes Open Spectral Power Memeory/Eyes Open
[%] Fz,7,8 T3,4 [%] Cz P34
150+ 150+
1404 1404
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110+
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70 60
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Theta Alphai Alpha 2 Betal Beta 2 HC BIMCI

60~

Delta *p<0.05

Figure 6. Differences in spectral EEG power between healthy subjects (HC) and subjects suffering from mild cogni-
tive impairment (MCI) with respect to two regions of interest (ROI) when performing the memory test. Data from the
relaxed state are taken as reference (100%). The frontotemporal region is represented by the electrode positions F,,7,g
and the centroparietal region is represented by the positions C, and Pg,4.

@
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3.5. Comparison by Means of Discriminant Analysis

Discriminant analysis is a mathematical tool, which allows statistical evaluation of a large set of parameters.
Since this quantitative EEG analysis consists of 102 parameters (17 electrode positions x 6 frequency bands)
absolute spectral power data from all participants of the studies were fed into this type of analysis. As is docu-
mented in Figure 7 healthy controls and impaired subjects can be discriminated from each other with respect to
all 4 recording conditions. It is also obvious that the different recording conditions lead to different types of
electric brain states. For example the state of “eyes open” can easily discriminated from the state during perfor-
mance of these psychometric tests.

Figure 7. Documentation of results of discriminant analysis for both groups of subjects
(HC = healthy controls; MCI = mild cognitive impairment) with respect to perfor-
mance of psychometric tests and the recording condition relaxed state with “eyes
open”. Results from the first three discriminant functions are depicted in space (x, y
and z coordinates). Results from the 4™ to 6™ discriminant functions are depicted using
the RGB mode (additive colour mixture of red, green and blue for the result of each
function). Single test conditions are marked by arbitrarily brightening.

3.6. Evaluation of Psychometric Results

Psychometric performance was documented for each of the three mental tests according to the definition given
under “Material and Methods”. As described in Table 3 performance of cognitively impaired subjects was al-
ways significantly lower in all three tests with respect to an index calculated on the base of quality and quantity
of the answers.

In addition, a statistically significant correlation was observed between the psychometric performance during
these tests and the score of the “DemTect”. These data confirm the cognitive impairment as indicated by the
“DemTect” score, since a correlation was observed between the DemTect score and these psychometric results
(r=0.53; p=0.000001) as depicted in Figure 8.

Table 3. Result for psychometric testing (details under material and methods). Mean values
and deviation are given besides the statistical significance (p-values) on the left side.

Mean HC SEM HC Mean MCI SEM MCI Statistical Significance

d2-test 11.20 0.48 8.21 0.43 p < 0.0001
CPT 4.46 0.59 2.93 0.49 p <0.03
Memory 10.38 0.49 8.36 0.64 p <0.02

@
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Figure 8. Statistically significant correlation between DemTect score
values and psychometric performance in the d2-test. The rank correla-
tion value according to Spearman is given with statistical significance.

4. Discussion

Two groups of subjects as defined according to the result of the interactive DemTect questionnaire already dif-
fered with respect to absolute voltage in the delta frequency range providing higher values for the MCI group.
Largest differences were seen in frontal delta and theta power (electrode positions F; and Fg). This feature of
higher delta and theta power has been reported using the same methodology for demented patients in compari-
son to normal aged matched controls [21]. Other authors also have recently documented higher delta values for
subjects suffering from mild cognitive impairment in comparison to healthy volunteers and reported on further
alterations typical for those seen in Alzheimer’s disease [22]. Higher power in the delta frequency range indi-
cates lower activity of the cholinergic transmitter system [23]. In animal lesion studies, increased delta activity
has been reported after destruction of the Nucleus Basalis [24], the main production site of acetylcholine [25]. A
comparison of cortical source EEG with MR-based measurements of lobar brain volume (white and grey matter)
revealed a negative correlation between the frontal white matter and the amplitude of the delta sources across
MCI and Alzheimer subjects (AD), which support a transition hypothesis of brain structural and functional con-
tinuity between MCI and AD [26].

Changes of delta and theta waves were also related to pathological changes in cholinergic brain regions. A
significant increase of these frequencies was found in patients with the highest total cholinergic burden as well
as in patients with highest capsular pathway damage [27]. Abnormal high frontal delta waves under basic re-
laxed recording conditions can therefore be regarded as indicative for a biochemical and pathological brain
dysfunction involving the cholinergic transmitter system.

This also applies to theta waves, which also have been reported to be significantly higher in demented patients
than in controls and related to decreased performance in all cognitive domains [28]. In this analysis increase of
theta power was observed in most of the brain regions and the difference between the MCI group and the
healthy control group (HC) was however not statistically significant with respect to global median values. Very
strong evidence for theta power increase as indicator for cognitive decline comes also from longitudinal studies
in normal elderly with subjective complaints [1]. With respect to EEG frontal theta power a negative linear cor-
relation was reported to hippocampal volumes for patients suffering from MCI or AD compared to control also
indicating fluent transitions for these diseases [29]. These data clearly contradict impressions from nuclear
magnetic resonance pictures suggesting only one frontal brain area to be involved in cognitive function. In addi-
tion, electric features of brain activity recorded under different performance conditions provide evidence for the
involvement of different transmitter activities within different brain regions. There is evidence that theta waves
are under the control of the norepinephrine alpha 2 receptor [30]. Also changes of beta frequency ranges have
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been used to successfully predict the clinical status of subjects with MCI over a two years period [31]. However,
changes of beta activity did not become statistically significant in my analysis.

Thus, EEG source density measurements in the presence of a relaxed state confirm deviations of electric
power within several frequency ranges reported in the literature so far. But like an engine can only be tested un-
der load, brain function should be tested also under “mental” load in order to characterize possible dysfunctions
in a more relevant manner. This is possible by recording the EEG in the presence of cognitive performance. Us-
ing a battery of different psychometric tests it was recognized long ago that frontal delta and theta power in-
crease under those conditions in healthy volunteers and were related to the difficulty of the task [14]. Interes-
tingly, it was then observed, that demented patients were only able to produce power increases, which were sig-
nificantly lower than those observed in age matched healthy controls [32]. At the same time a significant corre-
lation was recognized to the severity of the disease as indicated by the interactive questionnaires MMS and
ADAS. The present analysis reveals a similar picture. All three psychometric tests induced fronto-temporal in-
creases of delta and theta power in healthy controls. Increases of fronto-central electric theta power have also
been observed during other memory demands [33]. Reflection of cognitive and memory performance in the
EEG has also been described in detail by others. For example, retrieval of lexical semantic information was
linked to theta increases [34]. Furthermore, it was suggested that the encoding of new information is reflected by
theta oscillations in hippocampal-cortical feedback loops, whereas search and retrieval processes in (semantic)
long-term memory are reflected in upper alpha (alpha 2) oscillations in thalamo-cortical feedback loops [35].
According to animal data alpha 2 frequencies are under the control of dopamine.

In the group of mild cognitive impairment, however, performance of the d2-test led to considerable smaller
increases of delta and theta power. Similar results were described for individuals with mild cognitive impair-
ment in the literature [36]. As already recognized in demented patients and confirmed by a correlation analysis
between basic theta and event related induced theta [32] this lacking production of fronto-temporal theta waves
presumably derives from too high baseline values during the relaxed eyes-open condition. There is obviously a
ceiling effect, which prevents further increase of theta power after reaching a physiologically limited maximum.
Interestingly, low performance in attention testing was reported to be associated with reduced grey matter den-
sity of the left inferior frontal gyrus [37]. In demented patients under the condition of mental load, theta changes
were related to the MMS questionnaire. In subjects suffering from mild cognitive impairment a close correlation
between theta changes and the score of the DemTect is now observed. This parallel feature speaks in favor of
fluent transient states from being healthy via mild cognitive impairment to dementia. But, according to the lite-
rature only about every second individual suffering from a decline in cognition develops dementia. In summary,
there is compelling evidence, that this change in theta power reactivity can be taken as an indicator for decline
of cognition. A longitudinal analysis of future recordings from our subjects will tackle this question.

It can be concluded from our data, that deficits in concentration seem to be the first and most important sign
of mild cognitive impairment represented by aberrations in theta activity, followed by already some deficits in
memory recognized by deviations in alpha 2 reactivity, whereas arithmetic deficits are not so obvious at this
early stage of cognitive impairment. In summary, cognition is a rather complex process, which involves several
parts of the brain with increases of electric power in frontal delta and theta waves but also decreases of power in
central alpha 2 waves governed by different neurotransmitters. Which of the differences between healthy and
mildly impaired subjects are indicative for final development into dementia will hopefully be discovered in fu-
ture longitudinal studies. But we have now clear neurophysiological parameters to follow in future measure-
ments.

5. Conclusion

The present analysis of current source density of the EEG resulted in the detection of quantitative parameters,
which are suitable to diagnose mild cognitive impairment at a very early stage. Lower production of theta waves
during performance of the d2-test as paper pencil version seems to be the most sensitive neurophysiologic indi-
cator of a cognitive decline. This parameter can now also be used as a non-invasive biomarker for early diagno-
sis and for testing new drugs aiming at the prevention of development of MCI into dementia.
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