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Abstract
Objective. Diabetes mellitus (DM) causes structural central nervous system (CNS) impairment, and this situation can be detected
by quantitative electroencephalography (QEEG) ﬁndings before cognitive impairment is clinically observed. The main aim of this
study is to uncover the effect of DM on brain function. Since QEEG reﬂects the CNS functioning, particularly in cognitive aspects,
we expected electrophysiological clues to be found for prevention and follow-up in DM-related cognitive decline. Since a majority
of the psychiatric population have cognitive dysfunction, we have given particular attention to those people. It was stated that a
decrease was observed in the posterior cortical alpha power due to the hippocampal atrophy by several previous studies and we
hypothesize that decreased alpha power will be observed also in DM. Methods. This study included 2094 psychiatric patients, 207
of whom were diagnosed with DM and 1887 of whom were not diagnosed with DM, and QEEG recordings were performed.
Eyes-closed electroencephalography data were segmented into consecutive 2 s epochs. Fourier analysis was performed by averaging across 2 s epochs without artifacts. The absolute alpha power in the occipital regions (O1 and O2) of patients with and
without DM was compared. Results. In the DM group, a decrease in the absolute alpha, alpha 1, and alpha 2 power in O1 and
O2 was observed in comparison with the control group. It was determined that the type of psychiatric diagnosis did not affect
QEEG ﬁndings. Conclusion. The decrease in absolute alpha power observed in patients diagnosed with DM may be related to the
CNS impairment in DM. QEEG ﬁndings in DM can be useful while monitoring the CNS impairment, diagnosing DM-related
dementia, in the follow-up of the cognitive process, constructing the protocols for electrophysiological interventions like neurofeedback and transcranial magnetic stimulation and monitoring the response to treatment.
Keywords
diabetes mellitus, quantitative electroencephalography, cognitive impairment
Received August 19, 2020; revised October 28, 2020; accepted November 10, 2020.

Introduction
DM is a common disease, in which chronic hyperglycemia is
observed and which is known to have adverse effects on all
body systems.1 According to the World Health Organization,
at least 171 million people worldwide are diagnosed with
DM.2 Cooccurrence of DM and psychiatric disorder has been
established in clinical as well as general population studies.3
Chronic hyperglycemia is known to be associated with neuronal damage and dysfunction.4 Severe peripheral, autonomic,
and central neuropathies develop in patients diagnosed with
DM in the long term.2 In comparison with individuals
without the disease, a 1.5-time increase in the risk of cognitive
impairment and a 1.6-time increase in the risk of dementia were
demonstrated in patients diagnosed with DM.5
Brain atrophy, especially observed in the hippocampus, is
known to be associated with cognitive impairment.6 It was
demonstrated that hippocampal atrophy and neuronal loss
occur in DM7-9 and this hippocampal atrophy occurs before
cognitive impairment is clinically observed.10

The hippocampus is the main source of the rhythmic activity
in electroencephalography (EEG).11-13 EEG rhythms reﬂect the
underlying brain network activity.14 In particular, EEG alpha
rhythm studies may display the relationship between the structure and function of these brain networks.15 Alpha rhythms are
mainly regulated by thalamocortical and cortico–cortical interactions,16-18 and their maximal amplitude is on the occipital
cortex.19-22 Previous resting-state EEG studies conducted in
DM showed changes in spontaneous brain oscillations.23
In QEEG studies conducted in patients diagnosed with DM,
while an increase in slow-wave activity (delta and theta) was
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demonstrated in the fronto-central regions, a decrease in highfrequency activity (alpha, beta, and gamma) was detected in
the posterior and temporal regions.24-26 In another study, a
linear correlation was detected between the magnitude of
alpha 1 oscillations in the occipital, parietal, and temporal
regions and the hippocampal volume.27
EEG rhythms can be used to assess neuronal degeneration
that occurs due to DM.14,28 These EEG changes can be detected
before tissue loss or clinical symptoms emerge. Consequently,
QEEG ﬁndings can be an early sign of the effects of DM on the
CNS.
In this study, we plan to compare the absolute alpha power in
the occipital leads (O1 and O2) of diabetic and nondiabetic
patients who applied to the psychiatry clinic. It was stated
that a decrease was observed in the posterior cortical alpha
power due to the hippocampal atrophy by several previous
studies29 and we hypothesize that decreased alpha power will
be observed also in DM. We have chosen only the occipital
alpha power in our analysis because the occipital regions
have much more artifact-free areas.30
The main aim of this study is to uncover the effect of DM on
brain function. Since QEEG reﬂects the CNS functioning, particularly in cognitive aspects, we expected electrophysiological
clues to be found for prevention and follow-up in DM-related
cognitive decline.14 Since a majority of the psychiatric population have cognitive dysfunction, we have given particular attention to those people.31

Materials and Methods
Participants
Individuals, who applied to the Kemal Arıkan Psychiatry Clinic
(a private psychiatric practice) between April 1, 2013 and
October 31, 2019 were included in this study. The participants
were divided into 2 groups, with (n = 207) and without
(n = 1887) DM diagnosis. While 207 of diabetic patients were
diagnosed with type 2 DM, 5 of them were diagnosed with
type 1 DM. In the psychiatric interview (Structured Clinical
Interview for DSM-5) all the participants were diagnosed
with psychiatric disorders (bipolar disorder, depression, panic
disorder, obsessive–compulsive disorder, schizophrenia, generalized anxiety disorder and borderline personality disorder),32
the Hamilton Depression Rating Scale (HAM-D) was applied,
and QEEG recordings were performed.

EEG Recording
The participants were informed about the procedure prior to
EEG recording. In order to reduce anxiety, the participants
were allowed to rest in a quiet room for 30 min prior to the procedure. EEG recording was performed in a soundproof, dimly
lit, and well-ventilated room. A 19-channel (FP1, F7, T3, T5,
F3, C3, P3, O1, FZ, CZ, PZ, F4, C4, P4, O2, FP2, F8, T4,
and T6) electro-cap that was compatible with each participant’s
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head measurements was properly ﬁxed to the head of each participant. Electro-gel was used between the electrodes and the
scalp to increase conductivity and the signal-to-noise ratio. A
sufﬁcient amount of gel was applied to each electrode area
using a blunt tip injector. The ground electrode was placed in
the FPz position. Reference electrodes were extra electrodes
attached with EEG paste to both earlobes, which had ﬁrst
been cleaned with cleansing gel and alcohol.
A vertical electrooculogram (EOG) and horizontal EOG
were recorded to determine simultaneous eye movements in
EEG imaging; the Ag–AgCl disk electrodes used for this
purpose were attached to the relevant area using the EEG
paste and ﬁxed to the area with a plaster. Following these procedures, all electrodes were checked for impedance, and additional electro-gel was used, as necessary. EEG recording was
initiated when impedances were <5000 Ω. EEG recordings
were made using a Neuron-Spectrum-4/P device, and only
while the participants were at rest; no activation method was
applied. The participants were instructed to sit comfortably,
remain awake, and blink as little as possible during EEG
recording.

Data Conditioning
Neuron-Spectrum.NET software was used for EEG impedance
measurement as follows: notch ﬁlter: on; scale: 10 mV mm–1
and sweep: 30 mm s–1. As used for standard EEG recording,
the high-pass ﬁlter was set to 0.5 Hz and the low-pass ﬁlter
was set to 70 Hz. The EEG range was reinforced using a 0.5
to 70 Hz bandpass ﬁlter, with the resistance of the electrodes
set at <5000 Ω, and the sampling rate was 250 Hz. All EEG
recording data were transferred to a computer hard drive.
EEG recordings were made with the participants’ eyes open
during 2 individual 5 min periods and with their eyes closed
during 2 other 5 min periods. Eyes-closed EEG data were segmented into consecutive 2 s epochs. Epochs contaminated by
blinking, eye movements, and movement-related artifacts
were excluded from analyses by visual inspection performed
by an experienced neurologist.33

Data Analysis
Fast Fourier transform analysis was performed by averaging
across 2 s epochs without artifacts.33 Spectral analysis is a
standard method for EEG quantiﬁcation34 that facilitates determination of the distribution of power according to frequency,35
which provides information about the frequency content of a
signal. For O1 and O2 monopolar derivations, absolute (μV2)
power were calculated for the alpha (8-13 Hz), alpha 1
(8-10 Hz) and alpha 2 (10.5-13 Hz) frequency bands.35-37

Statistical Analysis
Statistical analysis was performed using IBM SPSS Statistics
for Windows v.24.0 (IBM Corp.). The age and gender
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differences between the groups were evaluated by Student’s
t-test and the chi-square test, respectively. The cases differed
in terms of age (P = .000) and gender (P = .01) (Table 1).
Performing analysis for all EEG bands or on all EEG locations may reveal a statistical fact called p-hacking.38 Studying
certain bands and certain areas was suggested to eliminate
p-hacking. Alpha rhythms are mainly regulated by thalamocortical and cortico-cortical interactions,16-18 and their
maximal amplitude is on the occipital cortex.19-22
Therefore, we preferred to investigate the occipital alpha
power in this study.
Student’s t-test was performed for the alpha bands in O1
and O2 (O1-alpha, O1-alpha 1, O1-alpha 2, O2-alpha,
O2-alpha 1, and O2-alpha 2), provided that DM was a dependent variable (α = 0.05) (Table 2). Logistic regression analysis was performed provided that alpha bands, for which a
signiﬁcant difference was determined in Student’s t-test
(O1-alpha, O1-alpha 1, O1-alpha 2, O2-alpha, O2-alpha 1,
O2-alpha 2), age, gender, the HAM-D score, and diagnosis
were independent variables, and DM was a dependent variable (Table 3).
Measurements with a P value of <20% in Student’s t-test
were subjected to logistic regression analysis,38 and in the logistic regression analysis, O1-alpha 1 and O2-alpha 1 gained signiﬁcance. In the logistic regression analysis, α = 0.00416 (0.05/12)
was taken. Since the change in 6 EEG bands, including

Table 1. Demographic Characteristics of Groups.
Gender

Group 1 (DM)
Group 2 (Control)
P value

N

Female (n)

Male (n)

207
1887

119
906

88
981
.010*

Age
Mean ± SD
42.86 ± 15.27
33.92 ± 11.69
.000*

Abbreviations: DM, diabetes mellitus; SD, standard deviation.
*A statistically signiﬁcant difference was detected between the groups in terms
of age (P = .000) and gender (P = .01).

Table 2. Comparing the Groups in Terms of Log-transformed
Absolute Power (log μV2).
EEG band

DM

Control

P

O1-alpha
O1-alpha 1
O1-alpha 2
O2-alpha
O2-alpha 1
O2-alpha 2

3.23
2.46
2.55
3.24
2.52
2.55

3.54
2.69
2.92
3.59
2.74
2.95

.036*
.135
.015*
.020*
.129
.006*

Abbreviations: EEG, electroencephalography; O, occipital; DM, diabetes
mellitus.
*Student’s t-test; the difference between the groups was found to be
statistically signiﬁcant.

O1-alpha, O1-alpha 1, O1-alpha 2, O2-alpha, O2-alpha 1, and
O2-alpha 2, according to 2 medical conditions of with/without
DM was analyzed, the current statistical signiﬁcance level was
divided into 12.
Logarithmic transformation was applied to all measurements
because the EEG data contained a high degree of skewness.
Since some EEG measurements took values of between 0 and
1, 1 was ﬁrst added to all measurements, and then they were
log-transformed. The mean, standard deviation, and standard
error values given in Student’s t-test were the transformed
values. Both Student’s t-test and logistic regression analysis
were performed with the transformed data.
In the graph, EEG values that were subjected to logarithmic
transformation were used by performing back-transformation.
Since there was transformation, it was not found appropriate
to include standard deviations in the graph.

Results
Between April 1, 2013 and October 31, 2019, 2094 people
applied to the Kemal Arıkan Psychiatry Clinic. While 207 of
these patients were diagnosed with DM, 1887 of them were
not diagnosed with DM. Of the diabetic patients, 5 were diagnosed with type 1 DM and 202 were diagnosed with type 2 DM.
Patients diagnosed with DM were deﬁned as group 1 and
patients without DM were deﬁned as group 2. The participants
(1025 women and 1069 men) were evaluated according to the
diagnoses, and it was determined that from among the patients
with bipolar disorder (n = 208) 25 were diagnosed with DM and
183 were not diagnosed with DM; from among the patients with
major depressive disorder (n = 690) 68 were diagnosed with
DM and 622 were not diagnosed with DM; from among the
patients with panic disorder (n = 245) 24 were diagnosed with
DM and 221 were not diagnosed with DM; from among the
patients diagnosed with obsessive–compulsive disorder
(n = 352) 24 were diagnosed with DM and 328 were not diagnosed with DM; from among the patients with the diagnosis of
schizophrenia (n = 115) 5 were diagnosed with DM and 110
were not diagnosed with DM; from among the patients with
generalized anxiety disorder (n = 435) 55 were diagnosed
with DM and 380 were not diagnosed with DM; and from
among the patients with borderline personality disorder (n =
49) 6 were diagnosed with DM and 43 were not diagnosed
with DM.
It was detected that the ratio of female patients in group 1
(those diagnosed with DM) was higher compared to group 2,
and the mean age was lower in this group. A statistically significant difference was found between the 2 groups in terms of age
(P = .000) and gender (P = .010) (Table 1).
When the absolute alpha power in the occipital region
between the 2 groups was compared, the O1-alpha,
O1-alpha 1, O1-alpha 2, O2-alpha, O2-alpha 1, and
O2-alpha 2 band log-transformed absolute power measurements were found to be lower in group 1 (those diagnosed
with DM). A statistically signiﬁcant difference was
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Table 3. Logistic Regression Analysis.
EEG band

B

SE

Age
Gender
Female
Male
Diagnosis
HAM-D
Type 1 DM
O1-alpha
O1-alpha 1
O1-alpha 2
O2-alpha
O2-alpha 1
O2-alpha 2
Constant

0.05

0.01

−0.30
−17.89
−0.02
−0.00
24.45
6.50
−4.01
−2.32
−7.48
4.49
2.79
3.04

0.24
40191.44
0.03
0.01
18917.48
2.32
1.22
1.51
2.59
1.36
1.65
16399.73

Wald

df

Sig.

34.97
1.56
1.56
0.00
0.50
0.11
0.00
7.87
10.86
2.36
8.33
10.95
2.89
0.00

1
2
1
1
1
1
1
1
1
1
1
1
1
1

0.000*
0.458
0.211
1.000
0.481
0.735
0.999
0.005
0.001*
0.124
0.004
0.001*
0.089
1.000

Exp(B)
1.05
0.74
0.00
0.98
0.10
41 557 229 804.65
666.85
0.02
0.10
0.00
89.22
16.35
20.94

Abbreviations: EEG, electroencephalography; O, occipital; HAM-D, Hamilton depression rating scale; B, beta; SE, standard error; df, degree of freedom;
Sig., signiﬁcance; Exp, exponential; DM, diabetes mellitus.
*A statistically signiﬁcant correlation was detected, provided that age, O1-alpha 1, and O2-alpha 1 were the independent variables, and DM was the dependent
variable.

Figure 1. Absolute power according to group (μV2).

determined between the two groups in the O1-alpha (P =
.0360), O1-alpha 2 (P = .0154), O2-alpha (P = .0201), and
O2-alpha 2 (P = .0069) bands (Table 2).
In the logistic regression analysis, it was found that the
O1-alpha 1 (P = .001), O2-alpha 1 (P = .001) band power,
and age (P = .000) variables were effective on DM; in other
words, these bands/channels were affected by DM, and the
gender, HAM-D score, and diagnostic variables were observed
to be not related to DM diagnosis. In this regard, we observe
that especially age is higher in those with DM. In logistic
regression analysis, although age included a signiﬁcant difference as expected, this signiﬁcance did not affect the signiﬁcance of O1-alpha 1 and O2-alpha 1. Type 1 DM patients did
not affect the statistical data (Table 3) (Figure 1).

Discussion
In this study, QEEG differences were investigated in terms of
resting-state occipital alpha power between patients diagnosed
with DM (group 1) and without DM (group 2). Six EEG band
power values (O1-alpha, O1-alpha 1, O1-alpha 2, O2-alpha,
O2-alpha 1, and O2-alpha 2) were found to be lower in patients
diagnosed with DM (group 1) than patients without DM
(group 2). DM is a disease that increases cognitive impairment
risk in individuals.23 Especially brain atrophy observed in the
hippocampus, which is more sensitive to glycemic control
than other brain regions,39,40 is known to be associated with
cognitive impairment.6 It was demonstrated that there was hippocampal atrophy and neuronal loss in DM7-9 and occipital
alpha power decreased in relation to hippocampal atrophy.29
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The decreased alpha power is most evident in the occipital
region.41 Occipital region is mostly an artifact-free area in
EEG recordings.30 In our study, decreased alpha power was
not attributed to any psychiatric disorder; in other words, it
was independent of diagnosis. The results suggest that occipital
alpha power may decrease as a result of hippocampal atrophy
developing in DM.
Our results are consistent with previous QEEG studies in
terms of decreased alpha power in DM.23-26,42
There are several investigations showing that DM is closely
related to cognitive decline. Brismar demonstrated that alpha
and beta power decreased in the posterior temporal regions
and slow-wave components increased in the frontal regions in
type 1 DM.26 In type 2 DM patients to whom intensiﬁed glycemic control was applied, Cooray et al23 observed an increase in
the alpha band power in the central and lateral regions, along
with the improvement in visuospatial ability and semantic
memory performance, in comparison with patients whose
regular DM treatment was maintained.
In studies investigating the QEEG ﬁndings associated with
cognitive impairment, it was demonstrated that the alpha
power decreased in those with mild cognitive impairment
(MCI),27,43-50 and that there was a decrease in parieto-occipital
alpha 1 power in Alzheimer’s disease patients.6,51
The hippocampus is one of the brain regions affected a lot by
DM,52 and it was demonstrated that there was hippocampal
neuronal loss in rats due to diabetic encephalopathy.9
Hippocampal atrophy is associated with DM-related cognitive
dysfunction.53,54 However, hippocampal atrophy occurs
before cognitive decline becomes visible.10 Hagar et al14
detected hippocampal atrophy at a rate of 37.5% in DM
patients with MCI and at a rate of 12.5% in DM patients
without cognitive impairment, and they did not observe hippocampal atrophy in the healthy controls. In 2 other studies
conducted on similar patient groups, a signiﬁcant difference
was found between DM patients with cognitive impairment
and the control group in terms of the hippocampal
volume.55,56
The strengths of our study are that the number of cases is
high, and the decreased alpha power is not attributed to any psychiatric diagnosis and replicability of the data, which were
obtained from the artifact-free regions of occipital leads.
There are many studies that demonstrate the presence of
hippocampal atrophy in DM and are consistent with each
other.7-9,53-63 However, still, the biggest limitation of our
study is that the volume of the hippocampus was not examined.
Of the diabetic patients included in our study, 5 were of type
1 DM and 202 were of type 2 DM. The rate of type 1 DM
among diabetic patients was found to be 10% in epidemiological studies.64 According to epidemiological data, our data can
be considered within normal limits in terms of the incidence of
type 1 and type 2 DM. However, type 1 DM and type 2 DM
have distinct pathophysiological effects on the CNS.65
Therefore, we showed that type 1 DM patients in our study
had no effect on statistical data.
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Neurocognitive tests were not applied to our patients.
However, it is known that hippocampal atrophy occurs before
cognitive impairment is clinically observed10 and that QEEG
ﬁndings emerge before neuropsychiatric tests deteriorate.66
The fasting blood glucose and HbA1c levels of our patients
were not evaluated. In a study conducted on the elderly population, high serum HbA1c levels were demonstrated not to be
associated with hippocampal volume loss.67 Another study
found that the temporal alpha power decrease was not associated with poor metabolic control or hypoglycemia.25 Soltesz
and Acsadi68 determined that the degree of metabolic control
did not affect EEG ﬁndings. However, in another study that followed up DM patients for 2 months by dividing them into 2
groups in which intensiﬁed glycemic control and the regular
treatment were maintained, the alpha power in the central and
lateral regions was observed to increase in the intensiﬁed glycemic control group at the end of 2 months.23 In another study
conducted on adolescents diagnosed with type 1 DM, the
decreased relative alpha power was found in patients with
high HbA1c levels.69
Lack of information about the duration of the illness is
another limitation of this study. Our groups do not match in
terms of age and gender. It is known that alpha power decreases
with age.70 There are contradictory results in the studies that
compare genders in terms of alpha power. While some
researchers did not ﬁnd a difference in terms of gender,71
there were also studies that found higher alpha power in
men72,73 and higher alpha power in women.74
Although we preferred reducing the alpha level for logistic
regression some other statistical maneuvers can be taken into
account like Bonferroni correction, which may be considered
as a limitation of this study.
In conclusion, our results demonstrate that there was a
decrease in the occipital alpha power in patients diagnosed
with DM in comparison with the nondiabetic control group.
This situation may be due to hippocampal atrophy. These
results show that QEEG ﬁndings can be useful while monitoring the CNS impairment, diagnosing DM-related dementia, in
the follow-up of the cognitive process, constructing the protocols for electrophysiological interventions like neurofeedback
and transcranial magnetic stimulation and monitoring the
response to treatment in DM. However, further QEEG studies
that support hippocampal atrophy in DM patients with objective measurements are needed.
Author Contributions
ÖÖ contributed to the conception and design and the acquisition and
interpretation, drafted the manuscript, critically revised the manuscript,
gave ﬁnal approval, and agrees to be accountable for all aspects of
work ensuring integrity and accuracy. GG contributed to the analysis,
drafted the manuscript, gave ﬁnal approval, and agrees to be accountable
for all aspects of work ensuring integrity and accuracy. MKA contributed
to the conception, critically revised the manuscript, gave ﬁnal approval,
and agrees to be accountable for all aspects of work ensuring integrity
and accuracy.

6

Clinical EEG and Neuroscience 0(0)

Declaration of Conﬂicting Interests
The authors declared no potential conﬂicts of interest with respect to
the research, authorship and/or publication of this article.

Funding
The authors received no ﬁnancial support for the research, authorship,
and/or publication of this article.

ORCID iD
Özden Öksüz

https://orcid.org/0000-0003-0529-2789

References
1. Kodl CT, Seaquist ER. Cognitive dysfunction and diabetes mellitus. Endocr Rev. 2008;29(4):494-511. https://doi.org/10.1210/er.
2007-0034
2. Wild S, Roglixc G, Green A, Sicree R, King H. Global prevalence
of diabetes: estimates for the year 2000 and projections for 2030.
Diabetes Care 2004;27(5):1047-1053. https://doi.org/10.2337/
diacare.27.5.1047
3. Balhara YPS. Diabetes and psychiatric disorders. Indian J
Endocrinol Metab. 2011;15(4):274-283. https://doi.org/10.4103/
2230-8210.85579
4. Selvarajah D, Wilkinson ID, Davies J, Gandhi R, Tesfaye S.
Central nervous system involvement in diabetic neuropathy.
Curr Diab Rep. 2011;11(4):310-322. https://doi.org/10.1007/
s11892-011-0205-z
5. Cukierman T, Gerstein HC, Williamson JD. Cognitive decline and
dementia in diabetes—systematic overview of prospective observational studies. Diabetologia 2005;48(12):2460-2469. https://
doi.org/10.1007/s00125-005-0023-4
6. van Elderen SG, de Roos A, de Craen AJ, et al. Progression of
brain atrophy and cognitive decline in diabetes mellitus: a 3
year follow up. Neurology 2010;75(11):997-1002. https://doi.
org/10.1212/WNL.0b013e3181f25f06
7. den Heijer T, Vermeer SE, van Dijk EJ, et al. Type 2 diabetes and
atrophy of the medial temporal lobe structures on brain MRI.
Diabetologia 2003;46(12):1604-1610. https://doi.org/10.1007/
s00125-003-1235-0
8. Gold SM, Dziobek I, Sweat V, et al. Hippocampal damage and
memory impairments as possible early brain complications of
type 2 diabetes. Diabetologia 2007;50(4):711-719. https://doi.
org/10.1007/s00125-007-0602-7
9. Xue HY, Jin L, Jin LJ, et al. Aucubin prevents loss of hippocampal neurons and regulates antioxidative activity in diabetic
encephalopathy rats. Phytother Res. 2009;23(7):980-986. https://
doi.org/10.1002/ptr.2734
10. Gomez-Isla T, Price JL, McKeel DWJr., Morris JC, Growdon JH,
Hyman BT. Profound loss of layer II entorhinal cortex neurons
occurs in very mild Alzheimer’s disease. J Neurosci. 1996;16(14):
4491-4500. https://doi.org/10.1523/JNEUROSCI.16-14-04491.1996
11. Cahill L, McGaugh JL. Mechanisms of emotional arousal and
lasting declarative memory. Trends in Neurosci. 1998;21(7):
294-299. https://doi.org/10.1016/S0166-2236(97)01214-9
12. Pare D, Collins DR. Neuronal correlates of fear in the lateral amygdala: multiple extracellular recordings in conscious cats. J Neurosci.
2000;20(7):2701-2710. https://doi.org/10.1523/JNEUROSCI.2007-02701.2000

13. Tsanov M, Wrigh N, Van SD, Erichsen JT, Aggleton JP, O’Mara
SM. Hippocampal inputs mediate theta-related plasticity in anterior thalamus. Neuroscience 2011;187:52-62. https://doi.org/10.
1016/j.neuroscience.2011.03.055
14. Hagar AA, Ashour Y, Abd El-Razek R, Elsamahy M, Shehab O.
Quantitative electroencephalographic changes and hippocampal
atrophy in diabetic patients with mild cognitive impairment in
Ismailia region. Egypt J Neurol Psychiatr Neurosurg. 2018;
54(1):15. https://doi.org/10.1186/s41983-018-0018-y
15. Ingber L, Nunez PL. Neocortical dynamics at multiple scales:
EEG standing waves, statistical mechanics and physical analogs.
Math Biosci. 2011;229(2):160-173. https://doi.org/10.1016/j.
mbs.2010.12.003
16. Steriade M, Llinas RR. The functional states of the thalamus and
the associated neuronal interplay. Physiol Rev. 1988;68(3):
649-742. https://doi.org/10.1152/physrev.1988.68.3.649
17. Brunia CHM. Neural aspects of anticipatory behavior. Acta
Psychol. 1999;101(2-3):213-242. https://doi.org/10.1016/S00016918(99)00006-2
18. Pfurtscheller G, Lopez da Silva FH. Event-related EEG/MEG
synchronization and desynchronization: basic principles. Clin
Neurophysiol. 1999;110(11):1842-1857. https://doi.org/10.1016/
s1388-2457(99)00141-8
19. Lorincz ML, Kekesi KA, Juhasz G, Crunelli V, Hughes SW.
Temporal framing of thalamic relay-mode ﬁring by phasic inhibition during the alpha rhythm. Neuron 2009;63(5):683-696. https://
doi.org/10.1016/j.neuron.2009.08.012
20. Hughes SW, Lorincz ML, Blethyn K, et al. Thalamic gap junctions control local neuronal synchrony and inﬂuence macroscopic
oscillation amplitude during EEG alpha rhythms. Front. Psychol.
2011;2:193. https://doi.org/10.3389/fpsyg.2011.00193
21. Saalmann YB, Pinsk MA, Wang L, Li X, Kastner S. The pulvinar
regulates information transmission between cortical areas based
on attention demands. Science 2012;337(6095):753-756. https://
doi.org/10.1126/science.1223082
22. Vijayan S, Kopell NJ. Thalamic model of awake alpha oscillations
and implications for stimulus processing. Proc Natl Acad Sci USA.
2012;109(45):18553-8. https://doi.org/10.1073/pnas.1215385109
23. Cooray G, Nilsson E, Wahlin A, Laukka EJ, Brismar K, Brismar
T. Effects of intensiﬁed metabolic control on CNS function in type
2 diabetes. Psychoneuroendocrinology 2011;36(1):77-86. https://
doi.org/10.1016/j.psyneuen.2010.06.009
24. Brismar T, Hyllienmark L, Ekberg K, Johansson BL. Loss of temporal lobe beta power in young adults with type 1 diabetes mellitus. NeuroReport 2002;13(18):2469-2473. https://doi.org/10.
1097/00001756-200212200-00019
25. Hyllienmark L, Maltez J, Dandenell A, Ludvigsson J, Brismar T.
EEG Abnormalities with and without relation to severe hypoglycaemia in adolescents with type 1 diabetes. Diabetologia 2005;
48(10):412-419. https://doi.org/10.1007/s00125-004-1666-2
26. Brismar T. The human EEG—physiological and clinical studies.
Physiol Behav. 2007;92(1-2):141-147. https://doi.org/10.1016/j.
physbeh.2007.05.047
27. Babiloni C, Babiloni F, Carducci F, et al. Movement-related electroencephalographic reactivity in Alzheimer disease. NeuroImage
2000;12(2):139-146. https://doi.org/10.1006/nimg.2000.0602
28. Steriade M, Gloor P, Llinas RR, Lopes da Silva FH, Mesulam MM.
Basic mechanisms of cerebral rhythmic activities. Electroenceph
Clin Neurophysiol. 1990;76(6):481-508. https://doi.org/10.1016/
0013-4694(90)90001-Z

Öksüz et al
29. Babiloni C, Frisoni GB, Pievani M, et al. Hippocampal volume
and cortical sources of EEG alpha rhythms in mild cognitive
impairment and Alzheimer disease. NeuroImage 2009;44(1):
123-135. https://doi.org/10.1016/j.neuroimage.2008.08.005
30. Carl C, Acik A, Konig P, Engel AK, Hipp JF. The saccadic spike
artifact in MEG. Neuroimage 2012;59(2):1657-1667. https://doi.
org/10.1016/j.neuroimage.2011.09.020
31. Millan MJ, Agid Y, Brüne M, et al. Cognitive dysfunction in psychiatric disorders: characteristics, causes and the quest for
improved therapy. Nat Rev Drug Discov. 2012;11(1):141-168.
https://doi.org/10.1038/nrd3628
32. Elbir M, Alp Topbas O, Bayad S, et al. Adaptation and reliability
of the structured clinical interview for DSM-5-disorders—clinician
version (SCID-5/CV) to the turkish language. Turk Psikiyatri
Derg. 2019;30(1):51-56. https://doi.org/10.5080/u23431
33. Bruder GE, Sedoruk JP, Stewart JW, McGrath PJ, Quitkin FM,
Tenke CE. Electroencephalographic alpha measures predict therapeutic response to a selective serotonin reuptake inhibitor antidepressant: pre- and post-treatment ﬁndings. Biol Psychiatry 2008;
63(12):1171-1177. https://doi.org/10.1016/j.biopsych.2007.10.009
34. Dressler O, Schneider G, Stockmanns G, Kochs EF. Awareness
and the EEG power spectrum: analysis of frequencies. Br J
Anaesth. 2004;93(6):806-809. https://doi.org/10.1093/bja/aeh270
35. Turk O, Ozerdem MS, Akpolat N. Determination of changes in
frequencies of EEG signal in eyes open/closed duration. Dicle
Universitesi Muhendislik Fakultesi Muhendislik Derg. 2015;6(2):
131-138. https://doi.org/10.1109/SIU.2015.7130423
36. Thatcher RW, North D, Biver C. EEG And intelligence: relations
between EEG coherence, EEG phase delay and power. Clin
Neurophysiol. 2005;116(9):2129-2141. https://doi.org/10.1016/j.
clinph.2005.04.026
37. Unal C, Natapraja RBK, Nurhayati GE, et al. Right sided lateralization of gamma activity of EEG in young healthy males. J Res
Med Dent Sci. 2018;6(5):13-19.
38. Wicherts JM, Veldkamp CL, Augusteijn HE, Bakker M, van Aert
RC, van Assen MA. Degrees of freedom in planning, running,
analyzing, and reporting psychological studies: a checklist to
avoid p-hacking. Front Psychol. 2016;7:1832. https://doi.org/10.
3389/fpsyg.2016.01832
39. Bruehl H, Wolf OT, Sweat V, Tirsi A, Richardson S, Convit A.
Modiﬁers of cognitive function and brain structure in middle-aged
and elderly individuals with type 2 diabetes mellitus. Brain
Res. 2009;1280:186-194. https://doi.org/10.1016/j.brainres.2009.
05.032
40. Hajek T, Calkin C, Blagdon R, Slaney C, Uher R, Alda M. Insulin
resistance, diabetes mellitus, and brain structure in bipolar disorders. Neuropsychopharmacology 2014;39(12):2910-2918. https://
dx.doi.org/10.1038%2Fnpp.2014.148
41. Chatrian GE, Bergamini L, Dondey M, Klass DW,
Lennox-Buchthal M, Petersen I. A glossary of terms most commonly used by clinical electroencephalographers. Electroenceph.
Clin. Neurophysiol. 1974;37(5):538-548. https://doi.org/10.1016/
0013-4694(74)90099-6
42. Mooradian AD, Perryman K, Fitten J, Kavonian GD, Morley JE.
Cortical function in elderly non-insulin dependent diabetic patients.
Behavioral and electrophysiologic studies. Arch Intern Med.
1988;148(11):2369-2372. https://doi.org/10.1001/archinte.1988.
00380110035007
43. Zappoli R, Versari A, Paganini M, et al. Brain electrical activity
(quantitative EEG and bit-mapping neurocognitive CNV

7

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

components), psychometrics and clinical ﬁndings in presenile
subjects with initial mild cognitive decline or probable
Alzheimer-type dementia. Ital J Neurol Sci. 1995;16(6):341376. https://doi.org/10.1007/BF02229172
Huang C, Wahlund LO, Dierks T, Julin P, Winblad B, Jelic V.
Discrimination of Alzheimer’s disease and mild cognitive impairment by equivalent EEG sources: a cross-sectional and longitudinal study. Clin Neurophysiol. 2000;11(11):1961-1967. https://doi.
org/10.1016/S1388-2457(00)00454-5
Jelic V, Shigeta M, Julin P, Almkvist O, Winblad B, Wahlund LO.
Quantitative electroencephalography power and coherence in
Alzheimer’s disease and mild cognitive impairment. Dementia
1996;7(6):314-323. https://doi.org/10.1159/000106897
Jelic V, Johansson SE, Almkvist O, et al. Quantitative electroencephalography in mild cognitive impairment: longitudinal
changes and possible prediction of Alzheimer’s disease.
Neurobiol Aging 2000;21(4):533-540. https://doi.org/10.1016/
S0197-4580(00)00153-6
Frodl T, Hampel H, Juckel G, et al. Value of event-related P300
subcomponents in the clinical diagnosis of mild cognitive impairment and Alzheimer’s disease. Psychophysiology 2002;39(2):
175-181. https://doi.org/10.1111/1469-8986.3920175
Grunwald M, Busse F, Hensel A, et al. Correlation between cortical theta activity and hippocampal volumes in health, mild cognitive impairment, and mild dementia. J Clin Neurophysiol. 2001;
18(2):178-184. https://doi.org/10.1097/00004691-20010300000010
Grunwald M, Busse F, Hensel A, et al. Theta-power differences in
patients with mild cognitive impairment under rest condition and
during haptic tasks. Alzheimer Dis Assoc Disord. 2002;16(1):
40-48. https://doi.org/10.1097/00002093-200201000-00006
Ferreri F, Pauri F, Pasqualetti P, Fini R, Dal Forno G, Rossini PM.
Motor cortex excitability in Alzheimer’s disease: a transcranial
magnetic stimulation study. Ann Neurol. 2003;53(1):102-108.
https://doi.org/10.1002/ana.10416
Babiloni C, Binetti G, Casetta E, et al. Sources of cortical rhythms
change as a function of cognitive impairment in pathological
aging: a multicenter study. Clin Neurophysiol. 2006;117(2):
252-268. https://doi.org/10.1016/j.clinph.2005.09.019
Zeidman P, Maguire EA. Anterior hippocampus: the anatomy of
perception, imagination and episodic memory. Nat Rev Neurosci.
2016;17(3):173-182. https://doi.org/10.1038/nrn.2015.24
Hayashi K, Kurioka S, Yamaguchi T, et al. Association of
cognitive dysfunction with hippocampal atrophy in elderly
Japanese people with type 2 diabetes. Diabetes Res Clin
Pract. 2011;94(2):180-185. https://doi.org/10.1016/j.diabres.
2011.07.002
Moran C, Phan TG, Chen J, et al. Brain atrophy in type 2 diabetes:
regional distribution and inﬂuence on cognition. Diabetes Care
2013;36(12):4036-4042. https://doi.org/10.2337/dc13-0143
Li M, Huang L, Yang D, et al. Atrophy patterns of hippocampal
subﬁelds in T2DM patients with cognitive impairment.
Endocrine 2020;68(3):536-548. https://doi.org/10.1007/s12020020-02249-w
Zhang YW, Zhang JQ, Liu C, et al. Memory dysfunction in type 2
diabetes mellitus correlates with reduced hippocampal CA1 and
subiculum volumes. Chin Med J (Engl). 2015;128(4):465-471.
https://doi.org/10.4103/0366-6999.151082
Kamiyama K, Wada A, Sugihara M, et al. Potential hippocampal
region atrophy in diabetes mellitus type 2: a voxel-based

8

58.

59.

60.

61.

62.

63.

64.

65.

Clinical EEG and Neuroscience 0(0)
morphometry VSRAD study. Jpn J Radiol. 2010;28(4):266-272.
https://doi.org/10.1007/s11604-009-0416-2
Albert MS, DeKosky ST, Dickson D, et al. The diagnosis of mild
cognitive impairment due to Alzheimer’s disease: recommendations from the National Institute on Aging-Alzheimer’s Association
workgroups on diagnostic guidelines for Alzheimer’s disease.
Alzheimers Dement. 2011;7(3):270-279. https://doi.org/10.1016/j.
jalz.2011.03.008
Debette S, Seshadri S, Beiser A, et al. Midlife vascular risk factor
exposure accelerates structural brain aging and cognitive decline.
Neurology 2011;77(5):461-468. https://doi.org/10.1212/WNL.
0b013e318227b227
McKhann GM, Knopman DS, Chertkow H, et al. The diagnosis of
dementia due to Alzheimer’s disease: recommendations from the
National Institute on Aging-Alzheimer’s Association workgroups on
diagnostic guidelines for Alzheimer’s disease. Alzheimers Dement.
2011;7(3):263-269. https://doi.org/10.1016/j.jalz.2011.03.005
Cherbuin N, Sachdev P, Anstey KJ. Higher normal fasting plasma
glucose is associated with hippocampal atrophy: the PATH study.
Neurology 2012;79(10):1019-1026. https://doi.org/10.1212/
WNL.0b013e31826846de
Moretti DV, Frisoni GB, Fracassi C, et al. MCI patients’ EEGs
show group differences between those who progress and those
who do not progress to AD. Neurobiol Aging. 2011;32(4):
563-571. https://doi.org/10.1016/j.neurobiolaging.2009.04.003
Frisoni GB. Alzheimer disease: biomarker trajectories across
stages of Alzheimerdisease. Nat Rev Neurol. 2012;8(6):299-300.
https://doi.org/10.1038/nrneurol.2012.81
Tao Z, Shi A, Zhao J. Epidemiological perspectives of diabetes.
Cell Biochem Biophys. 2015;73(1):181-185. https://doi.org/10.
1007/s12013-015-0598-4
Moulton CD, Costafreda SG, Horton P, Ismail K, Fu CHY.
Meta-analyses of structural regional cerebral effects in type 1
and type 2 diabetes. Brain Imaging Behav. 2015;9(4):651-662.
https://doi.org/10.1007/s11682-014-9348-2

66. Hazari MAH, Reddy BR, Uzma N, Kumar BS. Cognitive impairment in type 2 diabetes mellitus. Int J Diabetes Mellit. 2015;3(1):
19-24. https://doi.org/10.1016/j.ijdm.2011.01.001
67. Ohara T, Furuta Y, Hirabayashi N, et al. Elevated serum glycated
albumin and glycated albumin: hemoglobin A1c ratio were associated with hippocampal atrophy in a general elderly population of
Japanese: the Hisayama study. J Diabetes Investig. 2020;11(4):
971-979. https://doi.org/10.1111/jdi.13220
68. Soltesz G, Acsadi G. Association between diabetes, severe
hypoglycemia, and electroencephalographic abnormalities. Arch
Dis Child. 1989;64(7):992-996. https://doi.org/10.1136/adc.64.7.
992
69. Hauser E, Strohmayer C, Seidl R, Birnbacher R, Lischka A, Schober
E. Quantitative EEG in young diabetics. J Child Neurol. 1995;
10(4):330-334. https://doi.org/10.1177%2F088307389501000419
70. Kropotov JD. Alpha Rhythms. Functional neuromarkers for
psychiatry. In: Kropotov JD, ed. Appl Diagnosis Treatment. San
Diego, CA: Academic Press, 2016;89-105. https://doi.org/10.1016/
B978-0-12-410513-3.00008-5
71. Nikulin VV, Brismar T. Long-range temporal correlations in electroencephalographic oscillations: relation to topography, frequency band, age and gender. Neuroscience 2005;130(2):
549-558. https://doi.org/10.1016/j.neuroscience.2004.10.007
72. Clarke AR, Barry RJ, McCarthy R, Selikowitz M. Age and sex
effects in the EEG: development of the normal child. Clin
Neurophysiol. 2001;112(5):806-814. https://doi.org/10.1016/
S1388-2457(01)00488-6
73. Zappasodi F, Pasqualetti P, Tombini M, et al. Hand cortical representation at rest and during activation: gender and age effects in the
two hemispheres. Clin Neurophysiol. 2006;117(7):1518-1528.
https://doi.org/10.1016/j.clinph.2006.03.016
74. Aurlien H, Gjerde IO, Aarseth JH, et al. EEG Background
activity described by a large computerized database. Clin
Neurophysiol. 2004;115(3):665-673. https://doi.org/10.1016/j.
clinph.2003.10.019

