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Obijective: To explore the electroencephalogram (EEG) characteristics in patients with chronic
fatigue syndrome (CFS) using brain electrical activity mapping (BEAM) and EEG nonlinear
dynamical analysis.

Methods: Forty-seven outpatients were selected over a 3-month period and divided into an
observation group (24 outpatients) and a control group (23 outpatients) by using the non-
probability sampling method. All the patients were given a routine EEG. The BEAM and the
correlation dimension changes were analyzed to characterize the EEG features.

Results: 1) BEAM results indicated that the energy values of 8, 6, and o, waves significantly
increased in the observation group, compared with the control group (P<<0.05, P<<0.01, respec-
tively), which suggests that the brain electrical activities in CFS patients were significantly
reduced and stayed in an inhibitory state; 2) the increase of 8, 6, and o, energy values in the
right frontal and left occipital regions was more significant than other encephalic regions in
CFS patients, indicating the region-specific encephalic distribution; 3) the correlation dimension
in the observation group was significantly lower than the control group, suggesting decreased
EEG complexity in CFS patients.

Conclusion: The spontaneous brain electrical activities in CFS patients were significantly
reduced. The abnormal changes in the cerebral functions were localized at the right frontal and
left occipital regions in CFS patients.

Keywords: clectrical activities, brain electrical activity mapping, nonlinear dynamical
analysis

Introduction

Chronic fatigue syndrome (CFS) was defined by the US Centers for Disease Control and
Prevention in 1994 as a debilitating and complex disorder characterized by persistent
and profound fatigue and other specific symptoms, such as insomnia and headaches
that continue for a minimum of 6 months in adults (and 3 months in children or
adolescents).! One of the major causes of CFS is mental stress. In addition, smoking,
excessive drinking, unhealthy diet and lifestyle, as well as lack of exercise and psycho-
logical counseling, may aggravate CFS progression. The quality of life is detrimentally
affected by extreme fatigue in CFS patients. Patients who suffer from the persistent
or recurring fatigue may jeopardize their occupational and/or cognitive ability, which
may eventually lead to physiologic diseases and/or psychological disorders. The
number of CFS patients is increasing; however, detailed electroencephalogram (EEG)
characteristics in CFS patients are still unclear.

Brain electrical activity mapping (BEAM), also called quantitative EEG or EEG
imaging, is a diagnostic technique used to analyze the changes in brain activities. This
technique uses electronic computations to represent average energy values or wattage val-
ues of each recorded point. The wattage values between the recorded points are calculated
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by two-dimensional interpolations. BEAM indicates the power
distribution in a flat surface and has the advantage of being
quantifiable, visible, and repeatable; therefore, it is an ideal
method for the evaluation of brain function and the diagnosis
of brain diseases. Hence, it is widely used in the clinical and
scientific research of neurological disorders.

With the development of systematology and nonlinear
dynamical theory, modern science postulates that EEG sig-
nals are nonlinear couplings of numerous neuronal activities;
therefore, EEG signals have the characteristics of deter-
ministic chaos.? The brain is a complex and self-organized
nonlinear dynamical system;? therefore, nonlinear dynamical
analysis, but not linear analysis, should be used to analyze
the neural network function.* The application of nonlinear
dynamical analysis provides information about the changes
in the brain functional activity and improves the sensitivity
of EEG in detecting subtle brain abnormalities; thus, it is a
breakthrough in the EEG field.

In this study, we analyzed the original EEG data using
correlation dimension (D,) as an index. D, extracts dimen-
sional information from univariate time series, represents the
system density in a multidimensional space, and reflects the
correlation degree of the system points. D, is also a param-
eter for the description of chaotic freedom and a means for
the measurement of the geometrical features of attractors.
D, generates the lower limit of the freedom value and reflects
the complexity of dynamic process. The higher the D, is, the
more complex the detected EEG signals are.

Previous studies have collected EEG data from sleep or
awake states in CFS patients.®!! Evidence shows that EEG
theta power was higher in CFS patients during an awakened
state.!®!! To date, there is no study on BEAM and EEG non-
linear dynamical analysis in CFS patients during an awakened
state. In this study, we focus on the patterns of brain electrical
activity and the brain functional subregions in CFS patients
by applying the most advanced EEG analysis to analyze the
brain functional state, and to provide objective evidence for
the diagnosis and treatment of CFS.

Materials and methods

Patients

This study was conducted with the approval of the Ethics Com-
mittee of the Subsidiary Hospital of Shandong University of
Traditional Chinese Medicine, and written informed consent
was obtained from all participants. The rating of Hamilton
Depression Rating Scale (HAMD) and Hamilton Anxiety
Scale (HAMA) was performed by a qualified psychological
counselor, who was blinded to the experiment.

The inclusion criteria

The inclusion criteria were adopted from the diagnostic
criteria of CFS published by the US Centers for Disease
Control and Prevention in 1994.1

Patients had severe persistent or recurring fatigue with-
out definite causes for more than 6 months. In addition, the
patients’ occupational ability, cognitive ability, personal life
and social activity decreased significantly, which could not
be relieved by resting.

Patients suffered from at least four of the following eight
symptoms: reduced memory or concentration level; pharyn-
galgia; neck stiffness or axillary lymph node enlargement;
muscle pain; multiple joint pain; recurrent headaches; poor
sleep quality and not feeling refreshed after sleep; myalgia
after exertion.

Patients suffered from fatigue caused by a number of
factors other than the causes of protopathy.

The exclusion criteria
The depressive and/or anxiety disorders in the study were
diagnosed by the International Classification of Diseases,
10th revision (ICD)-10. The total score (24 items) of HAMD
was =20, while the total score (14 items) of HAMA was =14
to exclude the patients with anxiety and depression.
Patients with severe primary diseases, including car-
diovascular and cerebrovascular diseases, pneumonopathy,
hepatopathy, nephropathy and hematopoietic system diseases
were also excluded.

The grouping criteria

1) The inclusion criteria for observation group: those who
met the earlier diagnostic criteria of CFS while complying
with the exclusion criteria at the same time.

2) The inclusion criteria for control group: those who had
no physiologic diseases or psychological disorders, and
did not meet the earlier diagnostic criteria of CFS at the
same time.

The rejection criteria

This criteria included: 1) The patients whose diseases dete-
riorated severely after being included. 2) The patients who
showed low compliance. 3) The patients who no longer met
the inclusion criteria.

The dropping criteria
Those who quit or failed to finish the experiment were
considered as dropouts.
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Research instrument

Sixteen-channel electroencephalograph and electrode cap
(Nihon Kohden Corporation, Shanghai, People’s Republic of
China) were used in this study. Sixteen-channel EEG signals
were stored and recorded according to the international stan-
dards of the lead 10-20 system. Reference electrodes were
placed on the earlobes, and a ground electrode was placed
on the center of the forehead. The electrode impedance was
<2 kQ, the sensitivity of amplifier was 5 mm/50 uV, and
the band-pass was 1-30 hippocampal EEG.

Experimental condition

The examinations were carried out in a shielded, soundproof
room without music and pictures. The subjects were seated
on a soft chair in a relaxed state, but were awake and con-
centrating. Before the EEGs were collected, all the subjects
were informed to stay alert. It was required that none of
the subjects drank alcohol, espresso or strong tea, etc before
the experiment and had sufficient sleep the night before the
experiment. All the examinations were carried out between
8 and 10 am.

Analysis method

The analysis of the BEAM was performed by referring to
the formal classification diagnosis requirements proposed
by the American Electroencephalographic Society in 1986."
Five-minute EEG data were collected and intercepted into
successive and representative 0.5-minute non-artifact data,
followed by a 0.5-35 Hz digital filtering, and then the EEG
data were used in the frequency analysis. The signals were
transferred to a color coded map after being amplified
and averaged. The differences in the wattage values were
indicated by different colors. The data of wattage values
were inputted into an Excel workbook.

The calculation of correlation dimension was based on
Grassberger—Procaccia Algorithm!* and was divided into
three steps: 1) mean value, variance, and retardation were
calculated first. The system orbit in state space was reestab-
lished via the studied time series. M-dimensional vector V
(1) was reconstructed via embedding dimension and delaying
time method (Takens’ reconstruction). 2) Vector distance, the
maximum vector distance, the minimum vector distance and
the correlation integral C(r) were calculated. 3) The linear
segment between logC(r)/log(r) was plotted, and the slope
of the fitted line of linear segment was calculated. The cal-
culated slope was defined as the correlation dimension D,.
MATLAB7.0 (MathWorks Corporation, MA, USA) was used
to run the self-compiled calculation steps. The correlation

dimension was automatically generated after the trial test
(M-dimensional phase space at 2, 3, 4, 5, 6, 7, 8, and 9,
respectively).

Statistical analysis

Data were analyzed using SPSS 17.0 (SPSS Inc., Chicago,
IL, USA) for Windows software. Data were expressed as
mean * standard deviation. Unpaired Student’s ¢-test was
used to compare the difference between two groups. P<<0.05
was considered statistically significant.

Results

Patients’ characteristics

One hundred and fifty Han nationality outpatients, male and
female, of the Subsidiary Hospital of Shandong University
of Traditional Chinese Medicine were selected by using non-
probability sampling method and were successively moni-
tored during the 3 months of examination. All the patients
(age ranged from 25 years to 40 years) had received at least
formal primary education.

One hundred and three people dropped out of the study
during the process. The observation group was composed of
24 CFS patients and the control group was composed of 23
healthy people. In the observation group, the average score of
HAMD was 15 and the average score of HAMA was 9. The
sex composition of the two groups is shown in Table 1. The
age distribution and average age of the two groups are shown
in Table 2. There is no statistically significant difference in
age and sex between these two groups (P>0.05).

The BEAM characteristics

The pattern of BEAM

The BEAM images of healthy controls and CFS patients were
acquired under the same experimental conditions. In healthy
controls, the maximum power was o., which was distributed
in the occipital lobe and had a bilateral symmetry (Figure 1).
In CFS patients, the maximum power was 6, the power num-
ber was =0, and =20, which was distributed in the frontal
lobe without bilateral symmetry. The power in the right lobe
exceeded the left lobe (Figure 2). The BEAM results indicate
that the energy value of 6 wave in CFS patients exceeded
that of the healthy controls, which suggests that the brain

Table | The sex composition of the two groups

Neuropsychiatric Disease and Treatment 2016:12

Group Number Male (%) Female (%) j* P-value
Observation group 24 12 (50.0) 12 (50.0) 0.54 0.46
Control group 23 11 (47.8) 12 (52.2) - -
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Table 2 The age distribution and average age of the two groups

Group Number Age distribution (years) P-value Average age (years) P-value
20-34 35-40 x+SD

Observation group 24 16 8 1.00 33.5+1.92 0.92

Control group 23 18 5 - 33.3+1.68 -

Abbreviation: SD, standard deviation.

electrical activities in CFS patients were reduced and stayed
in an inhibitory state.

The comparison of energy values in different
encephalic regions

The comparison of energy values in 84 encephalic regions
between these two groups is shown in Table 3. The results
indicate that there were differences in the energy values of
4, 0, and o1 waves. The energy values of the observation
group exceeded that of the control group, which indicates
that the brain electrical activities in the CFS patients were
significantly reduced. There was no difference in 31 (F7 was
excluded) and B2, two wave patterns with high representing

B1 (13-20 Hz)

Figure | The brain electrical activity mapping (BEAM) of healthy controls.

frequency. The wave patterns of different frequencies were

as follows:

1) The analysis of the & wave energy value — the highest
and the second highest energy values of § wave in the
observation group were in the right postfrontal and
right prefrontal brain regions, respectively. The highest
and the second highest energy values of § wave in the
control group were in the right prefrontal and the right
postfrontal brain regions, respectively. The energy values
of the observation group exceeded that of the control
group. There was a significant difference between these
two groups, which suggests that the CFS patients had
the highest  wave energy value in the right frontal area.

0 (4-8 Hz)

02 (10-13 Hz)

B2 (20-30 Hz)

Note: In a normal BEAM, the maximum power was o, which was distributed in the occipital lobe and had a bilateral symmetry.

submit your manuscript

244

Dove

Neuropsychiatric Disease and Treatment 2016:12


www.dovepress.com
www.dovepress.com
www.dovepress.com

Dove

EEG characteristics in patients with CFS

Figure 2 The brain electrical activity mapping (BEAM) of chronic fatigue syndrome patients.

B1(13-20 Hz)

02 (10-13 Hz)

B2 (20-30 Hz)

Notes: This image represented a moderately abnormal BEAM. The maximum power was 6, the power number was =o. and =20, which was distributed in the frontal lobe
and there was no bilateral symmetry. The energy in the right lobe exceeded the left one.

2)

3)

These results indicate that there was a significant increase
of the slow brain electrical activities in the right frontal
area in CFS patients.

The analysis of the 8 wave energy value — the highest
0 wave energy value in the observation group was at the
right postfrontal brain region, while the highest energy
value of the 6 wave in the control group was at the left
area centralis. The energy values of the observation
group exceeded that of the control group, which indicates
that the slow brain electrical activities were increased
in the right postfrontal brain region in CFS patients.
The analysis of the o wave energy value — the highest
o1 wave energy value in the observation group was in the
left occipital region, while the highest ot1 wave energy
value in the control group was also in the left occipital
region. The ol wave energy value in the observation
group significantly exceeded that of the control group,
which indicates that the slow brain electrical activi-
ties were increased in the left occipital region in CFS

4)

patients. The highest and the second highest energy
values of a2 wave in the observation group were in
the left occipital region and the right occipital region,
respectively. The highest and the second highest energy
values of a2 wave in the control group were in the right
occipital region and the left occipital region, respec-
tively. There was no significant difference between these
two groups. However, there were significant differences
between these two groups in the 0.2 wave energy values
in the prefrontal area (left and right prefrontal area) and
anterior temporal region (left and right anterior tempo-
ral region). The energy value of the observation group
significantly exceeded that of the control group, which
suggests that the slow brain electrical activities were
increased in the frontal area and regions temporalis in
CFS patients.

The analysis of the B wave energy value — the highest
B1 wave energy values in these two groups were all in
the right occipital region, and there was no significant

Neuropsychiatric Disease and Treatment 2016:12
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Table 3 A comparison of 14 lead results in the two groups (Xx+SD)

Two groups’ P-value Lead ) 0 ol o2 Bl B2
Observation group Fpl 1.61+£0.57 1.99+0.77 2.63+1.37 2.12+1.16 1.22+0.38 1.02+0.23
Control group 1.2610.54 1.4910.44 1.5610.89 1.60+0.74 1.15+0.32 1.0210.34
P-value 0.016* 0.003*#* 0.00|** 0.045% 0.445 0.961
Observation group Fp2 1.64+0.50 2.19+1.24 2.76%1.38 2.27+1.36 1.25+0.42 1.11£0.33
Control group 1.28+0.51 1.46+0.51 1.58+0.95 1.62+0.81 1.19+£0.40 1.02+0.24
P-value 0.007** 0.003** 0.000** 0.026* 0.549 0.230
Observation group F3 1.58+0.44 2.28+1.16 2.87+1.51 2.33%1.39 1.28+0.35 1.11£0.29
Control group 1.18+0.50 1.50+0.43 1.72t1.10 1.76£0.90 1.20+0.39 1.0210.32
P-value 0.002** 0.001** 0.00** 0.057 0.407 0.249
Observation group F4 1.6610.51 2.42+1.47 2.87+1.48 2.38+1.43 1.32+0.41 1.10+0.26
Control group 1.20+0.48 1.55+0.43 1.78+1.02 1.82+0.92 1.22+0.40 1.01+£0.27
P-value 0.001** 0.002#* 0.001** 0.071 0.330 0.214
Observation group c3 1.59+0.49 2.38%1.19 2.91+1.58 2.47+1.47 1.40+0.46 1.15£0.32
Control group 1.171£0.46 1.59+£0.40 1.84t1.15 1.92+0.93 1.27+0.37 1.04+0.33
P-value 0.001** 0.001** 0.004** 0.088 0.261 0.211
Observation group C4 1.59+0.56 2.40+1.48 2.90+1.58 2.44+1.41 1.36+0.44 1.10£0.30
Control group 1.19+£0.44 1.56+0.46 1.81£1.07 1.99+0.95 1.26+0.40 1.02+0.28
P-value 0.003** 0.004*+* 0.002** 0.145 0.377 0.279
Observation group P3 1.60£0.51 2.224+0.95 3.00£1.59 2.70+1.47 1.41+0.49 1.151£0.32
Control group 1.13£0.43 1.59+0.50 1.87£1.25 2.13%1.07 1.29+0.35 1.05+0.34
P-value 0.000%* 0.002%#* 0.003%** 0.084 0.305 0.222
Observation group P4 1.51£0.52 2.22+1.09 2.94+1.58 2.66+1.33 1.45+0.49 1.16+0.31
Control group 1.1610.42 1.5310.47 1.89t1.11 2.21+1.09 1.331+0.42 1.09+0.37
P-value 0.005%* 0.002#* 0.004** 0.145 0311 0.476
Observation group 0l 1.571£0.57 2.13+0.71 3.33£1.86 3.67+2.29 1.57+0.57 1.2910.49
Control group 1.09+0.41 1.45+0.43 2.15t1.54 2.77+1.56 1.37£0.45 1.10£0.34
P-value 0.000%* 0.000%* 0.009%* 0.077 0.138 0.085
Observation group 02 1.57+£0.54 2.1340.87 3.22+1.97 3.61£1.93 1.61+£0.59 1.34+0.53
Control group 1.151£0.47 1.49+0.45 2.08+1.24 2.87+1.58 1.41+0.43 1.131£0.34
P-value 0.002*+* 0.00#* 0.008** 0.108 0.118 0.074
Observation group F7 1.3620.31 1.71+0.61 2.23£1.17 1.8310.98 1.12£0.31 0.95+0.21
Control group 1.09+0.47 1.31£0.39 1.31£0.81 1.39+0.67 0.961+0.24 0.88+0.28
P-value 0.010* 0.004%* 0.001%* 0.042* 0.033* 0.321
Observation group F8 1.52+0.47 1.95+0.97 2.45+1.22 1.971.11 1.16+0.29 0.99+0.26
Control group 1.15£0.51 1.2810.37 1.371£0.79 1.4610.68 1.08+0.31 0.97+0.31
P-value 0.005** 0.001#* 0.000** 0.034* 0.303 0.827
Observation group T5 1.39+0.46 1.73£0.52 2.41£1.21 2.51£1.38 1.31£0.50 1.13£0.32
Control group 1.01£0.37 1.25+0.38 1.69£1.16 1.98£1.11 1.18+0.37 1.01£0.34
P-value 0.00** 0.000%* 0.022* 0.104 0.257 0.143
Observation group Té 1.3410.64 1.7610.91 2.38+1.35 2.31+0.94 1.32+0.44 1.11£0.30
Control group 1.0410.44 1.2310.45 1.4610.78 1.88+1.04 1.24+0.42 1.07£0.35
P-value 0.035* 0.005%* 0.002** 0.103 0.464 0.633

Notes: *P<<0.05, **P<0.01.
Abbreviation: SD, standard deviation.

difference between these two groups. The energy value
in the left anterior temporal region in the observation
group exceeded that of the control group, which indi-
cates that the brain electrical activities were increased

with the ol and o2 wave energy values, which indicates
that oo wave was the dominant wave in the occipital
region.

The aforementioned results indicate that there was no

in the left anterior temporal region in the CFS patients.
The highest B2 wave energy values of these two groups
were all in the right occipital region, and there was no
significant difference between these two groups. The
B1 and B2 wave energy values were lower, compared

significant difference in the brain electrical energy value
distribution in the CFS patients, which is consistent with pre-
vious studies. However, the energy value of the CFS patients
was different in the right frontal area and left occipital region,
compared with healthy controls.
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Table 4 A comparison of the results of correlation dimension of
the two groups (x£SD)

m value Observation group Control group P-value
(24 persons) (23 persons)

m=2 1.08+0.44 1.214£0.23 0.196
m=3 1.60+0.61 1.82+0.40 0.162
m=4 2.00+0.82 2.32+0.47 0.114
m=5 2.39+0.99 2.74+0.65 0.162
m=6 2.75+1.13 3.24+0.75 0.091
m=7 2.98+0.22 3.65+0.75 0.029%
m=8 3.35+1.42 4.19+0.86 0.019%
m=9 3.60%1.54 4.55+0.92 0.015%

Note: *P<0.05.
Abbreviation: SD, standard deviation.

The nonlinear dynamical analysis

The comparison of the correlation dimension between the
observation group and the control group is shown in Table 4.
Based on the different m values of 2-9, the mapping results
indicate that the scale-free zone slope of logC(r)/log(r) curve
was more stable when m=7. The slopes were similar at the
m values of 7, 8, and 9, which indicate that D, value could be
accurately defined at m=7 (Figure 3). The m=8 was chosen
for the statistical analysis of the correlation dimension. We
found that there was a significant difference between these
two groups (P=0.019) (Table 4). The D, value of the obser-
vation group was significantly lower than that of the control
group, which demonstrates that the intensity and complex-
ity of brain electrical signals were significantly lower in the
observation group.

0.0 T

Discussion

In our study, a comparison of the 14 lead EEG results showed
that the energy values of 8, 6, and o1 waves in CFS patients
were increased, which indicates the decreased brain electrical
activities in CFS patients. In addition, the brain electrical
energy values in the right frontal region and left occipital
region changed significantly in comparison with other brain
areas, which suggests that changes in the brain electrical
activities in CFS patients are region-specific. The correla-
tion dimension results also indicate the overall decrease in
the intensity and complexity of the brain electrical signals in
CFS patients. These results may imply that the decrease in
the neuronal discharges in CFS patients may lead to abnor-
mal changes, such as a relatively inhibitory state, in brain
function. This study is the first to report the difference in the
energy values of the right frontal area and left occipital region
in CFS patients, which provides reference for the relevance
of clinical EEG examination in CFS patients. A study' has
found that the executive function of cognitive domain is
related to the brain’s frontal lobe function, such as problem
solving, judgment, impulse control, memory, and social
and sexual behavior. A previous study'® has shown that the
BA9/46d brain region, located in the frontal lobe, is respon-
sible for the executive functioning, such as motivation and
planning for new things. The low rSUVacc ([2-!'C]-acetyl-L-
carnitine) in the subdivision of BA9 might be responsible for
the abnormalities of memory and judgment in CFS patients.!’
It may explain the reasons why CFS patients are “inactive in

InC (r)
|

A

33333333
©ONOODWN

| 1 |

Figure 3 Mapping results at different m values.

-35
Inr

Notes: The value of m varied from 2 to 9. The scale-free zone slope of logC(r)/log(r) curve was more stable at m=7. The slopes were similar when m=7, 8, and 9, which

indicates that D, value could be accurately defined when m=7.
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action compared with previous behaviors” and “being low
efficient in action”.!?

A study has found that decreased uptake of acetylcar-
nitine in the frontal gyrus and reduced neurotransmitter
synthesis in local brain regions in CFS patients are the
key mechanisms of chronic fatigue.!” A positron emission
tomography study' showed a decreased acetylcarnitine
uptake in the frontal, cingulate, temporal, and occipital
cortices, basal ganglia, and hippocampus in CFS/myalgic
encephalomyelitis (ME) patients, suggesting reduced brain
activity in CFS/ME patients. Duffy et al demonstrated that
EEG spectral coherence data can be used to distinguish CFS
patients from healthy controls and depressed patients, and
that CFS pathophysiology involves neurological abnormali-
ties (temporal lobe involvement).!® In our study, we found
the abnormalities in the left occipital region using BEAM.
The discrepancy may be due to different experimental
methods. Recent evidence indicates that neuroinflammation
is present in widespread brain areas in CFS/ME patients
and is associated with the severity of neuropsychologi-
cal symptoms.'” Because EEG only measures the surface
electric potentials of the brain, it may not be sensitive in
measuring the neuroinflammation.

Limitations and future research

The electric potential recorded in EEG is from the surface
of the skull; therefore, it might only reflect the potential
activity of brain tissues that are close to the surface layer.
The physiological changes in some key regions deeper in
the brain, such as hippocampal neurogenesis, have not been
revealed yet. In this study, we did not carry out the respec-
tive analysis of the frontal cortex, parietal cortex, occipital
lobe, and lobi temporalis. More comprehensive analysis of
detailed changes in all encephalic regions in CFS patients
will be explored in our future studies. We did not find any
differences between males and females in this study. We
will increase our sample size in the future study to explore
the sex difference in CFS patients.

Conclusion

Our results indicate that the brain spontaneous electrical
activities in CFS patients stayed in an inhibitory state. The
abnormal changes in the cerebral functioning in the CFS
patients were localized at the right frontal region and left
occipital region.
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