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The effects of CES on EEG and brain current density were evaluated by quantitative
qEEG and low resolution brain electromagnetic tomography (LORETA). A total of 72
research subjects from 18 to 78 years of age were provided a single session of CES. 38 were
administered 0.5 Hz CES while 34 had 100 Hz CES. The qEEG paired t-tests revealed that in
both frequencies of CES there was a significant (P<.05) increase in alpha relative power
associated with relaxation and positive affect, with concomitant decreases in delta slow wave
activity associated with sleep and decreases in high beta frequency activity associated with
anxiety. The 0.5 Hz CES decreased a wider frequency range of delta activity, while the 100
Hz CES decreased a wider frequency range of beta activity; suggesting some difference may
exist in the EEG response to different frequencies of CES. Statistically significant changes for
qEEG values other than relative power, such as coherence, amplitude asymmetry, phase lag
and power ratios were also found. The LORETA paired t-tests found statistically significant
(P<.05) increases in cortical and subcortical theta and alpha frequency current density with
concomitant decreases in delta and beta current density. The effects of CES on current
density varied by frequency, but did not show a differential in response based on proximity to
the contacts or structures within the brain. Statistically significant changes in current density
were found in all 2,394 gray matter voxels represented by LORETA, indicating a whole brain
response to CES. The qEEG and LORETA findings revealed that a single 20-minute session
of CES has a significant effect on cortical and subcortical activity of the human brain
consistent with the affective and cognitive effects of CES reported in the literature resulting in
decreased anxiety and increased relaxation.

Baseline Spectral
EEG (0.5 Hz CES)

Spectral EEG
After 20 Minutes
of 0.5 Hz CES

Relative power EEG spectra of a single individual before 0.5 Hz CES (left column) and
after CES (right column). There was an increase in alpha power with decreases in delta
and beta power. The bimodal distribution of the spectral EEG after CES was a
response variant found in some individuals within both CES groups.

Baseline Spectral
EEG (100 Hz CES)

Spectral EEG
After 20 Minutes
of 100 Hz CES

Relative power EEG spectra of a single individual before 100 Hz CES (left column), and
after 100 Hz CES (right column). There was an increase in alpha power with a decrease
in delta and beta power. The unimodal distribution after CES was characteristic of
most individuals within both CES groups.
A paired t-test was conducted comparing EEG activity in relative power, coherence,
amplitude asymmetry, phase lag and power ratio at baseline, and with activity in the same
metrics after 20 minutes of CES. An alpha level of .05 was used for all t-tests. The paired ttests found statistically significant changes in relative power, coherence, amplitude
asymmetry, and power ratio for both the 0.5 Hz and 100 Hz groups. The EEG data was
remontaged into a common average reference montage. The paired t-test results of the
average reference montage were compared with the results of the main analysis (a linked
ears montage). To control for type I error, all statistically significant results in each EEG
metric had to meet at least 2 of the following three criteria: the results had to be part of a
pattern of activity, occur in both CES groups, and occur in 2 different montages. Any
statistically significant findings that did not meet these criteria were disregarded as potential
type I error.
The relative power t-test revealed that after both 0.5 Hz and 100 Hz CES there was an
increase in alpha activity with a decrease in delta and beta activity. These changes were also
found in the average reference montage and passed all 3 methodological controls for false
positive results. The specifics of the analysis are presented below in tables and topographical
maps.

Changes in relative power activity after 0.5 Hz CES, as represented by a p-value table.
Statistically significant (.05 or better) decreases in activation after 0.5 Hz CES are
indicated in blue. Statistically significant increases in activation are indicated in red.
Decreases were seen in delta and beta with increases in alpha.

Changes in relative power activity after 100 Hz CES, as represented by a p-value table.
Statistically significant (.05 or better) decreases in activation after 0.5 Hz CES are
indicated in blue. Statistically significant increases in activation are indicated in red.
Decreases were seen in delta and beta with increases in alpha.
The p-value tables clearly convey the pattern of change by frequency, but do not
always clearly convey changes by location. A topographical map of activity can represent the
same information in a graphical manner that more clearly conveys the pattern of change by
location. The topographical maps below convey the same information presented above. In
such maps white represents no statistically significant change from baseline, while colors
indicate statistically significant changes ranging from a p-value of 0.00 to 0.05. To minimize
any confusion about the direction of change in a given frequency band, the author has added
arrows to the computer graphic to indicate the direction of statistically significant change.

.5 Hz CES

Relative power p-value topographical map for 0.5 Hz CES. Statistically significant
changes (.05 or better) after 0.5 Hz CES are indicated by color; white indicates no
significant change. The arrows indicate the direction of change. Statistically significant
decreases were seen in delta and beta with statistically significant increases in alpha.

100 Hz CES

Relative power p-value topographical map for 100 Hz CES. Statistically significant
changes (.05 or better) after 100 Hz CES are indicated by color; white indicates no
significant change. The arrows indicate the direction of change. Statistically significant
decreases were seen in delta and beta with statistically significant increases in alpha.
Both the 0.5 Hz CES and 100 Hz CES had similar effects on EEG activity in the major
EEG frequency bands, however there were some differences in the location within each
band. To better compare the effects of the two different frequencies of CES on EEG, the
figure below displays the statistically significant changes in for both groups in one graphic.

0.5 Hz CES

100 Hz CES

Comparison of relative power topographical maps for 0.5 Hz and 100 Hz CES in delta,
theta, alpha and beta frequency bands.
Changes in relative power activity can also be presented in 1 Hz increments as well as
by traditional EEG bands. The single Hz maps of activity do not display information as
succinctly as maps by EEG band, but can show important differences in individual
frequencies that are not apparent in the traditional EEG bands. The following are
topographical maps of the changes in single Hz relative power after 20 minutes of 0.5 Hz
CES. These maps graphically represent statistically significant changes ranging from a pvalue of 0.00 to 0.05 with colors ranging from red to blue. White indicates no statistically
significant change at the .05 level from baseline.

Relative power p-value topographical map for .5 Hz CES from 1 to 20 Hz. There was an
increase in 8 and 9 Hz activity, all other activity decreased. Statistically significant
changes (.05 or better) after 0.5 Hz CES are indicated by color; white indicates no
significant change.

Relative power p-value topographical map for 0.5 Hz CES from 21 to 40 Hz. There was
a decrease in all activity from 21-40 Hz. Statistically significant changes (.05 or better)
after 0.5 Hz CES is indicated by color; white indicates no significant change.
The following are topographical maps of the statistically significant changes after 20
minutes of 100 Hz CES. These maps graphically represent statistically significant changes
ranging from a p-value of 0.00 to 0.05 with colors ranging from red to blue. White indicates no
statistically significant change at the .05 level from baseline.

Relative power p-value topographical map for 100 Hz CES from 1 to 20 Hz. There was
an increase in 8, 9 and 10 Hz activity, all other activity decreased. Statistically
significant changes (.05 or better) after 100 Hz CES are indicated by color.

Relative power p-value topographical map for 100 Hz CES from 21 to 40 Hz. There was
a decrease in all activity from 21-40 Hz. Statistically significant changes (.05 or better)
after 100 Hz CES are indicated by color; white indicates no significant change.
In both the 0.5 Hz and 100 Hz CES groups the changes in power ratio found with the
average reference montage was the same (in terms of frequency band) as was found in the
linked ears montage. There were instances of isolated changes which were unique to the
frequency of CES stimulation, but which appeared in both the linked ears and average
reference montages. In the 0.5 Hz group the theta/beta ratio increased at O1 in both
montages. In the 100 Hz CES group theta/beta increased at T6, while delta/beta decreased
at FZ.

The paired t-tests revealed a remarkably uniform set of change in power ratios after
CES. In both the 0.5 Hz CES and 100 Hz groups, and both the linked ears and average
reference montage, there was a decrease in delta/theta, delta/alpha and theta/alpha with an
increase in theta/beta, theta/gamma (high beta), alpha/beta, alpha/gamma and beta/gamma
power ratios. A decrease in the delta/beta ratio was seen in the 100 Hz CES group which did
not occur in the 0.5 Hz group. This change occurs in both the linked ears and average
reference montages so it appears to be a real change which is specific to the 100 Hz CES
stimulus.
The LORETA paired t-test revealed that after both 0.5 Hz and 100 Hz CES there was
an increase in theta and alpha activity with a decrease in delta and beta activity. For the 100
Hz CES group increases were seen in delta and beta activity which do not pass controls for
false positive results and appear to be the consequence of focal activity artifact. The specifics
of the analysis are presented below in summary tables and topographical maps.
The LORETA tomography presented makes a within groups paired t-test comparison
of activity in 2,394 gray matter voxels per half frequency from 0-40 Hz. While only one
comparison is made for each pair of means, the list of resulting p-values is too extensive to
make a comprehensible table (2,394 x 81 = 193,914 cells). Consequently, the significant pvalue results for the LORETA have been summarized by location and by frequency in the
following summary tables. Statistically significant increases in current density (at the .05
level) are highlighted in red, while significant decreases are highlighted in blue.
Location
Frontal Lobe

Increased Activation
Theta, Alpha

Decreased Activation
L-Beta 1, L-Beta 3, Gamma

Temporal Lobe

Theta, Alpha

R-Delta, Beta 1, L-Beta 3, L-Gamma

Limbic Lobe

Theta, Alpha

Beta 1, Beta 2, L-Beta 3, Gamma

Parietal Lobe

Theta, Alpha

Beta 1, L-Beta 3, Gamma

Occipital Lobe

Theta, Alpha

L-Beta 1, Gamma

Sub-Lobar

Theta, Alpha

Alpha

Summary of Changes in activation as measured by LORETA after 0.5 Hz CES, italics indicates an
increase
Location
Frontal Lobe

Increased Activation
Delta, Theta, Alpha, R-Beta 1,

Decreased Activation
Delta, Theta, Gamma

Beta 2, Beta 3, Gamma
Temporal Lobe

Delta, Theta, Alpha, R-Beta 1,

Gamma

Beta 2, Beta 3, Gamma
Limbic Lobe

Delta, Theta, Alpha, Beta 1, Beta 2

Delta, Gamma

Parietal Lobe

L-Delta, Theta, Alpha, Beta 1, Beta 2

Gamma

Occipital Lobe

Theta, Alpha, R-Beta 1, Beta 2

Gamma

Sub-Lobar

L-Delta, Theta, Alpha, R-Beta 1, Beta 2

Summary of Changes in activation as measured by LORETA after 100 Hz CES, italics indicates an
increase in activity

In both the 0.5 Hz and 100 Hz CES groups, the changes in LORETA current density
were compared with the cortical current density estimation of qEEG, the Laplacian montage.
In the Laplacian montage the 0.5 Hz CES was found to increase alpha activity while
decreasing beta activity. The 100 Hz CES Laplacian map revealed a decrease delta and beta
activity with an increase in alpha. The Laplacian montage and the LORETA were in
agreement for these changes. The Laplacian montage did not find the increase in theta
activity revealed in LORETA for both groups of CES.
A focal increase in activity was found on the single Hz Laplacian montage for the 100
Hz CES group which is not evident in changes by frequency band. The focal activity occurred
at F4 and T4. The activity found in the single Hz Laplacian p-value tables was present at the
following frequencies:
Location
F4:

Frequency
2 Hz, 3 Hz, 4 Hz, 5 Hz, 16 Hz, 17 Hz 18 Hz, 19 Hz, 23 Hz

F8

1 Hz, 2 Hz, 7 Hz, 10 Hz, 12 Hz, 15 Hz, 16 Hz

Focal Increase in Activity at F4 and F8 of the Laplacian Montage Relative Power p-Value.

The focal activity in the 100 Hz CES Laplacian montage is present in the delta and
beta frequencies, the same frequencies the 100 Hz LORETA analysis found activity not seen
in the 0.5 Hz LORETA or 100 Hz qEEG. Because LORETA is known to represent focal
activity incorrectly, at times as false diffuse activity, the focal activity in F4 and F8 suggests
that the LORETA results for the 100 Hz CES group not in agreement with the Laplacian
montage, or 0.5 Hz CES LORETA are probably artifact. Consequently any LORETA results
for the 100 Hz CES group not found in the Laplacian montage and should be considered
cautiously.
The paired t-tests revealed that in both the 0.5 Hz CES and 100 Hz groups, there was
an increase in theta and alpha activity with a decrease in beta activity. A summary table of
the changes found with both frequencies of CES is presented in the table above. For both
groups of CES in both the LORETA and the Laplacian montage, there was an increase in
alpha activity with a decrease in beta activity. A summary of the changes common to each
CES group in both types of current density analysis is presented in the table below.
Location
Frontal Lobe

Increased Current Density
Theta, Alpha

Temporal Lobe Theta, Alpha

Decreased Current Density
Gamma (High Beta)
Gamma (High Beta)

Limbic Lobe

Theta, Alpha

Gamma (High Beta)

Parietal Lobe

Theta, Alpha

Gamma (High Beta)

Occipital Lobe

Theta, Alpha

Gamma (High Beta)

Sub-Lobar

Theta, Alpha

Changes in Activation Common to the 0.5 Hz and 100 Hz Groups After 20 Minutes of CES, as
Measured by LORETA

.
LORETA

.5 Hz CES CD
Theta, Alpha

100 Hz CES CD
Delta, Theta, Alpha,

Both .5 and 100 Hz
Theta, Alpha

Beta

Laplacian Montage

Changes Common to
Both LORETA and Laplacian

Delta, Alpha, Beta

Delta, Theta, Beta

Delta, Beta

Alpha

Alpha

Alpha

Beta

Delta, Beta

Beta

Alpha

Alpha

Alpha

Beta

Delta, Beta

Beta

Summary of Changes in Current Density After 20 Minutes of CES, italics indicates an increase in
activity while a lack of italics indicates a decrease in activity

LORETA Paired t-Test Results for .5 Hz CES in 1 Hz Increments
The following figures present the results of the LORETA paired t-test for the 0.5 Hz
CES group. These images represent statistically significant changes at the .05 level after 20
minutes of 0.5 Hz CES. Red indicates a statistically significant increase in activity after CES
while blue indicates a statistically significant decrease in activity after CES.
Summary of 1 Hz Changes in Current Density
Decreased Activity in the Temporal Lobe



Right Superior Temporal Gyrus (Brodmann Area 38)
Right Middle Temporal Gyrus (Brodmann Area 21)

Paired t-test for 1 Hz LORETA; Significant differences after 20 minutes of .5 Hz CES.

Paired t-test for 1 Hz LORETA; Significant differences after 20 minutes of .5 Hz CES.
Summary of 8 Hz Changes in Current Density
Increased Frontal Lobe Activation
 Right and Left Rectal Gyrus (Brodmann Area 11)
 Right and Left Medial Frontal Gyrus (Brodmann Area 11)
 Right and Left Orbital Gyrus (Brodmann Area 47)
 Right and Left Subcallosal Gyrus
 Right and Left Precentral Gyrus (Brodmann Area 6)
 Right Superior Frontal Gyrus (Brodmann Area 11)
 Right Middle Frontal Gyrus (Brodmann Area 9)
 Right Inferior Frontal Gyrus (Brodmann Area 11)
 Right and Left Medial Frontal Gyrus (Brodmann Area 10)
Increased Sub-lobar Activity
 Insula (Brodmann Area 13)
 Extra-Nuclear (Brodmann Area 47)
Increased Temporal Lobe Activation
 Left and Right Inferior Temporal Gyrus (Brodmann Area 37)
 Left and Right Middle Temporal Gyrus (Brodmann Area 37)
 Left and Right Superior Temporal Gyrus (Brodmann Area 22)

 Right and Left Transverse Temporal Gyrus (Area 42)
 Right and Left Sub-Gyral
Increased Limbic Lobe Activation
 Right and Left Parahippocampal Gyrus (Brodmann Area 36)
 Right and Left Anterior Cingulate (Brodmann Area 32)
 Right and Left Posterior Cingulate (Brodmann Area 30)
 Right and Left Hippocampus Sub-Gyral
 Right and Left Amygdala
 Right and Left Uncus (Brodmann Area 28)
 Right and Left Cingulate Gyrus (Brodmann Area 24)
Increased Parietal Lobe Activation
 Right Precuneus (Brodmann Area 7)
 Right Postcentral Gyrus (Brodmann Area 7)
 Right and Left Superior Parietal Lobule (Brodmann Area 7)
 Right and Left Inferior Parietal Lobule (Brodmann Area 40)
 Right and Left Angular Gyrus
 Right and Left Supramarginal Gyrus (Brodmann Area 40)
Increased Occipital Lobe Activation
 Right Cuneus (Brodmann Area 19)
 Right and Left Lingual Gyrus (Brodmann Area 30)
 Right and Left Middle Occipital Gyrus (Brodmann Area 19)
 Right Inferior Occipital Gyrus (Brodmann Area 18)

Paired t-test for 8 Hz LORETA: Significant differences after 20 minutes of 0.5 Hz CES.

Paired t-test for 8 Hz LORETA: Significant differences after 20 minutes of 0.5 Hz CES.
Summary of 9 Hz Changes in Current Density
Increased Frontal Lobe Activation
 Right and Left Rectal Gyrus (Brodmann Area 11)
 Right and Left Medial Frontal Gyrus (Brodmann Area 11)
 Right and Left Orbital Gyrus (Brodmann Area 47)
 Right and Left Subcallosal Gyrus
 Right Precentral Gyrus (Brodmann Area 6)
 Right Superior Frontal Gyrus (Brodmann Area 11)
 Right Middle Frontal Gyrus (Brodmann Area 9)
 Right Inferior Frontal Gyrus (Brodmann Area 11)
 Right and Left Medial Frontal Gyrus (Brodmann Area 10)
Increased Sub-lobar Activity
 Insula (Brodmann Area 13)
 Extra-Nuclear (Brodmann Area 47)
Increased Temporal Lobe Activation
 Left and Right Inferior Temporal Gyrus (Brodmann Area 37)
 Right Middle Temporal Gyrus (Brodmann Area 37)
 Right Superior Temporal Gyrus (Brodmann Area 22)
 Right and Left Transverse Temporal Gyrus (Area 42)

 Right and Left Sub-Gyral
Increased Limbic Lobe Activation
 Right and Left Parahippocampal Gyrus (Brodmann Area 36)
 Right and Left Anterior Cingulate (Brodmann Area 32)
 Right and Left Posterior Cingulate (Brodmann Area 30)
 Right and Left Hippocampus Sub-Gyral
 Right and Left Amygdala
 Right and Left Uncus (Brodmann Area 28)
 Right and Left Cingulate Gyrus (Brodmann Area 24)
Increased Parietal Lobe Activation
 Right and Left Precuneus (Brodmann Area 7)
 Right Postcentral Gyrus (Brodmann Area 7)
 Right and Left Superior Parietal Lobule (Brodmann Area 7)
 Right and Left Inferior Parietal Lobule (Brodmann Area 40)
 Right and Left Angular Gyrus
 Right and Left Supramarginal Gyrus (Brodmann Area 40)
Increased Occipital Lobe Activation
 Left Cuneus (Brodmann Area 19)
 Right and Left Lingual Gyrus (Brodmann Area 30)
 Right Inferior Occipital Gyrus (Brodmann Area 18)

Paired t-test for 9 Hz LORETA: Significant differences after 20 minutes of 0.5 Hz CES.

Paired t-test for 9 Hz LORETA: Significant differences after 20 minutes of 0.5 Hz CES.
Summary of 10 Hz Changes in Current Density
Increased Frontal Lobe Activation
 Right and Left Rectal Gyrus (Brodmann Area 11)
 Right and Left Medial Frontal Gyrus (Brodmann Area 11)
 Right and Left Orbital Gyrus (Brodmann Area 47)
 Right and Left Subcallosal Gyrus
 Right Precentral Gyrus (Brodmann Area 6)
 Right and Left Inferior Frontal Gyrus (Brodmann Area 47)
 Right and Left Medial Frontal Gyrus (Brodmann Area 10)
 Right Superior Frontal Gyrus (Brodmann Area 10)
Increased Sub-lobar Activity
 Right Insula (Brodmann Area 13)
Increased Temporal Lobe Activation
 Right Inferior Temporal Gyrus (Brodmann Area 37)
 Right Middle Temporal Gyrus (Brodmann Area 37)
 Right Superior Temporal Gyrus (Brodmann Area 22)
 Right and Left Transverse Temporal Gyrus (Area 42)
 Right and Left Sub-Gyral
Increased Limbic Lobe Activation

 Right and Left Anterior Cingulate (Brodmann Area 32)
 Right and Left Posterior Cingulate (Brodmann Area 30)
 Right Fusiform Gyrus (Brodmann Area 37)
 Right Hippocampus Sub-Gyral
 Right Amygdala
 Right Uncus (Brodmann Area 28)
Increased Parietal Lobe Activation
 Right and Left Precuneus (Brodmann Area 7)
 Right Postcentral Gyrus (Brodmann Area 7)
 Right and Left Superior Parietal Lobule (Brodmann Area 7)
 Right and Left Inferior Parietal Lobule (Brodmann Area 40)
 Right and Left Angular Gyrus
 Right and Left Supramarginal Gyrus (Brodmann Area 40)

Paired t-test for 10 Hz LORETA: Significant differences after 20 minutes of 0.5 Hz CES.
Summary of 11 Hz Changes in Current Density
Increased Frontal Lobe Activation
 Right Precentral Gyrus (Brodmann Area 6)
Increased Sub-lobar Activity
 Right Insula (Brodmann Area 13)
Increased Temporal Lobe Activation
 Right Inferior Temporal Gyrus (Brodmann Area 37)
 Right Middle Temporal Gyrus (Brodmann Area 37)
 Right Superior Temporal Gyrus (Brodmann Area 22)
Increased Parietal Lobe Activation
 Right Postcentral Gyrus (Brodmann Area 7)
 Right Inferior Parietal Lobule (Brodmann Area 40)

Paired t-test for 11 Hz LORETA: Significant differences after 20 minutes of 0.5 Hz CES.

Paired t-test for 11 Hz LORETA: Significant differences after 20 minutes of 0.5 Hz CES.

Summary of 12 Hz Changes in Current Density
Increased Limbic Lobe Activation
 Right Parahippocampal Gyrus (Brodmann Area 36)
 Right and Left Cingulate Gyrus (Brodmann Area 24)

Paired t-test for 12 Hz LORETA: Significant differences after 20 minutes of 0.5 Hz CES.

Paired t-test for 12 Hz LORETA: Significant differences after 20 minutes of 0.5 Hz CES.
Summary of 13 Hz Changes in Current Density
Increased Limbic Lobe Activation
 Right Parahippocampal Gyrus (Brodmann Area 36)
 Right Fusiform Gyrus (Brodmann Area 37)
 Right Uncus (Brodmann Area 28)

Paired t-test for 13 Hz LORETA: Significant differences after 20 minutes of 0.5 Hz CES.

Paired t-test for 13 Hz LORETA: Significant differences after 20 minutes of 0.5 Hz CES.

The paired t-tests revealed that in both relative power and in LORETA there were
statistically significant changes after CES. Both found an increase in alpha activity with a
decrease in beta activity. The LORETA found an increase in theta current density activity that
was not found in either group of CES on the relative power results. Likewise relative power
analysis found a decrease in delta activity that was not found in both groups on the LORETA,
but was found in the 0.5 Hz CES LORETA results. A summary of the changes common to
both groups in relative power and in LORETA is presented in the table below.
Location
Frontal Lobe

Increased Power Decreased Power
Alpha
Delta, Gamma

Increased CD
Theta, Alpha

Decreased CD
Gamma

Common Changes
Alpha, Gamma

Temporal Lobe

Alpha

Theta, Alpha

Gamma

Alpha, Gamma

Delta, Beta 3,
Gamma

Limbic Lobe

NA

NA

Theta, Alpha

Gamma

Parietal Lobe

Alpha

Delta, Theta, Beta 2, Theta, Alpha

Gamma

Alpha, Gamma

Gamma

Gamma

Gamma (Beta)

Alpha, Beta

Beta 3, Gamma
Occipital Lobe

Alpha (100 Hz)

Delta, Beta 1, Beta 3, Theta, Alpha
Gamma

Sub-Lobar

NA

NA

Theta, Alpha

Summary for
All Locations

Alpha

Delta, Theta, Beta

Theta, Alpha

Summary of Changes in Relative Power and LORETA Current Density (CD) for Both Groups After
20 Minutes of CES.

The data from this study demonstrated that CES has a significant effect on cortical and
subcortical activity as measured by qEEG and LORETA. On qEEG, the response to both
frequencies of CES was substantially similar involving a decrease in delta and beta relative
power activity with an increase in alpha relative power activity. The response to the 0.5 Hz
CES as measured by LORETA was reasonably consistent with the qEEG relative power
findings and the qEEG current density measure (Laplacian montage). However, the LORETA
results of the 100 Hz CES included substantially more activity that that found in the 0.5 Hz
LORETA and 0.5 Hz and 100 Hz qEEG relative power. Because the LORETA results for the
100 Hz CES include substantial additional activity that is not seen on any of the other
imaging, interpretation of this activity must be done cautiously.
Statistically significant changes in EEG were found in the relative power alpha, delta
and beta bands for both CES frequencies. There was an increase in alpha power with a
concomitant decrease in delta and beta power. The pattern of statistically significant changes
observed in relative power was consistent with the affective changes described in the
literature on CES. The null hypothesis was supported for the theta band activity, where there
was no statistically significant change in cortical activity on the qEEG. The changes that were
statistically significant passed 3 levels of control for type I error, in that they occurred as part
of a pattern, they were found in both CES groups, and they were found in an alternate
referential montage (average reference). Despite the similarity of response to both
frequencies of CES, the relative power results were not identical. The 100 Hz CES
suppressed a wider range of beta frequency activity than the 0.5 Hz CES. Conversely it was
found that the 0.5 Hz CES suppressed more of the delta frequency activity than the 100 Hz
CES.

A common increase in EEG coherence was found for theta and beta frequencies in
both conditions of CES. The 0.5 Hz CES decreased delta coherence in linked ears and
average reference montages, but the decrease in delta coherence did not occur with the 100
Hz CES. The EEG is unable to detect activity in the white matter tracks connecting the
various regions of the brain; however, coherence allows for the use of EEG data to infer the
activity in these subcortical tracks. The observed changes in coherence from CES were
primarily increased coherence in alpha with some additional increase in theta. The increase
in alpha coherence is not surprising given the extent of increased production of alpha in
relative power. While coherence is independent of amplitude, the increase in production of
alpha suggests that the thalamus, the primary generator of alpha, has become more active.
An increase in alpha frequency input to different cortical regions from a common subcortical
generator would increase alpha coherence. Given that the thalamus is the primary generator
of alpha, although not the only generator, it is likely that the thalamus is the source of the
increased production of alpha. Unfortunately the LORETA was not able to confirm this
supposition, since the increased alpha activity registered by LORETA occupied all cortical
and subcortical grey matter voxels represented by LORETA. Coherence may also reflect
changes in the amount of some presynaptic neurotransmitters as well as some
postsynamptic responses to neurotransmitters in which case the changes in coherence may
reflect the increase of neurotransmitters associated with alpha and theta frequencies. If this is
the case, then the findings in the LORETA may reflect both an increase in alpha generation
by the thalamus and changes in the level/and or response to neurotransmitters in the
synaptic cleft. Regardless of the source of the increase in coherence, the association of theta
coherence with alpha in terms of frequency and location suggests that it is part of the same
pattern of activation as the alpha coherence, and may be a continuation of the same activity
in alpha into lower frequencies.
There were changes in amplitude asymmetry noted in both CES groups; however the
patterns of changes were not the same. In the 0.5 Hz CES group an increase in alpha
amplitude asymmetry was noted in both a linked ears and common reference montage.
These changes in alpha asymmetry were not seen in either montage of the 100 Hz group and
appear to be specific to the 0.5 Hz CES. There were no other validated changes in
asymmetry with the 0.5 Hz group. The 100 Hz CES produced both decreased and increased
asymmetry in delta as well as a decrease in theta asymmetry in both montages.
There was an increase in alpha frequency phase lag in both CES groups; however
none of the changes involved the same electrode pairs. A comparison of the linked ears
montage and the average reference montage found only two electrode pairs in the 100 Hz
CES group and one electrode pair in the 0.5 Hz CES group with common changes in phase
lag. Therefore, while the null hypothesis was rejected for phase lag the changes were
minimal. Accordingly CES does not appear to have a strong effect on phase lag.
Power ratios are an index of EEG power reflecting changes in the balance of EEG
power by frequency band. The effect of CES on the power ratios was essentially identical in
both 0.5 Hz and 100 Hz CES. There were significant ratio decreases found in delta/theta,
delta/alpha and theta/alpha, with significant ratio increases in theta/gamma, alpha/beta,
alpha/gamma and beta/gamma. The changes in power ratios in response to CES are
congruent with the changes found in relative power.
The results of the LORETA analysis revealed changes in current density common to
both the 0.5 Hz CES group and the 100 Hz CES group. There was agreement in LORETA
between the 2 CES groups for statistically significant increases in theta and alpha frequency
current density, with a significant decrease in beta frequencies. Since these changes were
observed with both frequencies of CES they can reasonably be assumed to represent real
changes in activity and do not represent type I error. In terms of location, the increased
current density was found in all lobes, subcortical regions of interest and across most of the
cortex. All gray matter voxels represented by LORETA showed a response to CES. The
increase or decrease in current density varied by frequency and location within the brain. In

any frequency in which CES increased current density, there was an increase in limbic
activity. This data suggests that the limbic system responds in more frequencies of current
density than the rest of the brain.
The LORETA results suggest that the entire brain is responding to CES. In some
frequencies there was a current density increase in every lobe and every region of interest
within the brain, while in other frequencies the current density decreased within every lobe
and every region of interest. For both the qEEG and LORETA there are frequency specific
responses that occurred as a result of CES, but it is clear from the LORETA that in some
frequencies these responses were global.
The LORETA finding that CES increases alpha frequency activity in both 0.5 Hz and
100 Hz CES is not surprising given that a pattern of increased alpha was seen in relative
power qEEG. The alpha frequency response of current density was extensive and involved
all subcortical regions of interest estimated by LORETA. It is largely from the alpha response
to CES on LORETA that it can be inferred that CES evokes changes in most of the brain.
This data suggests that the vesicles of most, or all, neurons are being stimulated by CES.
It is surprising to see increases in theta current density for both groups of CES in the
LORETA analysis because the relative power qEEG did not find any increase in theta.
However, an increase in theta was found in the coherence measure of the qEEG, suggesting
that theta is a consequence of volume conduction from a subcortical generator, or the result
of changes in neurotransmitter levels. It may be that the activation of limbic structures by
CES is extending the response seen with increased alpha into theta current densities.
The LORETA of the 0.5 Hz CES group was found to have a decrease in beta activity.
The LORETA results for beta activity in the 0.5 Hz CES group are generally consistent with
the findings in the relative power qEEG. The LORETA of 100 Hz CES indicated widespread
increases in activity in delta and beta frequencies not seen in the LORETA of the 0.5 Hz
group. However this activity did not pass methodological controls for type I error and likely
represents false positive results. The only widespread decrease in 100 Hz LORETA beta
activity occurred in the last 2 frequencies of the data (39 & 40 Hz). The pattern of decrease in
beta activity seen with 0.5 Hz LORETA was primarily in the left hemisphere, while the pattern
of increased beta activity seen with 100 Hz LORETA was primarily in the right hemisphere.
Because of the likelihood that it represents artifact, the increase in delta and beta activity
seen with the 100 Hz CES should be considered with caution.
The lack of agreement between some of the LORETA results for the 100 Hz CES
group and the 0.5 Hz CES LORETA is a concern requiring careful consideration. The
increase in delta and beta activity in 100 Hz CES LORETA is widespread and varies
considerably from the findings in the 0.5Hz CES and the qEEG for both 0.5 Hz and 100 Hz
CES groups. It is difficult to understand how the effect of 100 Hz CES, as measured by
LORETA, could actually vary so substantially from the effect of 0.5 Hz CES and not be
reflected in the qEEG. The question is whether or not this discrepant activity is real or artifact.
Due to the extraordinarily large number of paired t-tests conducted in the LORETA analysis
(193,914) for each CES group, any findings that do not occur in both groups should be
considered artifact.
In the qEEG a cluster of activity spanning several frequencies would pass the test for
type I error since random activity by definition does not occur in organized groups. However,
it is known that in the case of point source activity, the LORETA can produce phantom
clusters of activity that appear to be a real, but in fact are an artifact. Therefore, it is not
sufficient just to identify a cluster of activity in LORETA to control for type I error, the activity
has to be found in another (independent) group or montage to control for false positive
results. While the assumptions and calculations in the Laplacian montage are different from
those in the LORETA, both are estimates of current density and therefore should to some
degree represent the same activity on the cortex. A paired t-test of the 100 Hz CES data was
conducted with a Laplacian montage to compare with the cortical aspects of the LORETA
analysis.

The 100 Hz CES Laplacian montage showed a decrease in delta and beta activation,
and an increase in alpha. The results of the 100 Hz CES Laplacian montage were consistent
with the 0.5 Hz LORETA and the 100 Hz CES qEEG (amplitude based relative power), but
not with the 100 Hz CES LORETA. However, the Laplacian montage did yield a significant
finding which probably reveals the source of the discrepant activity in 100 Hz LORETA
analyses. The Laplacian found a focal increase in current density for the 100 Hz group
frontally at two sites (F4 and T4). This activity is highly localized, but is present in multiple
frequencies. The focal activity found in the 100 Hz CES Laplacian montage is present in the
delta and beta frequencies; the same frequencies the 100 Hz LORETA analysis found activity
not seen in the 0.5 Hz LORETA or 100 Hz qEEG. The discovery of this focal activity on the
Laplacian montage suggests that the discrepant activity seen in the 100 Hz LORETA in delta
and beta is an artifact; it is phantom activity of the type produced by LORETA when it
encounters focal activity. Therefore, the Laplacian montage did not validate the extensive
pattern of increased beta frequency current density found with the LORETA analysis of the
100 Hz group, but it did find focal activity of the type known to create phantom activity on the
LORETA. Further research will be needed to confirm that the discrepant LORETA activity in
100 Hz CES is artifact and not actual activity. Until the follow-up research is done, the
findings of LORETA involving an increase in delta activity and beta with 100 Hz CES should
be considered with caution.
Previous research has found that the electrical currents from CES are uniformly
distributed through the entire volume of the brain, and that these currents induce activation of
the vesicles to release neurotransmitters. The activation/adaptation model of CES proposes
that the activation of vesicles by CES and the subsequent increase in neurotransmitters is
responsible for the neurochemical, electrical (EEG and current density) and therapeutic
changes seen with CES. The theory further predicts that the activation of vesicles is not
restricted to selected subcortical structures such as the thalamus or pituitary gland, but
occurs throughout the brain. A consequence is that in response to CES, the activity of
neurons and thus the electrical activity of the brain should change throughout the entire brain.
The LORETA results do indeed show changes in some frequencies that do occur in every
voxel of grey matter. This finding provides some support for a prediction made by the
proposed theory that all of the brain is responding to CES. It is support for the idea that the
consequence of the CES current reaching all the areas of the brain equally is that the
response of the neurons is not limited to known subcortical generators of EEG, or
neurotransmitters, but extends throughout the brain.
The effects of CES on relative power qEEG are consistent with the previously
published research on the effects of CES on human EEG. The changes in relative power
suggest that the primary effect of CES is to increase alpha activity, and thus relaxation, with
secondary effects to decrease delta (inattention) and beta (anxiety).
Given the effect of CES to increase alpha and decrease beta, it would appear that
CES may be useful in any situation where a person may wish to increase relaxation and
reduce stress. The results of the study and the existing literature suggest that anyone
experiencing stress may benefit from occasional or routine use of CES to relieve the
symptoms of stress. CES could provide quick support in times of routine, but temporary
stress such as life transitions, or exams, or public speaking. For more serious or persistent
sources of stress, CES could facilitate change when prescribed by a therapist. In this
application the CES would be used to provide sufficient temporary relief from the stress that
an individual can work with the therapist and initiate the appropriate changes to their lives.
The observed reduction of beta activity with the increase in alpha is a pattern that
would be expected to degrade complex attention; therefore CES should probably not be used
during driving or any important task requiring attention to detail.
It was also found that the 100 Hz CES suppressed a much wider range of beta
frequency activity than the 0.5 Hz CES; this difference could not be verified by the current
study so any interpretation of it should be done cautiously. Should future studies confirm the

finding of a difference due to the frequency of stimulation, the difference may have
implications for treatment. It may be that 100 Hz CES is a better frequency of CES for
complaints involving excessive beta activity, such as a disturbance in sleep onset due to
rumination, irritability, and some forms of alcoholism.
In general both frequencies of CES should be beneficial for alcoholics who have a
deficit in their production of alpha, since CES can provide an alternative to alcohol for
increasing alpha production. Some alcoholics also have an excess of beta activity, which
produces anxiety and irritability. It is in this group that the 100 Hz frequency CES may be a
more effective treatment, since it would both increase alpha and decrease a broader range of
beta activity. Further research will be required to clarify to what extent CES is beneficial in the
treatment of alcoholism; however the existing literature and the relative power results suggest
that CES can be a highly effective adjunct to traditional psychosocial treatment because it
probably treats some of the physiological aspects of alcoholism. Additionally, it should also
be noted that many non-alcoholics periodically abuse alcohol as a method of coping with
stress, and that for these people CES can provides a safe, non-addictive method of quickly
reducing feelings of stress.
One of the 3 FDA-allowed indications for CES is for the treatment of depression.
Because depression involves an affective state spanning several months to several years,
the success of CES in treating depression suggests a persistent effect from regular CES on
brain activity. In terms of EEG, this suggests that a course of treatment with CES may
produce lasting changes in EEG associated with recovery from depression. In many
individuals depression is associated with a frontal alpha EEG asymmetry. The alpha power
asymmetry associated with depression can be found in the resting EEG and is stable over
time. Over 40 EEG studies have found the association between depression and alpha
asymmetry. It was not expected that a single exposure to CES in an experimental group
would reveal changes in EEG associated with the treatment of depression; however a
suggestion of this sort of change was found in the 0.5 Hz CES group. For the 0.5 Hz CES
group changes were seen in frontal alpha asymmetry involving an increase in left alpha
asymmetry in both the linked ears and average reference montages. These changes were
not seen with the 100 Hz CES group. The observed changes in alpha asymmetry suggest
that 0.5 Hz CES may be more effective in the treatment of depression than 100 Hz CES.
The changes observed in relative power with both groups of CES suggest that some
forms of attention deficit or oppositional defiant disorders may benefit from the use of CES as
well. The presence of slow wave activity has been associated with attentional problems. The
ability of CES to decrease delta relative power activity may benefit attention (and perhaps
motor hyperactivity) while the increase of alpha relative power and decrease of beta relative
power may decrease irritability.
One of the primary limitations of the current study is that it did not directly measure
changes in subcortical activity. The current study utilized data gathered from scalp EEG to
infer subcortical current densities through the LORETA method. The LORETA method
estimates subcortical current density from scalp EEG data, even though the EEG data is
blind to current density activity. Therefore, estimations of changes were generated, but there
was no direct measurement of the changes in subcortical current density from CES. Thus,
any conclusions about the changes in subcortical activity found in this study should be
considered preliminary until direct measurements have been made using a functional
neuroimaging technology such as fMRI.
Another limitation of the study was the lack of information about the effects of CES
beyond a single exposure. All conclusions from the current study are limited to the immediate
effects of a single session of CES and do not provide any information about the EEG and
therapeutic changes that occur over time with a full course of treatment.
A third limitation of the study was the lack of a double blind design. The study was
initially designed with a double blind protocol involving the use of a sham CES device. Other
studies have used double blind methodologies with CES and demonstrated robust effects;

however those studies did not involve the recording of EEG. Due to the noticeable effect of
CES on EEG it proved impossible to both blind the researcher and obtain useful (artifact free)
EEG data.
A review of the literature on CES found that the application of a low level current to the
head can have profound cognitive, affective and motor effects that are beneficial in the
treatment of pain, anxiety, depression, sleep disorders, stress, aggression, substance abuse
treatment and movement disorders. Given that CES is the application of a low level current,
its effect on the electrical activity of the brain is of particular interest. The current study
investigated the effects of CES on the electrical activity of the brain through qEEG and
LORETA. Original data has objectively evaluated the cortical and subcortical effects of CES
through EEG. A single session of CES was found to have a significant impact on cortical and
subcortical brain activity as measured by qEEG and LORETA techniques. When used
clinically, a single session of CES can be expected to provide increased alpha relative power
with concomitant decreased delta and beta relative power. This impact on brain activity from
CES is congruent with the cognitive and affective changes reported in the literature. The
estimation of subcortical current densities support the supposition that CES has an effect on
more than just select subcortical structures projecting to the cortex, but appears to have
effects on all the gray matter of the brain. The current density data provides support to the
idea that to some degree vesicles are activated throughout the brain and that the increase of
neurotransmitters associated with CES may not be a localized phenomena. Both 0.5 Hz CES
and 100 Hz CES were found to be substantially similar in their effects on the EEG; although
there were differences suggesting some frequencies of CES may be more effective for some
applications. Further research is still needed to identify the central effects of CES on clinical
populations when CES is used across a course of treatment.
It is important to understand the changes CES induces within the brain and where
those changes occur with the application of CES. A better understanding of these biological
effects can contribute to improving our understanding of the clinical effects of CES and the
appropriate clinical use of CES. The current study was not designed to evaluate the
effectiveness of CES for clinical use, but the literature on CES shows that it holds great
promise as a therapy. It is hoped that the findings of this study will be useful in furthering an
understanding CES, and that it will also help guide future clinical research regarding who may
benefit from CES treatment.

