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INTRODUCTION

The frontal midline 

 

Θ

 

 rhythm was originally
described in the early 1950s [1, 2]. This rhythm is
observed both in the state of quiet wakefulness and dur-
ing sleep [3]. It increases during the performance of
tests actively involving working memory [4–6]. The
maximum of this rhythm is recorded in the 

 

Fz

 

 lead
(international 10–20 system), and its frequency varies
in different subjects from 5 to 7.5 Hz.

Studies with low-resolution electromagnetic tomog-
raphy (LORETA) and location of dipole sources point
to the involvement of the anterior cingulate gyrus in the
generation of this rhythm [7, 8]. This location of the
area of generation of this rhythm suggests a relation-
ship of the frontal midline 

 

Θ

 

 rhythm with the activity of
the brain limbic system. Normally, in the state of quiet
wakefulness, this rhythm is clearly observed in 40% of
young adult subjects as short (less than 1 s) bursts [9].

The purpose of our work was to study the tonic (not
associated with stimuli) and phasic (synchronous with
stimulus presentation) components of EEG responses
in the 

 

Θ

 

 band in healthy children in the state of quiet
wakefulness and during the performance of attention
tests.

EXPERIMENTAL

A group of 81 apparently healthy children (46 boys
and 35 girls) at ages from 7 to 13 years was selected for
the study. The state of health of the children was
assessed on the basis of a questionnaire filled out by

their parents. Children without chronic diseases, not
taking medicines, and with good or excellent academic
performance were selected.

During the examination, the subjects were in an
electrically shielded room in a semisupine position in a
comfortable armchair at a distance of 1 m from a mon-
itor and loudspeakers.

The EEG was recorded with a 24-channel digital
electroencephalograph (OOO Mitsar, Russia), an elec-
trode cap (ElectroCap, United States), and the WinEEG
1.5 software package (V.A. Ponomarev, Institute of
the  Human Brain, St. Petersburg, Russia). Nineteen
Ag/AgCl electrodes were arranged on the head surface
according to the international 10–20 system in leads
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. Reference electrodes were placed on
the earlobes, and the ground electrode was located in
the 

 

Fpz

 

 lead. The electrode impedance did not exceed
5k

 

Ω

 

. To control the accuracy of test performance and to
measure the response time, we recorded a signal trig-
gered by pressing a button. The EEG sampling rate was
250 Hz. The parameters of high- and low-pass filters
were 0.3 and 30 Hz, respectively; a rejector filter
(50 Hz) was also used.

A monopolar montage (the weighted average refer-
ence according to Lemos) was used in this work. This
montage uses a weighted mean reference potential
equal to the sum of neighboring electrode potentials
(relative to the reference) multiplied by standard coef-
ficients (the coefficient of the original electrode being
equal to unity, and coefficients for distant electrodes

 

The Ratio between the Phasic and Tonic Components
of the Frontal Midline 

 

Q

 

 Rhythm in the Attention Test

 

S. A. Evdokimov

 

a

 

, Yu. D. Kropotov

 

a

 

, A. Müller

 

b

 

, and E. P. Tereshchenko

 

a

 

a

 

 Institute of the Human Brain, Russian Academy of Sciences, St. Petersburg, 197022 Russia

 

b

 

 Children’s Center, Chur, Schul und Erziehungsberatung, Switzerland
e-mail: s_evdokimov@mail.ru

 

Received April 13, 2005

 

Abstract

 

—The frontal midline 

 

Θ

 

 rhythm in the 

 

GO

 

/

 

NOGO

 

 paradigm was studied in a group of apparently
healthy children at ages of 7–13 years. Calculated event-related synchronization in response to stimulus pre-
sentation in tests was used as an index of the phasic component, and the relative change in the EEG power in
the 

 

Θ

 

 band (compared to the activity in the state of quiet wakefulness) in response to test performance was used
as an index of the tonic component. Subjects were divided into two groups according to the characteristics of
the baseline 

 

Θ

 

 activity. A statistically significant correlation between the phasic and tonic components of the 

 

Θ

 

rhythm was found in the group of children characterized by the absence of the frontal midline 

 

Θ

 

 rhythm in the
baseline EEG. No such correlation was found in the group of children characterized by a pronounced baseline

 

Θ

 

 rhythm. The results testify to the functional heterogeneity of the phasic and tonic components of the human
midline 

 

Θ

 

 rhythm.

 

DOI: 

 

10.1134/S0362119706060016



 

632

 

HUMAN PHYSIOLOGY

 

      

 

Vol. 32

 

      

 

No. 6

 

      

 

2006

 

EVDOKIMOV et al.

 

being small). The use of this montage reduces the influ-
ence of the common reference on initial EEG signals
and localizes the EEG signal and possible artifacts to
the specific channels where the signal or artifacts are
recorded. The coefficients for the montage calculation
were taken from [10].

We used the method of spatial filtration for elimina-
tion of eye movement artifacts. The spatial filter of eye
movement artifacts was found by the method of inde-
pendent components [11].

For the calculation of spectra and event-related
desynchronization, the EEG fragments with slow
waves (in the frequency band 0–1 Hz with an amplitude
of 50 

 

µ

 

V or higher) and fast oscillations (in the band
20–35 Hz with an amplitude of 35 

 

µ

 

V or higher) were
automatically removed.

We used a two-stimulus modification of tests
employing the 

 

GO

 

/

 

NOGO

 

 paradigm. The test consisted
of 400 trials. Pictures of animals, plants, and humans
(20 different pictures for each stimulus type) were used
as stimuli. Pairs of visual stimuli made up trials: ani-
mal–animal (a 

 

GO

 

 trial), animal–plant (a 

 

NOGO

 

 trial),
plant–plant (an 

 

Ignore

 

 trial), and plant–human (a 

 

Novel

 

trial). Trials were presented in a pseudorandom order
with a probability of 25%.

The trial duration was 3000 ms, each stimulus dura-
tion was 100 ms, the duration of the interval between
two stimuli in a pair was 1100 ms, and the interval
between pairs of stimuli was 2000 ms. The subjects had
to press the button as fast and accurately as possible in
response to the animal–animal pair but not to press the
button in response to presentations of other trials.

The EEG was recorded for 3 min in the state of quiet
wakefulness with the eyes open (the baseline EEG).

Power spectra were analyzed. The spectra were cal-
culated for 4-s epochs with 50% overlap. Prior to the
calculation, the EEG was smoothed with the use of the
Hanning time window. The spectra were calculated
using the fast Fourier transform.

An increase in the EEG 

 

Θ

 

 rhythm in the 

 

Fz

 

 lead is
reflected in a power spectrum peak. The EEG spectral
power in the low-frequency band decreased with age
(Fig. 1a). To assess the power of the rhythmic compo-
nent of the 

 

Θ

 

 activity, the integral of the spectrum curve
in the band 5.5–7.5 Hz was calculated by the method of
trapezoids and the area of the trapezoid with vertices
corresponding to the border points of the frequency
band was subtracted. As a result, the area of the

 

Θ

 

-rhythm peak as such was obtained (Fig. 1b). This
parameter is referred to as 

 

d

 

Θ

 

 hereinafter. This param-
eter does not depend on the change in the level of the
spectral power with age because it is counted off from
this level.

The event-related synchronization (ERS) was calcu-
lated by the method of Pfurtsheller [12] in the following
way. (1) Bandpass filtering was performed in the band
5.5–7.5 Hz. (2) For reducing the effects of the harmon-
ics of the evoked potential components on the ERS, the

averaged evoked potentials were subtracted from the
initial EEG. (3) The values of each digital EEG reading
were squared and averaged over the set of trials to esti-
mate the dynamic changes in the EEG signal power in
the given frequency band. (4) For the reduction of data
variance, the obtained pattern of EEG power changes
was smoothed by the method of the moving mean with
an averaging epoch width of 100 ms. (5) The ERS was
calculated as the percent change in the signal power at
each time point with respect to the mean power in the
prestimulus interval (

 

R

 

) by the formula

 

ERS

 

 = ((

 

P

 

(

 

i

 

) – 

 

R

 

)/

 

R

 

) 

 

×

 

 100.

 

Then, the obtained signals were averaged over the
pairs of visual stimuli for conditions 

 

a

 

–

 

a

 

 (

 

GO

 

, both
stimuli are pictures of animals), 

 

a

 

–

 

p

 

 (

 

NOGO

 

, the first
stimulus is an animal, and the second stimulus is a
plant), “+” (

 

GO

 

 and 

 

NOGO

 

, the first stimulus is an ani-
mal), and “–” (

 

p

 

–

 

p

 

 and 

 

p

 

–

 

h

 

, 

 

NOGO

 

, the first stimulus is
a plant).

The number of omissions of relevant (

 

GO

 

 trials)
pairs of stimuli (inattention errors) and the number of
erroneous responses to irrelevant stimulus pairs
(

 

NOGO

 

 trials) (errors associated with impulsiveness)
were calculated for each subject. For measuring the rate
of sensory and cognitive processes, the mean reaction
time was calculated (for correct responses to a 

 

G

 

O
trial).

RESULTS

 

Amplitude spectra.

 

 The EEG amplitude spectrum
in the 

 

Fz

 

 lead calculated in the state of quiet wakeful-
ness with the eyes open (the baseline EEG) averaged
for all subjects is presented in Fig. 1c. As can be seen
from the figure, there is a slightly pronounced spectral
peak in the band 5.5–7.5 Hz. The topogram at the
moment of the maximum of this peak suggests a fron-
tocentral distribution of this activity. The given peak
(

 

d

 

Θ

 

, see Methods) characterizes the baseline frontal
midline 

 

Θ

 

 rhythm in the group of healthy subjects. For
brevity, we will also refer to it as the 

 

Θ

 

 rhythm herein-
after.

The distribution of the 

 

Θ

 

-rhythm amplitude over all
the subjects is presented in Fig. 1c. It can be seen in the
figure that the distribution is shifted towards positive
values. At the same time, a rather high percent of sub-
jects did not display a distinct peak of the 

 

Θ

 

 rhythm in
spectrograms; i.e., for these subjects, the 

 

d

 

Θ

 

 values are
less than zero. Thus, it is reasonable to divide the sub-
jects into two groups: (1) subjects with the 

 

Θ

 

 rhythm in
the baseline EEG (with 

 

d

 

Θ

 

 values above the mean value
for the total sample) and (2) subjects without the 

 

Θ

 

rhythm in the baseline EEG (with 

 

d

 

Θ

 

 values below the
mean value for the total sample).

The performance of the 

 

GO

 

/

 

NOGO

 

 test by the sub-
jects led to a marked increase in the 

 

Θ

 

 rhythm per se
and the activity in the Θ and ∆ bands (Figs. 1d, 1e, the
left curves). The band of the Θ activity in these cases
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Fig. 1. Changes in the EEG spectra with age and during the performance of the attention test. (a) Amplitude spectra in the Fz lead
in the state of quiet wakefulness in (1) a group of 8- to 9-year-old children (19 subjects) and (2) a group of 12- to 13-year-old chil-
dren (23 subjects). (b) Calculation of the Θ-rhythm amplitude dΘT in the frequency band 5.5–7.5 Hz. (c) The amplitude spectrum,
topogram, and distribution of the amplitude of the midline Θ rhythm for all subjects in the state of quiet wakefulness. (d) The ampli-
tude spectrum, topogram, and distribution of the amplitude of the midline Θ rhythm for all subjects during the attention test perfor-
mance (the spectrum in the state of quiet wakefulness (thick line) is given for comparison). (e) The difference spectrum (test—base-
line), topogram, and amplitude distribution of the midline Θ rhythm.
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was substantially broader than the band of the frontal Θ
rhythm per se in the Fz lead (3–8 Hz). In other words,
the amplitude of not only the Θ rhythm, but also the Θ
activity in a broader frequency band, increased.

The distribution of the Θ-rhythm amplitudes is pre-
sented in Fig. 1d (the right diagram). It is shifted
(as compared to the baseline) towards positive values,
and the distribution of amplitude differences (the
Θ-rhythm amplitude in the baseline fragment is sub-
tracted from the Θ-rhythm amplitude corresponding to
the test performance) has the form of a lognormal dis-
tribution (Fig. 1e).

The ratio between the tonic and phasic compo-
nents of the Q activity. The tonic component of the Θ
rhythm during the test performance can be estimated as
the difference between the EEG amplitude in the Θ
band during the test performance (Θí) and in the state
of quiet wakefulness (baseline) (ΘB). The scatterplot of
the logarithm in the Θ rhythm of the test-produced
change (ordinate, log[ΘT – ΘB]) against the baseline
Θ-rhythm amplitude (abscissa, dΘB) is presented in
Fig. 2a. The correlation between these values is not sta-
tistically significant (r = 0.18, p = 0.122).

The phasic component of the Θ rhythm during the
test performance was estimated with the averaged (over
all stimuli) index of the ERS in the Θ band. The scatter-
plot of this index (ordinate) and the logarithm of the rel-
ative increase in this rhythm during the test perfor-
mance (log[(ΘT – ΘB)/ΘB]) is presented in Fig. 2b. The
logarithms were taken for standardization of the distri-
bution. Though the correlation between the parameters
under study is statistically significant (p < 0.03), the
correlation coefficient is relatively small (r = 0.25).

Similar scatterplots calculated for the two groups of
subjects are shown in Fig. 3 (the left and right plots). A
significant (p < 0.01) and relatively high (r = 0.44) cor-
relation was found between the tonic and phasic com-
ponents of the Θ rhythm for the group of subjects with-
out a prominent Θ rhythm in the baseline EEG. How-
ever, there was no correlation between the tonic and
phasic components (p < 0.55, r = 0.11) in the group of
subjects with a Θ rhythm in the baseline EEG. In both
groups, the ERS is negatively correlated with the time
of response to GO stimuli.

DISCUSSION

The Q rhythm in the state of quiet wakefulness.
The history of studies of the frontal midline Θ rhythm
is intricate. For a long time, the existence of this rhythm
was not acknowledged by scientific society [13]. This is
explained by the fact that, normally, the human Θ
rhythm appears occasionally at intervals of several tens
of seconds in the form of short (less than 1 s) bursts.
This phenomenon is fundamentally different from the
hippocampal Θ rhythm observed in animals. In ani-
mals, especially rodents, the Θ rhythm is observed as
long-term continuous oscillations. Moreover, this

rhythm is recorded in only one third of adult subjects in
the state of quiet wakefulness. It is clear that, during
visual analysis, it is easy to miss such short-term bursts
of Θ activity, which can be seen only in the frontal
leads. Only the large-scale use of spectral analysis
brought about qualitative changes in the study of the
frontal midline Θ rhythm. This rhythm is revealed in
the spectrum curves of the Fz lead as a peak in the band
5.5–7.5 Hz.

It should be emphasized that, in the EEG, the Θ
rhythm manifests itself against the background of irreg-
ular activity in the Θ band. In the amplitude spectra,
this activity has the shape of a power function. To a first
approximation, this function in the interval 5.5–7.5 Hz
may be approximated by a straight line. It is natural to
assume that the area above this line will correspond to
the Θ-rhythm power. This is why the first step in our
study was to isolate the power of the Θ rhythm per se
from the Θ activity.

It is necessary to emphasize the difference between
the notions of the Θ rhythm and Θ activity. The latter
notion is broader and implies any type of activity in the
band 4–9 Hz. The Θ rhythm (dΘ) is the Θ activity that
is expressed as a peak in spectrum curves.

The peak of the Θ rhythm is barely discernible in the
averaged EEG power spectra in the state of quiet wake-
fulness with the eyes open, and this activity in the band
5.5–7.5 Hz is distributed normally with only a slight
(0.03 µV) shift towards positive values. These findings
confirm the results of previous studies that showed a
low occurrence of this rhythm in a healthy population
and its low intensity in the quiet state [8, 13].

The Q rhythm in the GO/NOGO test. The perfor-
mance of the test by the subjects increased the activity
in the Θ band. This phenomenon is expressed in the dif-
ference curves (test – baseline) in the form of a broad
peak in the interval from 2 to 9 Hz (Fig. 3). This
“broad” peak substantially differs from the “narrow”
peak that characterizes the Θ rhythm during the test
performance. It should be noted that the Θ rhythm in
the state of quiet wakefulness was detected in only
some of the subjects, whereas the increase in the broad-
band (2–9 Hz) Θ activity was observed in virtually all
subjects. Moreover, the change in the Θ activity was
observed not only in the frontal leads, but also in the
parietal area, whereas the midline Θ rhythm displays an
exclusively frontal distribution. All these findings sug-
gest different physiological roles of the Θ rhythm and
event-related Θ activity. This suggestion was confirmed
by further analysis.

The Q synchronization. Power spectra calculated
for a certain period of analysis give a general idea of the
tonic component of the Θ activity in the corresponding
time interval. An idea of the phasic component of the Θ
activity, i.e., the Θ rhythm induced by the stimulus pre-
sentation, is given by the ERS curves. Like the differ-
ence spectrum curves, the ERS curves distinctly show
two spatial areas that generate phasic Θ activity
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(Fig. 3). These areas correspond to the frontal and pari-
etal cortices. The results agree with the observations of
Θ-rhythm changes recorded with the use of implanted
electrodes in epileptic patients [14]. These studies dem-
onstrated an increase in the Θ activity associated with
periods of information fixation in the working memory.
This phenomenon was termed Θ gating. For our discus-
sion, it is important that the electrodes recording this
activity were in both the frontal and parietal areas.

The ratio between the tonic and phasic compo-
nents of the Q activity. Thus, the Θ rhythm and the
test-induced Θ activity differ both in the frequency
band (a narrow band of the Θ rhythm and a broad band
of the Θ activity) and in the spatial distribution (the Θ
rhythm has a maximum only in the frontal lead, while
the Θ activity is recorded in the frontoparietal leads).
If the Θ rhythm is absent in the baseline EEG, the
changes in the EEG spectral density in the Θ band are
distinctly correlated with the Θ ERS (Fig. 3, the left
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curves). If the Θ rhythm is recorded in the baseline
EEG, this rhythm is not synchronized with the
moments of stimulus presentation, which is reflected in
the disappearance of the correlation (Fig. 3, the right
curves). Note that the Θ synchronization is correlated
with behavior: the higher the synchronization, the
faster the test performance. This correlation with the
speed of cognitive processes suggests a relationship of
the Θ synchronization with attention.

The nature of the Q rhythm. Obviously, the EEG
activity in the Θ band is a heterogeneous phenomenon.
First, one should discriminate between the rhythmic
component of the Θ activity (the Θ rhythm per se)
observed as a sharp peak in spectrograms and the Θ
activity represented in spectrograms in the form of a
broad peak. Second, the changes in the rhythmic com-
ponent are not synchronized with the moments of stim-
ulus presentation and can be considered to be tonic
components. On the contrary, changes in the Θ activity
are evoked by stimuli and are phasic components.

Thus, regarding the nature of the Θ activity, one
should bear in mind its heterogeneity. It is thought that,
in lower animals, the Θ rhythm is related to the hippoc-
ampus. It is distinctly pronounced and appears or disap-
pears depending on the animal’s behavior. The presence
of the Θ rhythm facilitates posttetanic potentiation and,
presumably, supports the consolidation of memory
[15]. All fundamental works concerning the origin of
the Θ rhythm and its role in memory consolidation
were performed with the use of rats. In higher animals
and humans, the Θ rhythm in the hippocampus is not
dominant and appears in the form of short bursts. No
direct relationship between the hippocampal Θ rhythm
in rats and the bursts of the Θ rhythm in humans has
been proved, and their similar functional roles can only
be suggested.

CONCLUSIONS

(1) A peak in the band 5.5–7.5 Hz corresponding to
the frontal midline Θ rhythm is observed in the EEG
amplitude spectra of the frontal leads in approximately
half of healthy subjects at ages from 7 to 13 years in the
state of quiet wakefulness.

(2) In all subjects, the performance of an attention
test leads to an increase in the amplitude of the Θ
rhythm and synchronization of the Θ rhythm with pre-
sented stimuli.

(3) A statistically significant correlation between the
phasic and tonic components of the Θ rhythm was
found in the group of children displaying no frontal Θ
rhythm in the baseline EEG, whereas no such correla-
tion was found in the group of children characterized by
the presence of a distinct baseline peak of the Θ
rhythm.

(4) The results testify to the functional heterogene-
ity of the mechanisms of generation of the human mid-
line Θ rhythm during the performance of attention tests.
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