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EyesClosed and Activation QEEG Databases in Predicting
Cognitive Effectiveness and the Inefficiency Hypothesis

Kin ley E. Thornton, PhD Dennis P. Carmody, PhD

ABSTRACT. Background. Quantitative electroencephalography (QEEG) databases have been
developeddr the eyes closed (EC) condition. The development of a cognitive activatibastata
is a logical and necessary development for the field.

Method.Brain activation was examined by QEEG during several tasks including EC rest, visual
attention (VA). auditory attention (AA), listening to paragraphs presented auditorily and reading
silently. The QEEG measures obtained in the EC and simplegaognitive attertion task that
were significantly related to subsequent cognitive performance were not the same variables which
accounted for success during the cognitive task.

ResultsThere were clear differences between relative power, microvolt, coherencleased p
values across these different tasks.

Conclusions.The conclusions reached are (1) the associations among QEEG variables arc
complex and vary by task; (2) the QEEG variables which predict cognitive performance under
task demands are not the same asdhiables which predict to subsequent performance from the
EC or simple, norognitive attention tasks; (3) a cognitive activation database is clinically
useful; and (4) an hypothesis of brain functioning is proposed to explain the findings. The coor
dinaed allocation of resources (CAR) hypothesis states that cognitive effectiveness is a product
of multiple specific activities in the brain, which vary according to the task; and (5) the average
response pattern docs not involve the variables that amattii success at the task, thusindi
cating an inefficiency of the normal human brain.
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The relations between guantitativedeficits have shown brain activation patterns that
electroencephalography (QEE@&)d clintal and are related to the type and severity of theiiiait
cognitive problems have been invggmted for (Thornton. 2002). A goal of the investigations has
several decades (Evans & Abarbanel. 1999; Jobeen to identify the devi@ans in the underlying
& Prichep, 2006). Individuals with cognitiveelectrophysiological measures from normative



databases so that interventions directed towai@&en & Chiappa. 1988). The reliability values
these devigons will ameliorate or improve theacross all frguencies for the EC condition have
clini€al condition. Problematic in this WBI@&N%HM?@%&%mund .7 (McEvoy, Smith.
is the frequent lack of consistent empiricak Gevins, 2000).

documentation that the specific cognitive deficits In contrast to the passive EC condition, active
are directly related to the deviations from thtasks are dependent on many variables including
database employed. One part of this problethe task difficulty, the motivation of the subject,
resides in the eyedosed (EC) QEEG data thatand the physical characteits of the recording
have been employed. For example, ienvironmat such as the intensity of the stimuli
understanding memory perfoance within a and the room lighting. The reliability values of the
normal population, the weakness has been thetivaion approach for working memory and
lack of a well defined set of specific QEEGattention is .93 across the frequencies (McEvoy et
variables which define how success is achieved, 2000).

during a task.Different EC databases (Lubar, In addition. QEEG EC databases do not
2003) have been developed as well as databaigscally collectdata above the 32 Hertz range.
that engage in subject in simple attention taskfie Thornton activation database (Thornton.
with eyesopen. Developments in the Held hav2001) assesses the subjectf@@ning cognitive

led to the inclusion of cognitive tasks in databasshallenges that are diffilt. in order to avoid a
development (Brain Resource @pany. 2007; ceiling effect and extends the frequency range to
Skil 3 http://skiltopa com/). A subject is 64 Hertz, which offers consideble advantages in
compared to the norrtige databases on thecertain clinical situations. For example. Thornton
QEEG values for the task, without reference {d999. 2000, 2003) was able to distinguish
(he variables that are critical for the task. Thegetween normals and subjects with mild traumatic
databases ask the questiwhat happens ratherbrain injury (TBI) primarily on the basis of
than what makes it work. coherence patterns s the high frequency raBge (

The EC database provides a set of values ti& 11z) in the EC. simple neoognitive visual
describe the resting state of brain attifor (VA) and auditor.’ attention (AA) tasks as well as
individuals who are engaged in a 'egt state. the tisk of listening to paragraphs. The results
While the assumption is that the resting stale isesmphasized, as in the Thatcher et al. (1989) fiudy.
default basline, the subjects may be engaging ithe importance of the phase and adherence values
any of a wide range of 'default' states. Thisissueiisolt ai ni ng successful asen
of concern to those in the field of neuroimagingroups.

(Buckner & Vincent, 2007; Raichle & Snyder. The issue of using as a reference the QEEG
2007). When subjects have no clear task, tfrem either a passive eygosed mea<_ re or
resting brain shows laegvariations of activity from an active task measure has a parallel in the
that are not ascribed to performance (Gonzalddeld of neuroimaging where there a debate over
Hernandez, 2005). Thus, the resting state is the default sta of :hr brain that is often used as a
best, an estimate of how individuals ‘idle’ whehaseline for comparison of brain activity during
not required to attend, process, and rememhkasks (Morcom & Fletcher, 2007; Raichle &
information. Sn.der. 2007). As Gonzalkternandez : al.

In contrast, an activation database is one tha(.i8005) indicated, thepteas k 'resti ng'
developed while control subjects are engagedignever truly ‘at rest/ McKraan r: (2006) found
tasks that require attention, pessing. and in functional neuroimatask induced deactivation
memory (Thornton. 2001). Under activatiofTID). which > a local decrease in blood flow
conditions, variations in brain activation areuring an active task, relative to a "resting"
related to the spedif task. In addition, subjectbaseline. TID may occur when resources shift
performance on cognitive tasks allows aflom cAo: ne . internally gen:
examination of the associations between braiypical of "resting” states to processing required
activation patterns and performance. For examphg, an exogenous task. The major components of
scores on tests of immediate and delayed recalltbe intrinsic system have been identified by

a reading task are related to reeas of relative var i ous i nvestigati ons. F
power and coherence in specific locatiorfeund the intrinsic sysisn to include medial
(Thornton, 2002). prefrontal areas, thposterior cingulate and the

There are differences of opinion on the relatiygrecuneus, lateral nr'crior parietal cortex and the
value of the EC and activation dbtses anterior aspect of inferemporal cortex (Golland
(Thatcher, 1998; Thornton, 1999, 2000). An ai.. 2007; Golland, Golland, Bentin. & Malach.
argument in favor of the EC datese is the 2008). Another group found that fee intrinsic
simple, relative uniformity of the EEG recordingsystem involves four left hengukere regions,
conditions (Thatcher, 1999) and high reliabilityncluding posterior -arret @occipital cortex,
values between evaliians (Niedermeyer, 1987;anterior cingulate +us. fusiform gyrus, and


http://skiltopo/

middle frontal r-pas (McKiernan, D'Angelo,
Kaufman, & Binder, 2006).

In this study we examine two methods of
understanding the relations betweér QEEG
variables and cognition and adde¢iethiFdHeaod.
The first two methods are examining (1) the
relation between EC data _nd cognitive
performance data collected at a different time and
(2) t he e x aheiratationh ibetween o f
cognitive performace and the QEEG variables
during a task. The-hud method employs the
results of the second method to guide the clinical
QEEG protocols to improve performance in the
cognitive problems of the reading disabled,
memory impaired and traumatic brain injured
(TBI) patients. We propose the cdorated
allocation of resources (CAR) hypothesis which
slates that cognitive effégeness is a product of
multiple specific QEEG activities in the brain for
specific tasks which can involve activities of
different frequacies at a location as well as
coherence and phase activity between locations.

In this paper we demonstrate how the QEEG
measures obtained under EC. resting and simple
attention tasks are not the same as the QEEG
predictors of performance dng the memory
tasks. In addition. QEEG studies that measure
brain activity with bandwidths from 1 to 64 Hz
show a different set of relations between the
QEEG variables and cognitive functioning than
the studies that restrict the measures of brain
activity to 32 Hz and less. We want to know the
ongoing QEEG variables during the task which
predict success.

RELATIONS BETWEEN MEASURES

As the research frequently examines
microvolts, relative power, coherence and phase
relations, it is important to understandeth
empirical relations between these measures.
CorsiCabrera et al. (1989) sumarized the
relations between power and coherence across a
number of studies by noting that changes in
coherence occur independently from changes in
EEG power.

Measures
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Over the years research studies haveeggly algorithms provided by other eigment
defined the frequency ranges acdéogd to manufacturers.

standard practice and have employed the sc@lpcoherence: the average similarity between the
locations defined by the 12D sysem (Jasper.  \aveforms of a particular band in two
1958). The frequency definition rges have been: |ocations over the orsecond period of lime,
delta: O to 4 Hertz: theta: 4 to 8Hz; alpha: 8 to 13 g conceptualized as the strength or number
Hz, beta: 13 to 25Hz. The ranges have beenof connections between two locations.

dependent upon hamdre and software  Ajthough labeled by Lexicor as coherence
definitions as well as the preferences of individual from a matheatical point of view it would
researchers. Some studies have examinedmgre appropriate to refer to it as a cross spec
frequencies alve 32 Hz (Thornton. 2000, 2001, tra| correlation. P: Phase: the time lag between
2002; von Stein et al.. 2000). _ two locations of a particular band as defined by
There are two types of data available to QEEG how soon after the beginning of an epoch a

analysis. The first involves the activity at a scalp particular waveformtone location is matched
location and examines the different frequencies in jn 3 second location.

terms of mesures such as amplitude, tela

power, peak frequency, and peak amplitude. Th
second measure quantifies the associati
between locations with concepts of phase a

The algorithms for coherence and phase,
ich were provided by Lexicor Medical
gchnologies, were employed in the activation

coheence. This article will employ the presente atabase by Thornton (2001). There have been

Lo Several conceptually and mathematigdalifferent
S;Ir?;l;ilescapltallzed letters to  represent tha?pproaches to describing the teaships of the

frequencies between locations. Collura (2008) has
provided a conceptual and mathematical
Activation Measures discussion of these different approaches. There
are 2944 variables for each subject in each task
M: Absolute Magnitude/Microvolts: thewhen caonbining all avaihble Lexicor measures.
average absolute magnitude (as definedlim order to reduce the large number of variables
microvolts) of a band over the entireand to be consistent with the generator concept in
epoch (one second). the EEG literture Thornton (2002) developed the
RP: Relative Magnitude/Microvolt or Relativeflashlight calculation.
Power: the relative magnide of a band  The concept of a flashlight assumes that
defined ashe absolute microvolt of theparticular location emits a signal, in defined
particular band divided by the totafrequencies, which is projected to all cortical
microvolt geneated at a particularlocations. The value for a flashlight variable at a

location by all bands. specific location, and in a specific bavidth, is
PA: Peak Amplitude: the peak amplitude of ealculated by summating the cotece values
band during an epoch in micmaits. with theremaining 18 locations. References will

PKF: Peak Frequency: the peak frequency ofemploy a combination of the shorthand letters
bandduring an epoch defined in hertz. presented. For example, CA will refer to
S: Symmetry: ihe peak amplitude symtry coherence alpha and RPA will refer to relative
between two locations in a paular power of alpha.
bandwidth, i.e., defined as ()/ (A+B). There are several problems inherent in the
research in the area ekamining the assotians
o between QEEG variables and cognition.
Connectivity Measures .. The first problem has been the implicit
asumption that <certai
uniformly to all cognitive abilities. This
assumption has been challenged in previous
research (Thoton, 2000, 2002). 1 The
second problem is the assumption that the
degree of activation or changes of the brain
from a relevant baseline are related to success
at a cognitive task. This assumption is
involved in neuroimaging >:udies including
positron emissn tomaraphy (PET) and
functional magnetic resonance imaging
(fMRI) when brain activation during a
cognitive task is related to activation al rest. 5
The third problem is the modality of the

The coherence and phase values obtained in
this research were generated the algoithms
employed in the Lexicor software. Different
hardware and software companies have employed
different algorithms in caldating these values.
Neither the relations between these different
algorithms nor the relations between the
algorithms ad cognitive effectiveness under
activation coditions have been studied. It is not
assumed that the results reported in this paper for
coherence and phase relationships using the
Lexicor software would be the same for the
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information presented to the participanta similar approach to recall of the reading
-nether auditory orvisual. - The fourth material while the QEEG is recorded. The
problem is the assumption cmplicitly made byarticipants then give a verbal report without
developers of EC databases that subjec@GEEG recording.

relative standing, with respect to their QEEG

values a relevant database, will remaiighly  EEG Recording

the same when comparing values obtained

under an EC aadition and a task condition. In

addition, it would be assumed that the deficits

observed under the eyes closed (EC) condition

will be rresent during the activation condition.

T*u> study examines these problems aitd
a>>"jations bet we eng' cognitive functio
assessed by reading and auditory mesy and
QEEG measures in order to lay the je”csjan
empirical groundwork to identify sitet:ve
treatment intervention protocols.

METHODS
Participants

r n\-two righthanded participants (agére to
77 years, A/=38.45D=15.98;- " remale) with no
previous history' of Al HD. I.D, or TBI
participated after sigr;: : -sent forms. The
participants under mgt IS Signed assent forms and
the parents ® rc consent forms. None of the
partick r .. -' - - ad a history of neurological
problems, ic- four participants were taking
medica . - amihypertensive, arilepressants).
Tt is assumed that this small percenté®)6%)of
the sample would have no apprecibklffect on
the overall patterns. Participants were
compensated financially and were free to drop out
of the study at any lime or to refuse participation
in the research.

Tasks

The participants completed several tasks in one
session. Participants first eagped in an EC
resting task for five minutes. This was followed
by an AA task with eyes closed for three minutes.
The participants then opened their eyes and
performed a VA task for three minutes. This was
followed by listening and recalling four
paragraphswith eyes closed for five minutes.
Following each paragraph the subject engaged in
silent eyes closed recall (one minute) for each of
the four paragraphs while the QEEG is measured.
Then they give a verbal report of the paragraphs
with no QF.EG monitoringThe next task was
readng a full page of text fod 00 seconds and
then silently, with eye closed, recalling of the text.
Then with eyeslosed, participants engaged in
two delayed recall tasks. The first was a quiet
eyesclosed recall of the pageaphand the second



Brain activity was recorded usindl@channel ihe values of relative power (RP) values and
QEEG hardware device (LexXiCb/RNedRiadBIRMEHRHEAVOIts (M). which were aeged
Technology, Inc.). Bandpass filters were seicrass the 19 scalp locations for the three tasks of
betweerD.0and64 Hz (3 dB points). The signals EC. listening, and reading. This study included the
that passed were subjected to a Fast Fourbta? (3264 Hz) in addition to the commonly
Transform (FT) using Cosing¢apered windows, used beta frequency range here named betal
which provides spectral magnitude in microvoltél3-32 Hz). Although many of the relations arc
as a function of frequency. The sampling rate waggnificant, it is tear that the measures cannot be
set t0256to allow' an examination up ta461z. considered the same. The lowest associations
The bandwidths were grouped according to thmetween RP and M measures are in the delta
following divisions: Delta: .00-4 H?, Thcta: frequency and the highest are in the alpha and
4-8Hz, Alpha: 813llz, Betal:13-32Hz, Beta232 beta2 frequencies. The relations between the alpha
64 Hz. An ElectreCap was fitted to the values decreases during the readaskt
participant. The electrodes were pingied atl9 Table 2 addresses the relations between the RP.
scalp locations aceding to the standard 10 20M, C and P variables by presenting the correlation
system (Jasper, 1958) with ear linked referencesatrix for the EC, listening (eyedosed) and
The scalp was prepped with rubbing alcohol andading (eyes open) tasks for these variables. The
Nu-Prep and the 19 electrodes were filled witbnly significant assgations involved delta and
Electrogel. The earlobesand forehead werapha. There are positive relations between RPA,
prepped with rubbing alcohol and NuprepMA and CA and negative relations with PA during
Impedances were maintained below IOK Ohre two eyeslosed tasks. These relations cease
(and within 1.5 K Ohm of each other) at all locawhen participants open their eyes to begin
tions. Gain was set to 32000, and the high pasading. It is unclear why there are these inverse
filter was set to off. The measurements availabtelations between CAPA and the RPA and MA
through the software provided by Lcxicowvariables.

Medical provided the numerivalues of the  Table 3 presents the intercorrelations between

QEEG variables. The data were afticted for the phase and coherence values. As the table
eye movements and EMG activity as well as othardicates there arc strong asstioias between the

possible sources of contamaiion (Thornton, coherence and phase values of the frequency
1996). measures, except for the alphradquency under

both eyesclosed tasks.

Table 4 presents the relations between age and

RESULTS the RP, M, P and C values across the three

_ o cognitive tasks. As the table indicates age has

The results are presented first by desoglihe effects on all RP values (strongest for betal)
associations among the tasks @f, fistening, and except alpha depending upon task; age has no
reading. Then the results are shown for thﬂfect on microvolt mesures, except for MT
changes in brain activity as the participantgnder reading tasks. Coherence theta (CT) was the
progress from the EC task to the attention taskfly coheence variable that was directly
then to the cognitive tasks of listening angssociated with age under the listening task. The
reading. phase values that were directly related to age were

AssociationdAmong Measures'

To aid in understanding the researchspreed
it is important to understand how commonly used
measures relate to one anothad to empirically

TABLE 1. Interrelations between microvolts and relative power.

Eyes Closed Listening Reading Average
MD/RPD 0.10 0.32 0.21 0.21
MT/RPT 0.50 0.57 0.42 0.50
MA/RPA 0.86 0.87 0.53 0.75
MB1/RPB1 0.53 0.38 0.43 0.45
MB2/RPB2 0.72 0.69 0.71 0.71

Note. Bold numbers are significant &5 level. R: Reiatve Power. M: Microvolt. D: delta. T: theta. A: alpt&l.: betal, B2:

beta2.

describe their associations. Two very commonly
employed measures are microvolts and relative
power. Table | presents the correlations between
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rur P value under EC and listening tasks as vr..uhderstand what specifically occurs in the QEEC)

P I under listening. variables as the participants move from an EC task

is summary, the associations between R& M to a simple noncognitive activation task, and to
measures are strongest for alpha and bBZz| dddntify the QEEG variables that are related

weakest for deltacross the three a.t> reported isuccess or flure at a cognitive task. The

the Table 1 (EC, listening jac reading). Thiallowing analysis will examine these changes as

TABLE 2. Relations between relative power, microvolts, coherence, and phase.

Eyes Closed Listen CD (Eyes Closed) Pl Read CD (Eyes Open) Pl
CcD PD
=FC 0.45 0.36 0.57 0.51 0.41 0.29
HC -0.02 0.02 0.12 0.14 0.38 0.16
CT PT CT PT CT PT
0.24 0.07 0.2 -0.05 0.07 -0.09
ir -0.03 -0.1 -0.05 -0.16 -0.2 -0.1
CA PA CA PA CA PA
= 0.64 0.48 0.76 -0.39 0.03 -0.08
MX 0.45 -0.45 0.61 -0.42 -0.04 0.05
CB1 PB1 CB1 PB1 CB1 PB1
0.01 0.05 -0.02 0.04 0.27 0.26
-0.1 -0.22 -0.1 0.02 -0.11 0
CB2 PB2 CB2 PB2 CB2 PB2
0.13 -0.01 -0.01 0.08 0.11 0.19
wWEZ -0.25 -0.2 -0.13 -0.12 0.04 0.12

t o ¢:-ABuers are significant at .05 level, R: Relative Power, M: Microvolt. D: delta, T: iheta. A: alpha. BI: betai. C. Co

r

el ations

nonsignificant-¢c i n i
handvash Coherence and phase delta show
UpcskEr.- relations to relative powelf delta

Relative power and microvolacts ~res show

positive relations to cohesecalpha and negative

r el

ations to

P: Phase.

bet ween

he the

phase

RRhe M. arid P val
t a, bet al and bet a2
¢czfei The al pha

exist in reading task (Table 2). Associations

between coherence and awalues are high
within all frequencies, for the alpha frequency
during the
EC and listening tasks (Table 3). The beta2
frequency has one of the highest associations
between the M and RP values as well as between
the C and P values. Some of these phenomena
have no clear explanation at this point in the
development of this field.

Activation Patterns and Predicting
Cognitive Success

From a clinical point of view it is helpful to

TABLE 3. Interrelations between coherence and phase values in three tasks.

esGcesed Tasks
Listen (Eyes Closed) Read (Eyes Open)
33 PD0.96 CD PDO0.91 CD PD0.80
CT PT0.92 CT PTO0.72 CT PTO0.71
CA PAO0.03 CA PAO0.04 CA PAOQ.77
ce PB10.83 CB1 PB10.53 CB1 PB10.87
CBZ PB20.94 CcB2 PB20.96 CcB2 PB20.86
1IT -} Ttheta, A: alpha, B1: betal. B2: beta2. C: Coherence. P: Phase.

ues

ret

pattern

ec

doe
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participants (1) move across tasks from EC to Agtatistic(ES),it is necessary to have the means and
to Listening to paragraphs and (2) move acrostndard deviations on QEEG measures from both
tasks from EC toVA and then to reading. Thethe EC assesent andthe task assessment. The

TABLE 4. Relations among age, relative power, microvolts, coherence and phase in three tasks.

RPD RPT RPA RPB1 RPB2
Age -0.34 -0.29 0.17 0.47 0.34
(EyesClosed)
Age (Listening) -0.29 -0.17 -0.12 0.41 0.25
Age (Reading) -0.57 -0.60 -0.08 0.47 0.48
MD MT MA MB1 MB2
Age (Eyes 0.00 0.22 -0.17 0.14 0.23
Closed)
Age (Listening) 0.02 -0.27 0.21 0.05 0.06
Age (Reading) 0.04 -0.38 -0.25 0.02 0.21
CD CT CA CB1 CB2
Age (Eyes 0.13 0.21 -0.01 0.05 0.19
Closed)
Age (Listening) 0.14 0.51 0.03 0.23 0.11
Age (Reading) 0.07 0.14 0.22 0.17 -0.08
PD PT PA PB1 PB2
Age (Eyes 0.11 0.22 0.32 0.16 0.20
Closed)
Age (Listening) 0.11 0.45 0.34 0.10 0.15
Age (Reading) -0.05 0.20 0.26 0.11 -0.05

N ¢, tHe:.RelativePower.M: Microvoll. D: delta, T: theta, A: alpha, Bi: ° 1B2;ibeta2, C: Coherence, P: Phase, Bold nun
are significant at05level.

analysis of the data will als@) examine the ESfor the task is calculated using the formula: the

problem of predighg from the EC and simple AAtask mean score minus the EC mean score, divided

andVA tasks to cognitive success and (2) providegy the standard deviation of the EC distribution.

a description of the stale changes in brairhis provides a change score in QEEG from EC to

functioning for a group of normal individuals. task in standard deviation @i thus allowing an
evaluation of changes in QEEG due to the task. In

CHANGES IN OEEG VARIABLES WITH addtion. theESis biasadjusted for the size of the
CHANGES IN TASK sample (Hedges & Olkin, 1985). In atidn to the
ES.we obtained confidence inteds that allow us
We reporl the changes in QEEG variables &g determine if the change

the group of participants progresses from one task

to ihe next. Selection of the vakbles of interest

was based on a criterion of a standard deviation

(SD) change of .50 or greater, using the SD of the

relevantbaseline task. Almost all of the changes

were in the range of 0.50 to 1.00 SD for the

auditor)' task changes and up to 2.00 SD lor the

visual task changes. Specifically, the QEEG

obtained during AA is the relevant baseline for

auditory encoding and audifor memory.

Similarly, the QEEG obtained duringA is the

relevant baseline for visual encoding and reading

recall. In the first analysis, we examine the

changes in QEEG variables when participants

move from the EC task to the tasks of AA and VA

and subse@ntly to the listening and reading

tasks.

Effect Size Analysis

We will use effect size analysis to evaluate
whether the task changes QEEG measures
(Cohen, 1988). In order to obtain an effect size
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from EC assessment to the task assessmenpatiern of left hemisphere coheoe alpha
¢ Hikanl. Using a cutoff of 95% confidenceflashlights (F7, T3, C3, P3) and right frontal (F8)
*i Acreéal > for a sawe | as wel ds PKFBlatf TS ah@ Cz éThomforg 20003. ,
crcu ated the mi ni-nhamThése Sesultseaceairecatculatian of the &homton
the QEEG measures obtained iroer task conditidi2900) pulished results employing the flashlight
differed from thosecoSccted under eyedose metaphor. This is the example of the exzetibn
conditions, with confidence. ARSof 0.5 meets of the relations between cognitive performance
these cooiiions. For more information, as weH kiand the QEEG variables during a task.
. re details on how to calculate effect size its Data obtained during an activation QEEG
~rplied to QEEG, see Thornton and Onaodgvaluation were used to develop toepls for
(2008). clinical patients on a case by case basis for EEG
biofeedback that was designed to improve

Chtmges from ECto A A

memory. The

remediation efforts

improved

auditory memory (2.44 standard deviations or
V- the paticipants move from an EC state  296%) with a group of 20 children who had
YA state there are increases in left tgu&il lobe |€arningdisabilities and

activity (T3) in beta variables *PB2. PKFB1,
SYMB2) and F3PA.

Ommgcs from A A to Listening

F A re 1 shows the changes

ttk:s from the AA task to the listérg task. Tic

changes include increases

delta (RPD, PKAD, MD) and _ MT. PKAT) and

occipital (02) beta2- MB2. PKAB2). The

variables which fcised included frontal RPB1.

PKFT and

F3PA. The increases in delta probably repra
artifacting issues due to eye movements.

PREDICTING LISTENING PERFORMANCE
FROM PREVIOUS TASKS

Predicting from EC to Listening

Figure 2 shows the predictors of auditory
memory under task, which indicate a prextoant

n

in QEEG

front al

var.i

yfci“on*

-0. -E AThe changes in quantitative electroencephalography (QEEG) variables from the auditory attenfl@nistening

task.

Increase In Values
MD, PKAT, MT MD PKAD M8 ®KAB2

f—\‘

/ooo\...\/ooo

/0
(OO 0 a 2
o ¢ 0
\g{\o 0 \@

Decrease In Values
BPD 1.PKFT PA

h P hion Wi D el € a D@iEmtokrowcii Tie* M
PKAD Profc XTI JVItD bi MfMtow.It &>*i2 HUK -Puik ftrrhiUrk &H2 RPBIP ot ar v i
PA Ban Aliié

PKFTPIS.Fngwot YTkst &

MDAMICKMUIftiti
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FIGURE 2. The predictors of auditory memory under task

Predictors of Successful Recall

ADHD

CA Coherencdljixi PKFB1 Peak Frequency B
lat

(Thornton. 2006a; Thornto& Carmody.2005). cognitive measure collected at afelient point in
In a separate studyl9 paticipants with TBI time. The positive predictors involve frontal and
improved auditory mepry by 2.62 standard central RPT and posier symmetry beta
deviations (Thorntor& Carmody.2008).This is measures while the ndgee predictors are
an example of the third method, the effects diiffusely evident in the beta2 frequency (RPB2,
intervention on cognition (Thorntofa Carmody. MB2). frontal beta activity and posterior and
2009). central connection projections. As evident in this
Figure 3 illustrates the predictors of atolily comparison none of the subsequent task
memory from the EC task. This is an example gfredictors of memory performance were evident
the first method, predicting from in the

FIGURE 3. The predictors of auditory memory from the eglesed task.
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BT task It would be expccted that a partgliiz'y task performance. A question that arises is
relative value, compared to the othewhether the participants are increasing the value
pLTDjipant's vdues, would be maintainedthe of the variables that are critical to task success?
change. In this auditory memory :he coheren&xaminingthe changes in QEEG from both the
alpha (CA) values of the {uent better performefSC to AA and from the AA to listening tasks
should be :n the EC task, and thus be a prediaeveals no significant activation of the coherence
recall under task. This association wasalpha flashlights. While the change from EC to
demonstrated in the data becauseB8e AA is not expected to induce an increase in
coherence values did not correlate wieinl recall coherence alpha values, it certainkould be
performance. expected as the participants move from the AA to
listening task. An additional analysis was
from A A to Listening undertaken to determine if there was a significant
change in coherence alpha
- cure 4 shows the predictors of parecall
score from the A A task. The
.e relations between AA variables and pient
paragraph recall ability were-rmilar to the
patterns in the EC data: RPT values, occipital
symmetry beta while the negative indicatoved
the beta2 frequency in diffuse leca
- addition to frontal beta meass. In the
CB2 activity from the right and
central locations proved to be
an additional negative predictor of recall ability.
In summary, brain activity during the EC or the
AA tasks was unrelated to the subsequent
predictors of auditory recall ability.

ACTIVATION PATTERNS AND
SUBSEQUENT AUDITORY RECALL

Another way to examine the data is an analysis
of the activation patterns in relation to subsequent

FIGURE4 ThelyegrditiverCopalatiomsh recall score from the auditory attention task.
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relationships as the participants moved from thibe results will focus on the most dominant
EC to listening state. Noraf the cohegnce alpha pdterns. The change from EC to VA results in
relationships showed a significant increase atarge increases in relative power in beta2, right
almost all were in the negative direction, thusemisphere microvolts of beta2, lateral locations
negating the possibility that the analysis wa®r peak frequency betal, and symmetry betal and
overlooking smaller increases as the participartieta? mesures while the decreases in values
moved from EC to AA to listening, whighay be, involved broad dereases in PKFT, PKAT, RPA,
in aggregate, significant if combined. PKAA, MA and posterior PKABland PKAB2
and more centrally located and fr¢orly located
MB1 and SYMB2 mesures. Connection
STABILITY O['):IEFI?ESRPECID\INI'S'FAZAK;TERN ACRO§§MW decreased in CA at all IO(_:ations, in CB1
lor frontal and cetal locations, in PA frontal

Table 5 presents the correlations between tocations and in PB1 frontal and temporal
. ; ; - ions. Th h f looking evok h
EC and listening tasks to describe the stability ations us the act of looking evokes the

; : . 2 fr n r Il fr ncies lower
the variables across different tasks for the relati ﬁe;ﬁ 13ﬂ%?tzcyénddeg :;Sezsseas coi%léecti%rfsac(:ivﬁy
power and microvolt measures. Table 6 preser\g ’ '

Dth phase and coherence, from frontal fioce
the Qata for the subsequerjt 'coherence alp fld between allocations in the cohence alpha
predictors. As the tables indicate there are riable. The greatest changes (>1SD) were the

significant podive correlations between the -1 qecreases in alpha (RP, PKA, CA, PKFT)
variables under the different tasks. However, nd increases in RPB2.

does not appear that thégability is sufficient to
employ the EC task for prediction purposes due to .
variability of the response pattern across the§d'anges from VA to Reading

tasks. For example, the T3CA correlation is .78. __ o
providing an R value of .61. leaving a large Figure 6 presents the significant changes as the

amount of unexplained variance. partiCipantS move from VA to &Ellng Silently
(RS). The change from VA to RS results in
Changes from EC to VA continued posterior increases in beta2 (MB2,

RPB2) along with broad increases in theta
Figure 5 presents the significant changes as ttleKAT). frontal theta (MT) alpha (PKAA\1A)
participants move from the EC to and betal (PKAB1). right frontal SYMB1
measures along with CB1 adty from posterior
locaions (P3, T6. 02. P4) and CB2 from poster
TABLE 5. Associations of relative power and micotts in  locations (T5. P3. Pz, P4, T6, Ol, Q2).
eyesclosed and listening tasks.

RPD 0.79
RPT 0.72
RPA 0.90
RPB1 0.90
RPB2 0.82
MD 0.81
MT 0.86
MA 0.94
MB1 0.94
MB2 0.82

Note. RP: Relative Power, M: Microvolt. D: delta, T: theta
alpha. B1: betal, B2: beta2. Bold numbers are significant
level.

TABLE 6. Reliability of coherence measures across the

of eyesclosed and listening tasks.

F7CA 0.84
F8CA 0.84
T3CA 0.78
C3CA 0.75
P3CA 0.64

Note. C: Coherence. P: Phase, D: delta, T: theta. A: alphe
betal, B2: beta2, Bold numbers are significant at .05 le!

the VA task. As there were many changes
involving only a few locations, the desdign of
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Dir -rr-i >es were evident in frontal alpha ¢PA.
frontal beta activity (RPBI, RPB2) broadly
located theta coherence and

Cr _ =E 5 The significant changes as the participants move from thecbysesd to the visual attention task.

RPD-Kelalro Powtr Delta RPBReastive Power Betal PKFikak Frequency Betel MBRIicrovolt Beta2
PKAB2 Peak Amplitude &efc>RPB2Relative Power Beta2 PRhase AlphdR PT-Rehire fioweiThe taPKAT-Pe e k A mf f
. P¢cak Fr ¢ dMilebvicrgnditihitat PAKAA-Rsak Amplitude AiphdRPA-Rilstzva Powi AlphaM -Mcravolt Aichs
SVMBI-sy sAr2viéic thatl f MSB'n%n eby BetelPK FA- PeakFE quciiry AJs&aPKABI-P e a k  Amp | iPKABZPed
Amplitude Bcta2CA-Co h s r e w &CBRGohoterice BrtaCB2Co h ¢ 8 cd¢leBtPhase Bet al *origned & i
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phase activity, as well as frontath ocatedritical variables: T5CA;1.08 SD; F7CB1;1.0

flashlights (PA). In summary, as the pagimnt SD; F7PBF-1.04 SD. However, much of this
OH: BB, Tba @@l@ﬁ@h{[/@ﬁﬂygg%ﬁ%%@ggW%ébm%GW“@m
A5 : Ne Qtiv‘é"‘laglationships
N

R~

ot Sl ‘BPosi;gl/é’ Rel’é?fq“gnships
UANSS LPBZCA [

o
A

moves from VA to RS the clinically relevantdecreasean be explained by the change in state
results are the increased posterior MB2 aritbm an EC to an eyes open cdiah. Comparing
RPB2. increased posterior beta coherentige two attention measur@éA vs. AA) indicates
activity. Successful reading iolwes F7 that these values decrease as a result of opening
coherence activity, a top down process (Figure the eyes. The following changes occur: T5CA,
There were no variables whose averaged valué3 SD; F7CB1:1.04SD; F7PBI.-.77 SD.

(across all 19 lodans) increased greater than 1
SD in this change. An additional analysis of the
changes from EC to RS was undertaken to
determineif smaller changes were occurring as

the participants moved between these three sta - .
which if taken m aggregate would be significani.gﬁ:"d'ctlng from EC to Reading Memory

As in the auditory situation, there were no Figure 7 presents the correlates of reading
significant positive changes in the criticalecall under task (Thornton. 2002) in a mat
variables (F7 cohence and pase activity; TS population. As the figure indicates, the successful

coherence alpha relationships). ~As thgattern is predominantly F7 betal and beta2
participants moved from the EC to RS conditioBonerence and phase flashlight

there were sigificant decreases in several of these

PREDICTING READING MEMORY FROM
PREVIOUS TASKS

FIGURE 8. The predictors of reading memory from the &jesed task.
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r.::.cfr,s along with CA from the T5 loeac- Thus Visual Activation Patterns and Subsequent
successful reading memory ispfii n h  d e pReadidgeRedall
upon left hemisphere coherence activity. This is
another example of-.he third method that The analysis of the changes from EC to VA
measures the effec f -ariables under taskand from VA to reading revealed that as the
conditions. participants changed from an EC to VA task they
> jure 8 presents from the predictors of srartmgecrease the values of the predictors indicated in
memory from the EC task. The pesilt e Figure 7. The change from VA to reading does
rredictors involve frontal thcta (RP) and F~C Th@ot result in any significant improvement or
negative predictors involve difr>r sites and the decreamg of these values. As in the paragraph
beta2 frequency. This is a r j example of the firgask, one conclusion that can be asserted is that
method, prediet from EC to a later obtainedthe normal brain is naparticularly effective at
cognitved ¢ s ur e . activating what it needs to be successful at the
task, the "inefficient actation pattern.”

Pre&cting Reading Memory from VA Task
. gEECS DIFFERENCES BETWEEN TASKS
Figure 9 presents the correlates from the V

task to subsequent reading recall. The ; predictabifferences in QEEG Variables Between A A and

were the MD measure a central locations/A Tasks

Negative predictors mm ed PB1 from 01 and 02

and F4CA. Vxi of these prcdictors agately It is of some clinical value to understand the

identified the subsequent correlates under the differences between the two attention tasks and
two cognitive tasks, as clinician's

FIGUREO9. The correlates from the visual attention task to subsequent reading recall.

Positive Corelations

MD Mcsroit Dehft PE1: PfeasBthl CA Co'tmttc.* Alcht
MD



may have their patients in either an EC or eyes
open codition during the training and may
misipgerpret the meaning of the chanoRNAAHIENEUROTHFE.RAI
In addition, as the clinician is viemg the EC as
the comparison state, a clinical error of assuming
improvement in a variable may occur when, in
reality, the only reasofor the change maybe due
to the patient opening their eyes. Only the most
dominant differences will be reported. The
variables which are greater in the AA task
compared to the VA task include alpha (RP, M,
PKA, CA) and frontal betal flashlights (CBI,
PBY), frontal phase alpha and left frontal CB2
flashlights, symmetry betal measures at P3, P4.
Ol. Cz, Pz and SYMB2 measures at Fz, Cz.. The
VA task variables are higher in all RPB2 values,
frontal RPB1, SYMB1 measures at F7, F8, T3. T4
and SYMB2 at T6.

QEEG Differences Between Listening Silently
(LS) and Reading Silently (RS)

Figure 10 displays the variables that are
significantly greater in the reading silently task
(RS) compared to the listening silently task (LS)
and Figure Il presents the valles thaare greater
during the listening compared to the reading task.
Reading has greater values than listening in
FIGURE 10. Significantly greatéfVariables insthe reading silently task compared to tf}%iﬂming sifently task.
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frontal beta activity (RPB1, PKAB1l, MB |,
SYMBL1), posterior beta (PKFB1, MB2, RPB2,
SYMB2) and diffusely located higher values for
beta2 (PKAB2). Th overall pattern is one of
frontal betal values higher and pesor beta2
values higher than in the listeg task as well as
increased CBI from occipital locations.

Listening silently exhibits greater values than
reading for diffuse locations in the thcta
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(PKFT), alpha (RPA, MA\: and increases in
central and postesd metry beta | measures. Of
some interto note is that the LS task evokes
higher in the broadly located connection in the

w2 Sk semsy  2ing task.

FIGURE 11. Sigt BEE 1R

oA

DECREASE IN VALUES

| ower frequencies (CT, PT, CX.¢ and
located flashlights in the tea frequencies (PA,
PB1, CB1, PB2) and in central and posterior
symmetry-reasures. Thus the LS task engages
InrT frequencies more as wellasinvbB y 1 e
activity in the coherence and associations. Both
tasks involve processing, which argues
stein & Sarnlheir(2000) hypothesis i xbe iower
frequencies are involved in processing.

DISCUSSION

Th. findings present a complex system-t-':2
adequate scientific understandingit m the
development of the field, r. the findings do have
implications : ym EEG biofeedback intervention

front al

against



protocols should proceed. The results cadi (1) In the first case study, a woman with impaired
tasks evoke aystem response which involveeading had coherence alpha values well above the
diffegent locations and different fieRMGRNA(2DRNMUNRECETPRERSARIY listey task and her levels
focusing on a particular lotian, such as Cz orof coherence betal and beta2 w*ere below the
frequency does not adequately address therm at location F7, in addition to other locations
complexity of the syem: (3) the high bcta2(Thornton, 2006). The difference between her
frequency (32 64 Hz) is intimatelyvolved in auditory and reading memory ability was 5.29
brain functioning; (4) EC and simple attentiostardard deviations. It is instructive inighcase to
data are not sfi€ient to understand or predictask whether the subject's beta coherence values
what is required to improve cognitive functioninginder the reading condition reflect an underlying
in normal individuals; (5) The figures and tablestructural deficit in the myelinated fibers or a lack
provided also indicate to the clinician that aof appropriate allocation. An examination of her
improvement (from an EC database) on a varialideta coherence values under the EC to theing
may not relate to the effectiwess of the condition, indicated that the subject was
intervention but merely to a change in task; (&)creasing coherence values between the frontal
improvement on a padilar variable may have nolocations and decreasing the beta coherence
relations to improvement of cognition; (7Values within the posterior lotans, while her
interventions are gemally conducted with eyesF7CB2 (both raw and stdard deviation values)
open and employ an EC database to determotecreased as theasks changed from VA to
interventions. However, merely opening of theeading. This p#rn would indicates (I) that the
eyes results in many reductions in the alplsabject has the necessary physiological resources,
frequency as well as other changes (see Figurbui was not appropriately employing them and (2)
for specifics). The failure to sppess alpa under knowledge of the subjects F7CB2 gtard
eyes open condition can be considered a clinickdviation value in the VA task wouldot have
problem (Thornton, Carroll, & Cea, 2007). allowed accurate prediction to the F7 value during

More specifically when addressing ptems in the reading task.
auditory memory in adults, the pozols should  Tn the case of a 21 year old male with a history
be directed towards increasing coherence alptfasevere reading disability, the examination of
relationshipsWhen addresng reading problems,the response pattern across different tasks proved
the F7 coherence and phase llashlighls (beta 1 &nitical to rehabilitdon €forts. The subject's
beta2) and T5CA flashlight may require attentionelative power of alpha was within normal limits

It is relevant to note, however, an aditial under EC condition as well as all of the tasks
comment. Thornton has been involved in casehich involved the EC. Only when the subject
where the subject's valsi®n varables, which are opened his eyes did the relative power of alpha
not related to successful task performance, weraues increase in their standard déeiavalue
several standard detians below the norm andto approximately 3 standard deviations above the
required addresing. One common pattern is lownorm. Overall the syéct's raw relative power of
posterior coherence beta relationships duriadpha value increased an average of .25 across all
reading. There are two ways to concgtlize this locaions. thus indicating a failure to suppress
issue. One way is to consider that variables afpha under visual task conditions. Once the
necessary but not predictive of good memorghailitation protocols were set to address this
functioning. 1'he second way is to consider thptoblem, the subject improved significantly in his
any variable (coherence values in particulagading ability assessed by standardized testing.
which is grossly deviant from the norm majn this example, the subject's standard deviation
function as ahindrance to effective cognitivevalue of alpha in the EC task would not have
functioning. indicated theappropriate intervention. (Thornton

The preceding discussion has focused on thal.. 2007).
clinical value of having the subject undergo The purposes of the research were to (1)
specific cognitive tasks to undgaind the subject'sexamine the relative value of databases obtained
deficits in QEEG response pattern on the variablasder different conditions in  improving
which relate toperformance. In addition to thecognition: (2) to understand how the brain
value of individual task QEEG analysis, there i®sponds to different task dendsn (3) to
relevant clinical information that can be obtainedhderstand how the QEEG variables relate to one
from the subject's response pattern across #rmother. To achieve this purpose, the changes in
different tasks. Two case studies illustrate ttaetivity levels at locations and between locations
value of the activation dabase. were examined during several tasks including EC,

AA, VA. as well the input stages of paragraphs
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presented aurally and reading presented visualfyevious QEEG research that indicated that
The brain response patterns in each task welevated levels of left hemisphere theta and delta
associated with under EC condition predicted poor ediioaal
performance on memory tasks. The results stomdhluations in children (Harmony et al., 1990).
thai the QEEG variables measured r the recall There are also specific QEEG variables which
tasks were more consistent wilitience researchhave a negative correlation with recall scores (T6
of memory response than those measured in #B1). In the reading task the increased phase beta
EC mi simple attention tasks. Specifically, thactivity from the T6 location is inversely related to
QEEG measures during recall show left Styemory. EC data or attention task data do not
sphere involvement, which has been ssby provide the relevant information to formulate
PET to be active in auditory memy N | a z ceffedive irgerventions, while activation QEEG
al.. 1993). These findings:i>; .hat interventions correlates of cognition provide the necessary
using EEG bieitrr-ir h a v e an advantage information for highly effective intervdions.
in obtaining treatment success when selectiorFigure 6 indicates thaeading is prdominantly a
based re an activation database. For example, Battom up processing task in a normal population
are associations between QEEG nieas taken with increased micnelts of beta2 in posterior
under the EC condition and ac&Jl memoryocations and pderior flashlight activity
Specifically, the relative ~Ofccr of the thetacoherence betal and beta2). However, successful
bandwidth is directly jrsisi to memory while reading involves F7 coherence aitjiv a top
there are inverserfroiLs with microvolt and down process (Figure 7).
relative power .0 - of beta2 bilaterally in central The results presented in this paper suggest a
and r regions. However, the theta-fiethe EC coordinated allocation of resources (CAR)
conditonhasnbo been ¢ ¢coat e dypdthess tofocognitiva éffecliveness.tThe CAR
effective cogniixrrformance (Harmony et al.,hypothesis states that effective cdiyei
1990)s~ould not be a recommended protocol toinctioning is determined by multiple spfc
improve auditory memory. variables acting in unison to achieve optimal
The locations that were most strongly associatpdrformance and that these wdles can be
with memory performance were toe: lifted usindifferent in different tasks. The QEEG variables
the fladlight concept. In ibc auditory memorythat are related to performance include activity in
task, the greatest asso-.> to performance arethe beta frequency at specific locations as well as
with the coher.iipha flashlight activity in the left the cdierence and phase relationships between
r & :-phere and right frontal locations. Py locations in specific frequencies. While there are
PFT research has confirmed the rsilthe left significant correlations between the attention
temporal lobeT3) and left frontal~ ' nations in tasks and memory @ermance, the QEEG
audi tory pr oc\ensnoiynvgriabdes identdied anAhe attention tasks are not
(Mazoyer et al., 1993), . role of the right frontahe variables that accoufdr success during the
lobe (Henson, v/l ce. & Dolan, 1999) duringnemory task and thus arc not sufficient to develop
recall, as v : | as the dominant role of the leétn appropriate intervention protocol using
hemi sccere in verbal processing
The current study-urdentifies coherence air.
n a contributor to the left hemisphere
functioning. The predictors from EC
- rare 3) and AA (Figure 4) do not fit well
previous PET research, or with present
science understanding of anatomical ning
and previous QEEG research
- v.-. has identified theta activity as a
predictor of cognitive abilities Harmony et al.,
1990. Lubar et al., 1995).
In the reading task, improved performance is
associated with sources of coherence in beta from
left frontal region (F7) as well as sources of
coherence in alpha from and T5CA activity. The
previously researched identified role of the left
hemisphere in laguage processing overlaps with
these QEEG findings. The predictors from EC
(theta) and VA (delta) do not fit well with



EE G biofeedback. Both reading and auditory in the posterior cortex of the human brain revealed during
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memory tasks require different sets of natural sensory stinfation. Cerebral Cortex. 17(4)766
resources for success. We cannot assume thaf/77.
there isa single intervention protocol that willGotland, Y.. Golland. P.. Bentin. S.. &Talach. R. (2008).
broadly affect reading and auditory memory as Datadriven clustering revea_lls a fundant@insubdivision
different tasks require allocation of different sets ©f the human cortex into two global systems.
of QEEG variables. Neuropsychologic, 46(2540-553. _

Tn addition, the data document that the humgfﬁ'}fa'e?ehmindez' J'V/\'/\" C:Speg@a;za' Y'('j Campbg”'
brain does not activate the necessary variables forEi'éuer; d:éo?jfgﬁez o ('2'005)05 Aa)y:/;erns.k fésting
\S/zlilcijcees,sisnl?hg ;al:lsc:(iiof)cl)I:[aesxka(rj]lqopIr?étﬁ?]gfégggeaslfhhe%mdition neither 'baseline' nor 'zerd\euroscience

etters, 391(1-2). 4347.
subjects move from an AA task to the listening {9rmony. T, Hirglojo)sa. G.. Marosi. E., Becker, J., Rodriguez,
paragraphs task. One conclusion that can bew. & Reyes, A., et al. (1990). Corréilan between EEG
reached is that the normal brain is not efficient or spetral parameters and an edtional evaluation.
effedive in its activation response pattern. This International Journal of Neuroseience, 54R), 147155.
phenomenon can most succinctly be called tHedges, L. V.A Olkin, I. (1985) Statistical method* for
"inefficient activation pattern." This conclusion, if metaanalysis.New York: Academic Press.
validated in a larger sample, has significahfenson. R. N.. Shallicc. T.. & Dolan. R. J. (1998jght
implications for the EEG biofeedback field and prefrontal cortex and episodic memory retde a
education. If the resirces are available but just functional MR | test of the monitoring hypothedBain,
not employed correctly, interventions become 122(Pt7), 13671381.
pragmattally easier to accomplish then trying tg2sPer- H. (1958). The téwenty electrode system of the
"build" connections which don't exist. The normal g‘;ﬁ:g;t'ﬁgilrogﬁsseiﬁgg;Eig;rfgggephalogmy and
Eg?easga?;ndC(;?reTa(_)tLSEﬁIglgf?;C%t/eam;gg?‘it;[\?: John. E. R. & Prichep. L. S. (2006). The relevance of QEEG

oo oo e to the evaluation of behavioral disorders and
functlonlng, as indicated by the cognitive pharmacological interventions. Clinical EEG &

inefficiency hypothesis. Neuroseience. 37(2).35143.

There are, however, patterns of relationgbar, J. F. (Ed.). (2003Quantitative eleclroencepha
between variables across tasks which arejographic analysis (QEEG) databases for neurotpsr.
clinically important to understand in detgning Description, validation, and applicatioNew York The
protocol interventions. These p&ns ned to be Haworth Medical Press.

understood in addressing the cognitveubar. J. F.. Swartwood. M.
ineffectiveness of the LD, ADHD and TBI patient Timmermann. D. L. (1995). Quantitative EF.G and
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Direction of SMR and Beta Change with Attention in Adul

EtienneVachonPrcsscauM ScA n d Acl®m, PhD Aimce Benoit.ajoie, BSc

ABSTRACT.Introduction. The aim of this study was to clarify thrgerpretation of sensorynotor

rhythm (SMR; 1315 Hz) and beta (280 Hz) changes with respect to attention states.

Method.For this purpose, EEG was recorded from 11 participants during (a) a multiple o
tracking task (MOT), which required exterlyatlirected attention; (b) the retention phase of
visuo-spatial memory task (VSM), which required internally directed attention andaenesicf
sensory distraction; and (c) the waiting intervals between trials, which constituted a
taskimposed combl condition. The 2 active tasks were consecutively presented at 2 diffic
levels (i.e.. easy and hard). Two analyses of variance were conducted on EEG log s|
amplitudes in the alpha {82 Hz), SMR,'and beta bands fror31F4. C3, C4 and P3, P4

ResultsThe first 15 analysis compared the MOT to the VSM by difficulty levels and reveals
significant task effeqp < .0005) but no effect of difficulty. The results showed that externally
direded attention (MOT) resulted in lower values than internally directed attention (VSM) in
three bands. The second analysis averaged the difficulty levels together and added the
no-taskimposed reference condition. The results again showed a signtisargffect that did
not interact with site, hemisphere, or, more important, band. Post hoc tests revealed that b
MOT and VSM produced significantly smaller means than thiasleimposed condition. This
pattern of logamplitude means and the lack afkanteraction with any other factor indicate the
taskinduced attention reduces EEG power in the same proportion across the 3 bands and
channels studied.

ConclusionsThese results contradict a frequent interpretation concerning the relationshi
between the brain's aptitude to increase low beta in neurofeedback programs and improved
attention capacities.

KEYWORDS. Alpha, attention, betBEG.Neurofeedback, SMR. spectral

INTRODUCTION

Neurofeedback programs for attention deficit
hyperactivity  disorder  (ADHD) involve
behavioral training sessions designed to modulate
the EEG spectral contents. The aim is typically to
reduce excess theta EEG activity{3-1z) and to
increase sensorynotor rhythm (SMR; 12 15 Hz)
or low beta activity (16 20 Hz; Monastra.
Monastra, & George, 2002). These targeted
changes are based on quantitative EEG (QEEG)
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Etienne Vacho#Pr c s seau, MSc . Institut UniversitaMarey ,deMd®irrs
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rations and arc often assumed/tcorrespond to Hence, better attertional capacities could be an
increased control over andSoygrifiedvitidea shaipdirect effect of reduccd backgédund processing
con-to this literature, eventklated studies reflected in increased beta. Although high beta
present activation as reduced ade over both alghéove 20 Hz) seems to characterize rumination in
and beta bands .heller & Lopéa Silva,1999). depression (Demos, 2005), the low beta band
experimental data linking EEBudo increased could represent an idling statekira to the
attention are scarcc. it possible that suateighboring alpha and SMR bands.
eventrelated have no parallel in general atten Ray and Cole (1985) approached the
calLafTée. moti vati on frelationshipi betweenu EFG eéandA atteftion
better identify the type of modulation m SMR (18lifferently. They presented evidence that alpha
15Hz) and beta band (481r ¢déring sustained activity reflects attention demands (external vs.
attention states, Hill > compared to a situationinternal attention), whereas beta activity rather
in which ac tAi k i sreflectsgroosiomal and cbdivie rocessing. Jheg e
meant contribute to our models of how neuraontrasted several "external" and "internal” tasks,
may improve attention. A few stu- --port the in which attention must respectively be paid to the
association of increase SMR t increased attentierternal environment or directed to intalty held
capacity. For r. Egner and Gruzelier (1994nformation while resisting distréion from
observed >MR enhancement training improveskternal stimuli (e.g., during memtarithmetic).
psrk nnance in both visual and auditory testiternal lasks, which they called "rejection tasks,"
Moreover. SMR can be intea sensorymotor were characterized by larger amplitude relative to
idling rhythm it to occipital alpha that indirectlyine external tasks (which they called “intake
visuo-spatial attentionindeed Croft. Dominey, tasks"), in both parietal lobes, for each 4hilide
Burgess, and (2003) observed alpha enhancemaautd from 8 to 20 Hz. Moreover, allebe bands
.attention benefits from an active inkibin all had more energy in the right (R) hemisphere than
visual inputs or of selected parts of veual fieldn the left (L). Finally, their results indicated
Correspondingly, learning to SMR in ADHL)significant interaction of attention demand
could simply be ig to inhibit the sensemyotor (external vs. internal) with hesphere. These
system. tA mast er i nigterdtctons atechowg\ert quiesadlembecalise u
increased SMR directly comes from activity in athe andéyses were carried on EEG power, rather
attention network ofas>er,>0ory-motor than on its logarithm, such that even strictly
disengagement thatlacit t € a fis.sti#l npgrdpartional reduction could appear as significant
debatable. interaction. For instance, the 16 20 Hz band R
| z>inMar fashion, increased beta (15 difference was 29 units for internal and 37 units

SMiz) amplitude prescribed for ADHD is->  for external, butite corresponding (R)/ (R + L)
meant to directly support attention m . alleviate ratios were, respectively, 0.130 and
symptoms of inattentivcucdsj ¢ ? Grzelier.

2004). Indeed, ADHD has been reported to
increase r béain responders in a mannei>
correlated with improvement in & performance
test (Loo. Hopfer; . wV Reite, 2004).
Nevertheless, the m.inship of beta enhancement
with  vedattention remains uncertain since
decreasing EEG amplitude over this range of
frequencies is sometimes prescribed to increase
concentration i highlevel exectives (U.S.
Patent No. 5,740.812, 1998). The rational
supporting these opposite prestidps for
increased  attention capacity could be
simultaneously correct if beta was asated with
good attention in opposite ditg@ns in childen

and in adults. This paradox could also be
overcome with an alternate view, in which
increased beta might represent inhibition or
disengagement of a system that hinders attention
rather than directly reflect a better attention state.
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0.135, indicating that the hemisphere diffleces Experimental Design and Procedure
were nearly proportional to the means. The .
increased alpha and beta amplitudes observed WO tasks were designed to share the same

during the external tasks relative to the ingbrnV/Sual and response interface and weresegmeed

task arc consistent with the active inhibitiofit WO levels of difficulty (easy and hard). The
hypothesis. From a strictly logical point of view, if'St experimental - condition cesfsted in a

remains possible that increased alpha reflelltiple object tracking task (MOT), in which the
sensory input inhilion, whereas increased petRarticipants visually tracked designated targets

(sought in neureedback programs) would@MONg moving stimuli. The second experimental

reflects inceased processing involvement ofPndition was a visuospatial memory task (VSM),
internally held information. in which the participants had to keep in mind the

Although this paradigm revealed locus ofPatial positions _c_)f the_ stimul_i designateq as
attention to be an important alpha and beta bal@ig€ts- The conditions differed in that the stimuli
oved randomly in one condition and temporarily

modulator, the Ray and Cole study lacked .
neutral control group to help infEeting the iIsappeared in the other. Although both tasks

difference beteen the attention demandindecrmt the participants' attention toward the
internal and external situations. The object of ogPatial locatiorof targets, the MOT and VSM are

study is to clarify the retionship of S.MR and respectively "external” and “internal" tasks, or
low beta with attention in normal adults b)'/'lntake" and "rejection” tasks in the sense of Ray

revisiting the externainternal paradigm with the @1d Cole (1985). Indeed, the MOT commands an

addition of a neutral ntaskimposed condition. INt€nse external focus because the papaicis

This constitutes a preliminary step to clarify thBave to simultaneously followelected moving
function of increasing beta through neurcg?Pi€Cts on the computer screen, whereas on the
feedback in children \ith ADHD. other hand the VSM task, during the period of

The main hypothesis of this study is based imulus disappearance, requires avoidance of

the eventelated studies and proposes that alpHistraction ~and focuses on the internal
SMR. and lowbeta are reduced in amplitude wheffPresentation of the positions to remember.

one of its supporting systems is engaged. Becausd N® MOT trial'sprocedure consisted of several
the attention tasks used do not specifically requittEPS- First, the participant's EEG was recorded

sensory motor inhibition, we expected that arﬂ}_m”g a 6s period preceding the onset of each
spectral  difference  with  the  control ial while the display screen was blank. These

notaskimposed condition would esist in EEG data were used as a control condition in
amplitude reduiion. In line with Ray and Cole which no specific task demand wimsposed on

(1985), we hypothesized that the internal tadR€ Partici pants Six to 12 identical blue small
would show larger amplitude than the externgfuares (1 cm®) then appeared on the while screen
task in any affected band. In addition to our mafy the monitor. Half of them blinked for 2's, which
hypothesis (reduccd EEG amplitude for the€fined them as the targets. All objects then
external taskelative to the internal task), we alsdnoved haphazardly for 10 to 30 s (during which

expected both experimental tasks to show reduiﬁ& EEG was collected tins condition). After
EEG amplitude compared to the contrdf’€ Stimuli stopped mimg. participants were
no-taskimposed condition. required to idenTfy targets with the mouse. If the

partici Yy n 1 lost track of some of the targets,
they ¢s 1 ¢sked to click outside the experimental
METHOD 2 #% < rather than guess. Finally, feedbaskibe
o trial was provided as the proportianerectly
Participants identified targets along with th& p t & yhe
correct positions.

Our study was approved by the ethics To A hether th 4Ticul
committee of the Department of Psychology of n?o ())(Sr(es,ts;v r?tt er the taskgTiculty was mt

: . edictor of
Universit® du Quiabhec )T asMasBrkel 5@15\/(1)’ levels of 4Hkuit> (i.e..
undergraduate students (22 30 years olejrev easy and hard). These difiC T £ Bseis were
recruited, signed informed consent, and receiv%%duced by manipulating: Ac cumber of objects,
S25 after their participation in the EEG recording pe speed of moveF— the predictability of
session. Data from one participant had to Rfrection change jr-i:\idual dots, the task
excluded because of tatical problems. duration, andAr -a u df the frame inside which

the objects

EEL
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The VSM trial's procedure consistedvoin™ ~ riejected if they contained an artifact. Each
steps. The EEG was recorded duringr-enod retained EEG segment was windowed (raised half
preceding the onset otosineha Olas & bdth ands) anch Eourerc r e e
blank. Betveen6 andJst snail squares, identical totransbrmed. The individual spectra within each
those in the liOT condition, then appeared on tlendition were averaged in the amplitude domain
screenx nsdom positions. A cross was inscribedithin subject. The resulting average amplitude
yB.r hal f of t he s qu apeara wereotherd teahsformed ta thedr riEBe s A A
--a e iTe. participants were gived 1 ' i ted logarithmic values for statistical analyses. The
lime to observe andmemorize tar targets"choice of these diffent units for averaging was
locations. At their signal (mousk © ¢ a tl the based on ranking the mean spectrum among the
squares disappeared for a Dd, 15, or 30 s individual spectra contributing to the mean. This
(during which the SO-aas collected for this was successively done for amplitude, power, and
condition). After the squares reappeaeedheir log power. The form of daia for which the mean
initial putEZons. the participants were rggd to ranked closest to 50% (the median)ossr the
© cwith the mouse on those previously-dtf as frequency bands from 1 to 25 Hz was retained.
targets. As in the MOT task, rants were asked Tis resulted in appigg a logarithmic transform
click outside the zone rather than simply gueds. the averaged amplitude within each participant
Fca2 feedback on performance was giveit$s and condition. 1'he log amplitudes of the various
:nal success rate al olHgwide bands withimtiee algha-@@iHz), MR n o f
correct positions. 11315 Hz), and low beta (180 Hz) bands were

T-c VSM task was also presented at two ffeffaveraged together as a final step before statistical
A ledels, produced by manipulating: number analysis of log spectral amplitudes.
of objects, the size of the frame rax which object
were presented, and tieu miobtime retention
period.

A panici pants were exposed to both -Mi:
both difficulty levels. The experiy - anon
contained48trials, presented in Acrraimg blocks
of 12 of the same type axe difficulty level. The
starting task was counterbalanced across
participants, but the two easy levels always

preceded the two harder ones.
Electrophysiological recording and data
preparation.

The EEG was recorded through a 128annel
BioSemi ActivcTwo system with linked cars
reference. The electrodes of st were those
corresponding to the intestional 10/20 system
positions fequently used in neurofeedback: F3,
F4, C3, C4, along with the P3 and P4 sites used by
Ray and Cole (1985). The EEG signal was filtered
with a 0.1 to 45 Hz band pass and then digitized at
256 Hz. T he EEG analyses were conducted only
on data acquired dung the 6s blank screen stage
separating the trials (Aaskimposed) or during
the movement or retention intervals of the two
tasks.

Trials with behavioral errors were excluded
from analysis, as the error could reflect lack of
attention, but the waiting period that preceded
them was retained for the saskimpose
condition. All EEG epochs retained for analysis
(MOT, VSM, and control ndaskimposed) were
broken into nonoverlappingd segments, which
were inspected visually, blind to condition, and



Statistical testing was done with a repeatedore than alpha), the alpha band was omitted to
measure 4atdjisisl SnakEaRce (ANOVA), usingimplify the figure.
SPSS MANIOVA and by applying thee@ser FOURNAL' st MW HEEAR Difficulty x Bandx
Greenhouse correction for effects with more thatilemispherec Site) showed 5 signiant effects
two levels: in those cases, the degrees of freedont of the 31 tested. Among the effects of interest,
reported are the reduced ones. A first ANOVAnhat is, those involving Task or Difficulty, only
ignoring the waiting condition, implemented thehe main Task effect was significantl, 10) =
compldely within-subject design: 2 Tasks 2 33.84.p < .0005. The main Difficulty effect was
Diffi culty Levelsx 3 Bands (i.e., alpha, SMR,lowcle ar | y abseée®t39/y(le¢e 20)54
beta)x 2 Hemispherex 3 Sites (i.e.. frontal, as any interaction effects involving Difficulty.
central. parietal). Such fiviactor analysis yields  Of the effects involving neither Task nor
31 statistical tests. The effects of Bandifficulty, all three main effects were sigrgfint:
Hemisphere, or Site without intetam with Task Band,F( 1.6, 16)-33.34, /;<.0005; Hemisphere.
or Difficulty are not relevant to the purpose of ouF\ 1, 10)=7 7 . 6 8 . /| x. 0005; Site.
study. Their presence, however, increases the rislo 2 . 8 2 . a><.0005; x&& was |
of a type | error because any interaction of Task imteraction. F( 1.79. 17.9) = 74.14,/?<.0005.
Difficulty with Band, Hemisphere, or Site would For the Task effects, the means were 0.959
justify concluding in a Task or Difficulty effect.( NO . SER)T o r MOT and 1.027 (
Consequently, aBonferroni correction was VSM. For the Band effect, the meansrevd.136
applied, which set the peest significance level ( NO. 036) for al pha, 0.991
to .05/8 = .00625. Significant effects no® . 853 ( NO. 022) for beta. T
involving Task or Difficulty are reported but weremeans are reported through their iatgion: for
not further explored into simple cffccts oifrontal, central, and parietal, respectively, the

pairwise differences. means were 1.123 ( NO.023).
Because the first analysis showed no effectof7 13 ( NO. 025) for the | eft
difficulty, the easy and hard conditions coud bée NO . 025) , 1.07C (NO.0O032),

averaged together within task for the purpose ottze riglv hemisphere. This interaction thus
second ANOVA. which included theindicate that hemisphere difference grows fron
no-taskimposed control as a third level for thdront to back (0.038, 0.145. and 0.25i
Task factor. This analysi{svithout the Difficulty respectively). Because the rnseees wen in log
level) tested 15 diffemt effects, from which only units, these R L differences arc alst the logarithm
the 8 involving the Task factor were directhyof the R/L ampliludt ratio.

relevant to this study. For the same reason as forThe real interest of our study lies in th<
the first ANOVA. the pcttest significant level comparison with the condition in which rigsk
was set at .05/4 = .0125. The quamison of the was imposed on the participants Because the
no-taskimposed condition with each of the otheinitial ANOVA indicated tha the two difficulty
two tasks was a priori justified and the criticdlevels were too simila to be reflected differently in
level for these contrasts was set at the usual 0% EEC

per test.

RESULTS
Behavioral Results

The success rates lor the easy conditions were
96.3% d MOT trials and 98.2% of
VSM trials. The success rates for the harder
conditions were 68.5% of MOT trials and 71.3%
of VSM trials. EEG results Figure 1 illustrates the
means for the five experimeh conditions over
the six channels of intest. Given tie lack of
interaction involving band (see next) and the
greater interest for the SMR and beta band
(because neufeedback in ADHD targets these
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the data could be averaged acroskesynchronize neuronal activity, the results of our
ATx-ul ty |l evels for a ssulo recal ahata theignatise ¢fwricredasedg t h e
control notaskimposed imilion. There is little attention is a reduction of alpha. SMR, and beta

.RE 1 Mean logl0 amplitude in the multiple object tracking task (MOT; easy and hard), shesgatial recry tas}
(VSM; easy and hard), and the-taskimposed conditions in the sensanotor rhythm jSMS and the beta bands over f:
c3, c4 and p3. p4. note. Error bars represent standard errors of re Tjeans.

(1 MOTe a s MOT¥iardnVSMe a s YSMyard BNotask
nog fiiMi ) owJ

1

s

R

03
03
0,74
051
054

surprise that all Muncant effects of the firsamplitudes. Therefore, the beta band effect turns
ANOVA are satresent after adding a third Taslout to be opposite to what is often interpreted as
Task. #1(1.37. 13.7)=20.12, p<.0005:-ti f< the reason why rcnormalizing low beta
1.55, 15.5) = 30.0Q. < .0005: Hemiy' r e r r dincredsihg ,it) through neurofeedback is
10)= 179.41. /x.0005: %t FI- 15.9}522.98,p bereficial for
<.0005; with the miS significant interaction being
that of Hd >phere by Site: F( 1.72, 17.2) =
97.63, 7< Ugébs. Mor® i mportant, as shown in
pre 1. the results of this sccond analysis ir.ah,j.
that the mean for the control-ngosed condition
(1.067 (NO.0O036)) i cantlv differed from each of
_ r.c tasksF\\, 10) = 24.18, k.00l for MOT and
F(l, 10) = 5.82p- .036 for VSM

DISCUSSION

The main conclusion from this study is that the
involvement in a task requiring attention in young
adults causes a reduction in EEC spectral
amplitude compared to a condition in which they
simply wait for the upcoming trial. As indicated
by the lack of ingractions, this effect is essentially
the same for all three bands across all six
recording channels analyzed. Thus, in line with
the general principle that brain activation tends to



ADHD. This, however, does not mean that sudiarcer task (around 70% of correct answers). This
target28hould be abandoned. Our #ARNAHGENBRIROFRBERA Rdwever, that stil more
challenge the rationale underlying the successafallenging difficulty levels would not further
the treatment. desynchronize the EEG.

Adding the neutral control condition brings an Finally, a Difficulty x Band interaction could
interesting complement to infeet the esults of have been considered significant if no correction
Ray and Cole (1985). First, our results replicateed been applied for the number of tests, F( 1.85,
their hemisphere effect, with larger amplitude$8.5) = 3.74, /> = .046. The means would then
observed for the right than for the left hemispheshow that increasing diffulty level enhanced
for all bands from 8 to 20 Hz. Second, becausealpha by 0.013 but decreased SMR and low beta
multiplicative (i.e., proportionality) model imore by 0.006 and 0.007 log units, respectively.
appropriate than an additive model to explowlthough the effect likly constitutes a type |
EEG amplitudes variations over space, the presentor, its trend would be consistent with extra
results confirm our spefation that the Ray and attertion effort reducing SMR and beta rather than
Cole Task x Hemisphere effects might b#creasing their amplitude.
illusory*. Indeed, their results were not replicated Our study is just a preliminary step in resolving
in our andyses that embedded a multiplicativeéhe apparent paradox that atten capacity would
model implemented through logarithmic transfobe enhanced through neurofeedback by increasing
mations. Third, while the original data giggpted beta in children with ADHD and by decreasing it
that internal tasks produce increased amplitudies adults without ADHD. Although our results
relative to external tasks, we found that thenly characterize the latter population, a reason
comparison with the naask-imposed condition able doubt should be raised that the associa
rather indicates that it is more appropriate to sbetween increasg 16 20 Hz. beta in children with
this as lesser desynchronization. The lack &DHD and improving their attention capacity in
interaction of the Task factor with band or witldaily life may not be as direct as previously
topagraphy leads us to consider that the MO3uspected. As sggsted earlier, one way to
external task just requires more intensanc sustain increased beta is possibly to learn to tame
centration and discredits the hypothesis of am intrusive system that interes with good
extra motor inhibition during the VSM rejectionrmanagenent of attention capacities. According to
task. Indeed, we did not find any sign othat assumption, the lower part of the beta band
difference between tasks exclusive to the SMéhould be considered as the idling rhythm of an
band or to the central recording sites, which wouidternal system that would be over activated in
have suggested aator inhibition component. ADHD. Such a system might be related to the
This interpretation is therefore consistent with profusion of distraéhg thoughts that intrude
general decrease in EEG amplitude whileormal activity in the life of the child.
performing a cognitive effort (i.e., steadily Identifying experimental conditions to test this
increasing desynchronization fromhypothesis is a challenging task. Meduie,
no-taskimposed to VSM to MOT). ongoing studies have been undertaken to explore

Because the influence ofig cognitive effort whether comparable ressiitould be obtained in
required to perform the tasks is an importachildren with and without
modulator of EEG patterns, the lack of effecADHD. Should the present EEG data ra:;rrn
regarding the Difficulty factor may seemreplicate with children, a revised nicrpretation of
surprising. Although some studies did find ahe beneficial effect ofcreasing beta through
significant effect of difficulty level on EEG neurofeedback *eld become unavoidable.
patterns (g.. Sterman & Mann, 1995), Babiloni
et al. (2004) illustrated that the prominent factor

for EEG desynchromation is the nature of the REFERENCES
cognitive effort rather than its difficulty. They
observed that even their easiest task (i.e.. the C.. Babiloni. F., Carducci, F., Cappa,S. F.. C

retention of a singlétem) desynchronized the incotti, F. Del Percio.C. etal. (2004). Human jDrjcal

EEG spectra in the thcta and alpha bands. Theresponses during ot shortterm & .cTwory. A

results of our study revealed a similar effect, highresolution EHG study on delayed ¢ _i oe react i ¢
extended to low beta frequencies, in which lime tasksClinical Neurophvsiol

performing the task correctly over 95% of the Ai.115(1), 18-170.

time desynchronized the EEG as much as t&&c"m N. R.. Croft, R. J., Dominey, S, Burgess.
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Visual Stimuli Generated by Biochemical Reactions Discr
Chaotic Dynamics as a Basis for Neurofeedback

Olga Grechko, MSc Vladimir CJontar. PhD

ABSTRACT. Introduction. In this article a novel methodology for a neurofeedback system
proposed. It is based on the visual stimuli generated by the distributed biochemical rea
discrete chaotic dynamics (BRDCD) of brain neurons. These visual stimuli take the forr
symnetrical colored images known as mandalas.

Method. The proposed biofeedback system applies a BRDCD mathematical modelfritnans
an online recording of EEG signals into a simulated tisegies EEG and into computer
generated series of mandala imagesisTkhese images represent experimentally measured L
and therefore reflect the subject's mental state.

Resultslt will be shown that good qualitative similarity between simulated and experimel
EEG was achieved. The examples of generating series rafataaimages using experimental
EEG will be demonstrated.

Conclusion.Based on Jung's theory of the healing power of the psychological phenomenc
mandala images, it is proposed that visual stimuli in the form of mandalas could facilitate fas
effecive neurofeedback training, thereby providing a therapeutic effect.

KEYWORDS. Discrete chaotic dynamidsEG, mandala symbolism, neurofeedback

INTRODUCTION

Jt is well known that visual stimuli aud/or
feedback play an important role in nei@edback
training processes (Thompson &hompson.
2003). In this work, we present an innovative
method for creating visual stimuli for use in
neurofeedback. The grosed visual stimuli take
the form of symmtical colored images known as
mandalas. According to Jung (1973), the majority
of mardalas arc circular images containing
patterns in multiples of four in the form of a cross,
a star, a square, and so on. although individual
mandalas may present a variety of different motifs
and patterns. Jung found that, as a psychological
phenomenon, maalas appear spontaneously in
dreams, in certain states of conflict, and in cases
of schzophrenia. He considered the mandala
images painted by his patients to reflect their
mental state in attempts at sk#aling. In
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>. okMandala Symbolisnhe statedthe mere the BRDCD images, we can implemenl a
attempt in this direction has a healing cffcct, buteurofeedback system of visual stimuli
only is done spontaneously. Nothing be expectédenerated images.
from, an artificial repetition deliberate imitation
of such images" Si
A rote about a series of mandala painted by one of
his patients over of s (Jung, 1973). The series
Aith the spontaneous appearance of pictures in
the patient's mind, patient had no artistic skills or
pre- experience in painting, Jung encoler to
express her fantasies in He considered the
appearance oliges as attemptsytthe
subconscious its content by way of "individua
He tried to interpret the images but reveal his
thoughts to the patient, the therapy advanced, the
pictures reflecting changes in the patient's >iate
and at the same time aiding rrrzress. In our
opinion, this "therapy" an example of a
pro-neurofeedback process.

‘-nm, s > findings reveal the rich potential of tor
s neurofeedback. But if we want them in practice,

;zgu we are faced with the of how to replicate brain

Te— creativity in the form of images. Here, it
- seems that the general problem lies in

constructing a thoretical model of brain
functioning that will combine neuronal electrical
activity (as observed by BEG) with the creative
patterns, such as mandalas, that emerge from this
activity. Such a theoretical model should connect
the intenal biochemical process taking place in
the brain neurons with macrocharactcristics
reflecting the collective behavior of the brain
neurons responsible for brain functioning. The
biochemical reactions discrete chaotic dynamics
(BRDCD) model visualizes brain processes in the
form of creative images, as proposed in Gontar
(1997, 2000, 2003, 2004).

Here, we intend to apply the BRDCD
mathematical model for fitting, online in a
neurofeedback loop, the measured EEG of an
individual, denoted EEG to BRDCD generated
images corresponding to a theacatitime series
(EEGY)- The simulated images will be directly
related to the experimentally measured biological
signals (EEG) of our test participant, which

" 3lock diagram of the proposed neurofeedback metote.BRDCD * biochemical reactions-aotic dynamics

- reflect the participarg’

Computer sereen mental state. Exploiting
the proposed BRDCD
mathematical model that [~
] . | \ Subject
¢ . |Visitai feedback Mi a form of
L f liuan.lalasi generated bitted ¢
‘-LexperimentaEEG P
‘AW,MY‘MW;’V"MM formally connects and| :
_ provides visualization of ~ i
- | a participant's mental z
uofeed _ state with
Simulate recordeBEG by BRDCD |
model L Experimental EEG EEG
Generate cone®onduiK mnndab . (EEG?) an(>l

Display feedback N ifici
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as shownin Figure 1). In the light of the by a matrix of stoichiometric céiecients, and
experience of Jung, we expect that BRDCOormally- including into the consideration
based neurofeedback will provide fast anhformation exchange between the constituents:

effective neurofeedback training.
v

ITy% =0,i=1.2,..., A /=\,2,.Nd M=
BACKGROUND AND METHODOLOGY a

According to BRDCD, each neuron can be )
simulated as a "biochemical reacttitat has the  In Equation 1. as shown in Figure 2 denote
ability to exchange information with all the otheinformation ~ exchange  between  neurons.
neurons connected to it (Figure 2). Byccording to chemical reactions discrete chaotic
“information exchange,” we mean anothedlynamics, in any transfer
channel of interaction in addition to mass (via
chemical reactions), charge, and energy exchange.

In BRDCD. infomation exchange is formally
taken into consideration by establishing the
dependence of the model's parameters (rate
constants) from the states of other neurons
characteaeed by the concentrations of the
chemical constituents within the neurons. The
entire complex interconnected network operates
according to some initial hypothesis about the
mechanism of biochemical reactions in the
individual neuron including information exchange
between the neurons. The corgdions of such a
mathematical model shouldrtespond to the real
distributions of the chemicals of the neuronal
masses and the evolution of these distributions in
time and space.

We assume that distributed chemical con
centrations of neuronal networks are resige
for mental activity, including creativity.

According to this basic premise, an artistic image
would initially appear in the brain in the form of

A J E hch neuron representing an indivic
of stoichiometric coefficients).

VVv'4-0

the distributed chemical condeations of the
neurons, and the output would then be a concrete
pattern created by the individual. This paite
could be visualized by the proposed mathematical
model (Gontar & Grechko, 2006b).

BRDCD basic equations may be constructed
for any mechanism involving transformations of
the constituents of a system, which are expressed
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mechanism, a system's constituents ctn
rc represented in discrete tigg</-0, L 2L .. Q) u L]
and discrete twal i mensi onal gccusj e esfjgnated
by the integer coordinatefp. R;<bc, wherep is r I
]

the index¢ a ctiag the rows and is the index
denoting "rne . :.umns. For practical reasons, we i

limit j*. - consideration to a discresguare lattice : il ' A
of final sizeR x R.with coordinates

. .2
RpRs= 1 &2 % where the solid arrows denote the che
mical transformations of the constituents, the
Brokenline arrows denote information exchange
and solved in time and space, provide hetween the constituents inside each cell of the

ractically ted source of complex signals in thlgttice’ and the finely dad arrows denote
4&% of dis)c/rete timeseries that gncomg ass aux ﬁformation exchange between the constituents in
) P "a particular celand tthﬁ %ons%ituoerrltsni]n tl)f fclosest

and compl ex pattﬁ.r Sna Lofls
ko . . | : eighbomg cclls.
ed dimensional images, including marhese For this particular mechanism, a system of

results are wed in the proposed h . L .
: ; ree nonlinear algebraic difference etipras that
>logy for a biofeedback system, us consider o scribes the sp%timmporal dynamics of the

of the simplest initial F ."cscs about a poss'ble.neuronal network just preseed can be derived

mechanism of il transformations taking place 'tom the basic equations of the BRDCD approach.
- eractiﬁﬂ tz;\;::;opﬁrlgiaé’&?ézlez!s dtgs_i”bq?‘or consistency of presentation, we repeat the
o fEsLS -, description of the BRDCD mathematical model

I - z basic equations of RRDC'D, when for
particular mechanism of traitisn of constituents

ri Am An H, and C: for mechanism (2) given in Gontar and Grechko
"AA > (20064, 2006b, 2007).
Y'ur R) = (3)
bn\( X' <
(4)
L+ Y (er)) o+ 'TE))
— 5
X?(R.R<) = bnii X' AirAfai XAirE)) ©)

L+mXr'(r) -\ (1 E) )z (EX])
Yy bere
(6)
Ny N AEKekptoEN Y ( X' r (r E) )
7
= koex p{

NMXP-ARARN +f AP X
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with the initial and boundary conditions:

yfovu\_ J*('p< l<<R _ (inside the lattice)
\Kp>Kt) <y 0 Rf Ri < hRp>Rs > R(OUIslde the Iattlce)[ '

whereX*{R,, R,)isthe concentration of the/t chemical constituent (e.gX['(Rp.Rs) in an
constituent that is calculated in each cell of thiadividual neuron). Thefere, if we pick, for
lattice with coordinates R,R) and that example, the neuron in the upper left corner

characterizes the system's particular (marked by black ciles in Figure 3a) and plot
state at discrete img(0=1,2..............c........ Q); concentrations of the chosen constituent over time
TzZI {t,; i, .rE) i tsaticasof u we dbiaio adisordte tirrseres eomwesporaling

the system's constituents” ( Rp, Rs) calculated to the evolution of the concentrations within the
at a previous moment of discrete time and of thiedividual neuron (Figure 3b).
neighboring concentrations A'/{>'&); & is the The evolution of the entire neuronal wetk
total corcentration of | he $h main constituent: on the considered lattice can be viged as a
k,< is the rate constant for the /th reaction; % amequence of colored images. For this purpose, w
empirical parameters that characterize the locassign to each concertican value (Figure 4b) a
information exchange taking place between thearticular color from a color palette (Figure 4a).
constituents inside the considered cell of thi this way. equal values are visualized with the
lattice: and are empirical parametersatth same color (as designated, e.g.. with redieg in
characterize information exchange between theégure 4c). Therefore, we obtain an image thal
constituents in eight closest neighboring cellsepresents the discrete space (lattitisjributed
including the cell under considerationdr I. 2 concentrations of the constitueX{"(R,. Rs)
.................................................. 9), with coor for a given instant of time I
dinates denoted by: Figure 5 presents some examples of image
generated by the aforementioned mathematice
model (Equations -B). As can be seen, these
rS =[(*,- I. Rs- \),(Rp-hRs), images meet the criteria for the mandalas
(A4,  +  D(te& 1), described by Jung: they constitute circular
(1 2A* 1), (| 2A%, + patterns with  symmetry _of four crosses
X AR ’ ' ("quaternity"). The mandala images presented ir
{Rp+LRs-1)i . . .
(Ry+\,R,), (Ry+\. Ry + N)]. Figure 5 o_llffer one from the other, and this
P yIyRiie s difference in forms and colors depends on the
parameters of the mathematical model. Tt is
The mathematical model 3 to 5 has ninebvious that diierent sequences of images will
parametergb, Kj, ko. ziz}h-fik-h that should be correspond to differentdiscrete timescries
defined according to the type of image desire@mplitude, frequency) generated by each cell o
(symmetrical, nonsymmetal, spiral, etc.). For the latice (neurons).
any given set of parameters. Equations 3 to 5
generate a sequence of lattdtistributed concen
trations (Figure 3) of the three chemical
constituents and
X$(Rp, RY). A schematic representation of this
process is shown in Figure Bach cell in this
lattice represents the concentration of a single
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>=E 1 (a) Schematic representation of discrete time and space, where each cell (neuron) confatmncéetration

that change with the discrete time t*. EXample of a discrete tirrgeries representing= evolution of the concentrati

of the chemical constituent within the individual neuron (markesdmcs, (c) Example of discrete tirrgeries from
another neuron (indicated by gray spots).

(b)

No** let us bi ianals f local
apply linear superposition n>10) for these 10 combine signals from two (or more) loca

di screte I i me series nepﬁonaétéwr?t\q%(kﬂ n‘?’c %pr@OpO?tthP.eagjlmyat ed
signal representing Ac t"poral dynamics of thguPerposition - .4 of alreadytegrated signais
whole neure sz Tvsork under consideration, resulting from different neuronal metrks. This

» . : procedure will constitute a one realistic
wherescssrpirically defined parameters: approach to the brain functioning, where different

R parts of the brain (presented by local neuronal
EEG-"\(RE ) networks) operate in patal to contribute to the
i=\,2,...RxR(10) measured integrated EE@nd should therefore
be taken into account. Figure 6c presents an
call this integrated signalyhich raieco example of an integrated EEGignal for two
the temporal dynamics of the whol@sx-c different neuronal networks.
-distributed neuronal network underjuration,a  To apply the aforementioned meth ,
"simulated EEG signal" or EEC :gure 6a and b one can establish a correlation between EEG
presents two examintegrated EE& signal thatis. an EEG simulated by a
obtained for 15 and for two different sets of
parameterg, k.. kA\, ~z*h-PhJiiPi)* Equations 3 to
5.



