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Quantitative electroencephalography (QEEG) is mggtished from visual examination of
EEG' traces, referred to as “non-quantitative EEG” iy fact that the latter is subjective and
involves low sensitivity and low inter-rater reliaty (Cooper et al, 1974; Woody, 1966; 1968)
while the former involves the use of computers poder spectral analyses and is more
objective with higher reliability and higher sensty (Hughes and John, 1999). The improved
sensitivity and reliability of QEEG was first regoged by Hans Berger in 1934 when he
performed a QEEG analysis involving the power spectof the EEG with a mechanical analog
computer (Berger, 1934; Niedermeyer and da Sil985L QEEG in the year 2009 clearly
surpasses conventional visual examination of EBGets because QEEG has high temporal and
spatial resolution in the millisecond time domai @approximately one centimeter in the spatial
domain which gives QEEG the ability to measure wnetvdynamics that are simply “invisible”
to the naked eye. Over the last 40 years theracgusensitive and resolution of QEEG has
steadily increased because of the efforts of hudsdoé dedicated scientists and clinicians that
have produced approximately 90,000 QEEG studiesl @it the National Library of Medicine’s
database . It is recommended that the readerlsta@dNational Library of Medicine database
(https://www.ncbi.nim.nih.gov/sites/entrez?db=puldinasing the key word “EEG” and the few
representative citations in this chapteBecause of space limitations no reviews of st
literature will be attempted, instead, the purpofsthe present chapter is to briefly describe some
of the most recent advances in QEEG as they rel&&G biofeedback/Neurofeedbatk.

Neurological evaluation of space occupying lesioais been correlated with the locations
and frequency changes that have been observed BEG traces and in QEEG analyses, e.g.,
lesions of the visual cortex resulted in distorsiafithe EEG generated from the occipital scalp
locations or lesions of the frontal lobe resultedlistortions of the EEG traces arising in frontal
regions, etc. However, early neurological andropsychological studies have shown that
function was not located in any one part of therbfauria, 1973). Instead the brain is made up
of complex and interconnected groupings of neutbasconstitute “functional systems”, like
the “digestive system” or the “respiratory systamivhich cooperative sequencing and
interactions give rise to an overall function atlreenoment of time (Luria, 1973). This widely
accepted view of brain function as a complicatectfional system which became dominant in
the 1950s and 1960s is still the accepted viewyt¢dialy 2009). For example, since the 1980s
new technologies such as functional MRI (fMRI), REPECT and QEEG/MEG have provided
ample evidence for distributed functional systenvoived in perception, memory, drives,
emotions, voluntary and involuntary movements, akee functions and various psychiatric and
psychological dysfunctions. Modern PET, QEEG, M&ital fMRI studies are consistent with
the historical view of “functional systems” presestoy Luria in the 1950s (Luria 1973), i.e.,
there is no absolute functional localization beeaaigunctional systems of dynamically coupled

! EEG or the Electroencephalogram is measured fhensc¢alp surface and is produced by the algebraic
summation of cortical synaptic potentials.

2 Since approximately 1975 it has been very difficoleven publish studies that only use visual
examination of EEG traces. The estimate of 904%®s when one uses the search term “EEG” and
examines the abstracts to confirm that quantificetif EEG was used. It is necessary to use telse

term “EEG” and not “QEEG” because the National bityrof Medicine indexes articles based on words in
the titles and most QEEG studies do not use tme t@EEG” in their titles.

% While EEG Biofeedback is sometimes referred ttNasirofeedback” the later term is not specific sinc
many treatments other than EEG may involve neudifaek. However, in the present chapter these terms
are considered synonymous and will be used integdebly.
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sub-regions of the brain is operating. For exapgeveral fMRI and MRI studies (e.g.,
diffusion tensor imaging or DTI) have shown tha tirain is organized by a relatively small
subset of “Modules” or “Hubs” which represent ctrstof neurons with high within cluster
connectivity and sparse long distance connectii{ggmann et al, 2009; Chen et al, 2008; He et
al, 2009). Modular organization is a common propef complex systems and ‘Small-World’
models in which maximum efficiency is achieved wiaral clusters of neurons rely on a small
set of long distance connections in order to minarthe “expense” of wiring and shorten time
delays between modules (Buzsaki, 2006; He et 81920 Also, recent QEEG and MEG
analyses have demonstrated that important visirallgible processes such as coherence, phase
delays, phase locking and phase shifting of diffefieequencies is critical in cognitive functions
and various clinical disorders (Buszaki, 2006; ags and Klimesch, 2008; Thatcher et al,
2009a). Phase shift and phase synchrony hasshe&m to be one of the fundamental
processes involved in the coordination of neuraiVag located in spatially distributed

“modules” at each moment of time (Freeman and Ro@802; Freeman et al, 2003; Thatcher et
al, 2009a; 2009b).

QEEG for Assessment and Neurofeedback for Treatment: A Parent-Child Relationship

This use of the EEG changed dramatically in theD$38hen computers were used to
modify the EEG thru biofeedback, referred to todayNeurofeedback (NF). Studies by Fox
and Rudell (1968); Kamiya (1971) and Sterman (19&e a dramatic departure from the
classical use of conventional visual EEG and QEfat for the first time clinicians could
consider treating a disorder such as epilepsytentin deficit disorders and other mental
disorders by using operant conditioning methodsaalify the EEG itself. Thus, QEEG and
EEG Biofeedback have a “parent-child” relationsiniphat EEG Biofeedback necessarily uses
computers and thus is a form of QEEG that is fodusetreatment based on the science and
knowledge of the physiological meaning and genefsise EEG itself. Ideally, as knowledge
about brain function and the accuracy and resaluifiche EEG increases, then EEG
Biofeedback should change in lock step to bettdr $iymptoms and complaints to the brain and
in this manner treat the patient based on solelh®a. To the extent the EEG can be linked to
functional systems in the brain and to specific takdisorders then EEG Biofeedback could
“move” the brain toward a healthier state (i.egrmalize” the brain) (Thatcher 1998; 1999).
Clearly, the clinical efficacy of EEG Biofeedbackreliant on knowledge about the genesis of
the electroencephalogram and specific functiothk®@human brain. The parent-child
relationship and inter-dependencies between QEEE&G Biofeedback is active today and
represents a bond that when broken results in egticiinical efficacy and general criticism of
the field of EEG biofeedback. The traditionatldogical relationship between QEEG and NF
is to use QEEG to assess and NF to treat basedirdtage between the patient’'s symptoms and
complaints and functional systems in the brairhis parent/child linkage requires clinical
competence on the one hand and technical competaticeomputers and the EEG on the other
hand. Competence in both is essential and sesistich as ISNR, SAN, ABEN, ECNS, BCIA,
AAPB and other organization are available to helpoate and test the requisite qualifications
and competence to use EEG biofeedback. The petnédtlink is typically optimized by
following three steps: 1- perform a careful anddlugh clinical interview and assessment of the
patient’'s symptoms and complaints (neuropsycholdgissessments are the most desirable), 2-
conduct a QEEG in order to link the patient’s syomps and complaints to functional systems in
the brain as evidenced in fMRI, PET and QEEG/ME®, &3 devise a EEG biofeedback
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protocol to address the de-regulations observélgdefQEEG assessment that best match the
patient’s symptoms and complaints. This appraasitforces the close bond between parent
(QEEG) and child (Neurofeedback) and allows fordbgective evaluation of the efficacy of
treatment in terms of both behavior and brain fiomct

Figure one illustrates a common modern quantitdikZ& analysis where conventional
EEG traces are viewed and examined at the samdhaheuantitative analyses are displayed so
as to facilitate and extend the analytical powdahefEEG. Seamless integration of QEEG and
Neurofeedback involves two basic steps: 1- visnaireénation of the EEG traces and 2- Spectral
analyses of the EEG traéesNumerous studies have shown a relationshipémsivthe time
domain and frequency domain of an EEG time sendsdl®RETA 3-dimensional source
analyses which provide 7 nirnaximal spatial resolution in real-time (Pascuadriyui et al,
1974; Gomez and Thatcher, 2001) (see footnote @here is a verifiable correspondence
between the time series of the EEG and the powamntispn and LORETA 3-dimensional source
localization, for example, visual cortex sourcealazation of hemiretinal visual stimulation,
temporal lobe source localization of auditory siatian, theta source localization in the
hippocampus in memory tasks, localization of thetdne anterior cingulate gyrus in attention
tasks, linkage between depression and rostral arshicingulate gyrus, efc. The number of
clinical QEEG studies cited in the National LibrarfyMedicine attests to the linkage between
patient symptoms and functional systems in thentead protocols for treatment are commonly
guided by this scientific literature .

* Spectral analysis includes space and time seqs¢haeare transformed such as Joint-Time-Frequency
Analysis, FFT and all other methods that decomids@ energies at different frequencies in space and
time.
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Conventional EEG QEEG
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Fig. 1 — Exam-ple of conventional digital EEG (left)d QEEG (right) on the same screen at the sanee {j
The conventional EEG includes examination and markif EEG traces and events. The QEEG (right
includes the Fast Fourier Transform (Top right) andmative database Z scores (Bottom right).

The Use of 19 Channel Surface QEEG Z Scores and EEG Biofeedback

As described by Thatcher and Lubar (2008), sgenat UCLA in the 1950s
(Adey et al, 1961) and later Matousek and PetefE@n3) were the first to compute
means and standard deviations in different agepgrand then Z scores to compare an
individual to a reference normative database ofrma@end standard deviations. The Z
statistic is defined as the difference betweenvtiee from an individual and the mean of
the normal reference population divided by the daath deviation of the population.
John and colleagues (John, 1977; John et al, 1987;,) expanded on the use of the Z
score and reference normal databases for clini@lation including the use of
multivariate measures such as the Mahalanobisndistanetric (John et al, 1987; John et
al, 1988). For purposes of assessing deviatmm fntormal, the values of Z above and
below the mean, which include 95% to 99% of theafethe Z score distribution is often
used as a level of confidence necessary to minifiype | and Type Il errors. The
standard-score equation is also used to crossatalmnormative database which again
emphasizes the importance of approximation to ss§&an for any normative QEEG
database (Thatcher et al, 2003).

The standard concepts underlying the Z scoresstatind QEEG evaluations
were recently combined to give rise to real-timeaEEscore biofeedback, also referred
to as “Live Z Score Biofeedback” (Thatcher 1998298b; 2000a; 2000b; Thatcher and
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Collura, 2006; Collura et al, 2009). The use al+téane Z score EEG biofeedback is
another method to advance the integration of QERSNeurofeedback. Figure two
illustrates the differences between raw score ElBtédback and real-time Z score
EEG biofeedback.

Difference Between Standard Neurofeedback vs ‘Live’ Z Score Neurofeedback

Amplifer AD Computer
& Conv
Standard EEG
4

Neurofeedback
1-Apples & Organges

: Video & - 2 Arbitrary Threshold
Display-Sound Sound Variahle & 3 Mo reserence to Guide NF
Control

@ Ampiifier AID Compuinr
= Cony
Real-Time or “Live”™

Feetiack Z Score Neuwrofeedback
1-Meiric, Le,, a7’ Score
Display-Sound Yook || variables Z Scofy 2 Threshold towand 0
Threshold AL 3 Instantaneous C i
Control Mg
0 a nrmative database

Move 7 tovward 0

Fig. 2- Diagram of the difference between stand&f biofeedback and Z score EEG
biofeedback. The top system involves standard Biete@edback that relies on raw EEG
measures such as power, coherence, phase, amggyhenetries and power ratios and
an arbitrary and subjective threshold value. Th#obo system is the same as the top hut
with a transform of the raw scores to Z scorestand a simplification of diverse metrigs
to a single metric of the Z score in which the gii@d is mathematically defined as a
movement toward Z = 0. The magnitude of the Zespoovides real-time feedback as to
the distance between the patient’'s EEG and the &ti@®s in an age matched sample of
healthy normal control subjects.

There are several advantages of real-time Z sdofedalback including: 1-
Simplification by reducing different metrics (powebherence, phase, asymmetry, etc.)
to a single common metric of the Z score; 2- Sifigation by providing a threshold and
direction of change i.e., Z = 0 to move the EE®aul a normal healthy reference
population of subjectdand 3- improved linkage between patient's comjéaémd
symptoms and localization of functional systemthmbrain. Figures three, four and

® Simultaneous suppression of excessive theta amidmeement of deficient beta is achieved by using
absolute Z score threshold, which is a simplif@mattompared to standard raw score EEG biofeedback.
For example, if the threshold is set to an absolatee of Z < 2, then reduced theta amplitude eladated
beta amplitude will both be rewarded when the imstacous EEG event exhibits a Z < 2 theta and beta
power value.
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five show examples of how a symptom check list @&EG evaluation are linked to give
rise to a neurofeedback protocol.

Symptom Check List to Creaie Hypotheses for Neurofeedback

Symptoms Check List Hypothesis Hypothesis
Symptom / Complaint Severity ¥ Channel ¥ Region of Interest N
| Perception of Letters Problems 0 |FP1 || | Anguiar-Super Parietal-Supramarginal Gyrus |

Slow Reader 0 FP2 Anterior Cingulate
Problems with Spatial Perception 0 F3 Cingulate Gyrus
Orentation in Space 1] F4 Cuneus
Audtory Sequencing 0 c3 Fusform Gyrus
Short-Term Memory Problems 0 2 C4 Irfenior Frontal-Bdra Nuclear Gyrus
Deprassion 1] P3 inferior Panetal Lobule
Word Finding Problems 0 P4 Inferior Temporal Gyrus A
Problems Multi-Tasking 0 o1 Infenor-Middle-Supenor Occipital Gyrus
Poor Judgement ] 02 a Insula
Attertion Deficits 0 F7 Lingual Gyrus
Hyperactive 0 F8 Medial Frontal-Subcallosal Gyrus
Skiled Motor Movements 0 T3 Middle Frontal Gyrus
Obsessive Thoughts 0 B T4 B Middle Temporal-SubGyral Gymus L

Fig. 3 - Example of a computer generated Symptoecklist in which the clinician first
evaluates the patient’'s symptoms and complaintgyudinical and neuropsychological
tools and then enters a score of O to 10 baseleosetverity of the symptoms.
Hypotheses as to the most likely scalp locatiorstaain systems are then formed based
on the scientific literature that links symptomsl @omplaints to the locations of
functional specialization. (From NeuroGuide 2.5.7)

Modules or “Hubs” are linked to various basic fuacal systems that are
involved in cognition and perception (Hagmann ¢28D9; Chen et al, 2008; He et al,
2009). Recent neuroimaging studies show thaifalie various “modules” are
dynamically linked and interactive and that sulssdtneural groups in different modules
“bind” together for brief periods of time to mediad given function (Sauseng, and
Klimesch, 2008, Thatcher et al, 2008a; 2008b)n ilustration of Brodmann areas and
electrodes as they relate to functional systershasvn in figure 4.
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Symptoms, Electrodes
& Brodmann Areas

Panetal Lobe {P3,Pz)
somainsensy perception ntegraion
of visual & somatnspalial information

Fromtal Lobe Fp1; F3
F7:C3) )
Thinking, Planning,
Mol execulion,
Executve Functions,
Moond Control
e i DL
imvoived m long term Spatial prece=y
memry and emotion
Posterior Cinguiaie
{P3.Pz)
attention, long-term
..... MY
Antesior Cinguiate Gyrus
long tErm memory - P2, 15, Pz)

Short-term memory, attention

Fig. 4 — Example of Brodmann areas as they retatatious general functions and “Hub
or “Modules” and scalp electrode locations thans electrical activity generated by

various functional systems.

The linkage of a patient’s symptoms and complaimthe localization of
functional systems in the brain is based on themctated scientific and clinical
literature from QEEG, MEG, fMRI, PET and SPECT stsdconducted over the last few
decades as well as the basic neurological and psyehological lesion literature. The
Russian neuropsychologist Alexandra Luria (1973) thie American neuropsychologist
Hans-Lukas Teuber (1968) are among the leadingtsstie to make important linkages
between symptoms and complaints and localizatidoraftional systems in the brain.
The integration of QEEG and EEG biofeedback relgsn such linkages as the initial
stage in the formation of neurofeedback protocslslastrated in figures 3, 4 & 5. The
idea is to first produce hypotheses about likelikdiges between a patient’s symptoms
and complaints and the location of functional systdased on the scientific literature
prior to conducting a QEEG. Step two is to canfor disconfirm the linkage by
evaluating brain locations of deviations from norosing QEEG and LORETA 3-
dimensional imaging and step three is to producef@edback protocol based on the
match between hypothesized locations and the QEE®ALORETA evaluation.

Luria (1973) emphasized that de-regulation of nguoaulations is reflected by reduced
homeostatic balance in the brain in which symptamesrepresented as “loss of function”
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that are often accompanied by “compensatory” pisees One goal of the linkage of
QEEG and neurofeedback is to identify and contrastveak or “loss of function”
components in the EEG from the compensatory preseshere the weak systems are
the initial target of the EEG biofeedback protocol.

individualized Protocol Design Based on Convergence of
QEEG Z Scores and Symptom Check List

~yTapices Check QEEG Z Scores LORETA Z Scores
l
; PO SN— 19 Fpammes
scL [ (X[ X

Coherence x| | 7T
Phase Reset

Loreta

Sum _ [ [T |3
Locations

Newrofeedback Control Panel

Fig. 5 - Flow diagram of individualized protocolsign based on linkage of patient’s
symptoms and complaints with surface QEEG Z scanelsLORETA Z scores. The
columns of the matrix are the 19 channels of the@@(hternational electrode sites and
the rows are symptoms and QEEG EEG features. otHgpes are formed as to the most
likely electrode site locations associated withveelg symptom and complaint based or
the scientific literature. The hypotheses ara tiested based on QEEG and LORETA Z
scores. Weak systems representing “loss of fontare identified when there is a
match of QEEG Z scores with the hypothesized doaltions based on symptoms.
Compensatory locations are identified by a mismagtiween hypothesized symptoms
and complaints and the locations of observed QEEGares. A suggested
neurofeedback protocol is then produced basedelodations of the “weak” systems.

Figure six is an example of a 19 channel surfacé Bibfeedback setup screen in
Neuroguide where users can select a wide varietysafsures or metrics all reduced to
the single metric of the Z score. This inclugesyer, coherence, phase differences,
amplitude asymmetries, power ratios and the avarfgeence and Laplacian montages.
19 channels is a minimum number of channels inrdmleompute accurate average
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references and the Laplacian montage which is tima&tg of the current density vectors
that course at right angles thru the skull.

Z Score Neurofeedback
Panel Select Frequency Bands & 1 16 19 Channels
& Combmations of Chamnels for Cross-Spectra
Metric Fraquency annels
- & s o - ~. or | B
Cohesence, Phase " Relative Power € Theta i FPZ
A " Power Ratio " Apha €D F3
'-,'jlsll. = P . ' Beta { = 4
¢ Coherence U Fgf ete &7 c3
O fhsohte Phase " figha 1 &1 c4
€ fghaz O P3
Mortage Reference  Betal oA ::
Select Montage @ Liked Ears Eilnas S 0z
Lapiacian, Ave. " fversge Reference " Beta3 o 7
Ref & Linked Ears  Lanacian =
2 T3
Event Brlegration ————tpper 2, Window Sound Display =
el (e %200 ECET - 410720 Head o
Z Score Threshold < Lawer Z 16 P
Rewand if Less Than s2m fz
Or grealer than Ez
Sound onvolT & Visual [ Goncel | [ sove | | toas | =
Display
Fig. 6 — Example of 19 channel surface EEG Z sbmfeedback setup screen inside of
Neuroguide.

Multiple frequencies and multiple metrics may bé&ested in which a threshold
must be reached before a visual and/or auditorprewe given (e.g., Z< 2.0). The 19
channel Z score approach provides for seamlesgratten of QEEG assessment and 19
channel Z score neurofeedback or treatment. Bectere are approximately 8,000
possible instantaneous Z scores, it is importafhitrtid and structure the biofeedback
protocol in a manner that best links to the pasesymptoms and complaints. The
linkage of patient’s symptoms and complaints asottypses that are confirmed or
disconfirmed by QEEG assessment are used to desaleprofeedback protocol. Blind
and random selection of Z score metrics runs sieati altering “compensatory” systems
and not focusing on the weak or “loss of functisgstems that are linked to the patient’s
symptoms and complaints.

Figure seven shows an example of a simple 10/20 display for feedback
where the circles turn green when threshold is(met, Z < 2.0) and provides feedback
about the scalp locations that are meeting threshol
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Nenrofeedback Reinforcement Window — Can Be Moved to a 2 Monitor

Green = Threshold was reached

Threshold is < Z vaile set in
the Surface NF Window

Refmforcensent requires that
100'% of the time poarts in a
250 msec 1o 1 sec window
are less fhan the Z fhreshold

10420 Scalp Locations

Fig. 7 — Example of 19 channel feedback displd)e circles at a particular location turn
green when threshold is reached, e.g., Z2< 2.0

Figure eight is an example of a progress monigopcimart that is displayed for the
clinician during the course of biofeedback. Otmategy is to develop a protocol based
on the linkage to the patient’s symptoms and comigas discussed previously and then
to set the Z score threshold so that it is easyh®isubject to meet threshold and thus
produce a high rate of successful ‘Hits’ or rewardstep two is to lower the threshold
and make the feedback more difficult, e.g., Z <dn8 as the patient or client gains
control and receives a high rate of reinforcemeratgain the lower the threshold, e.g., Z
< 1.0in a “shaping” process in which operant ctiading is used to move the patient’s
brain metrics toward the center of the normal ezfee population or Z = 0.
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Neuwrofeedback Progress Window — Monitor the ClientfPatient’s Progress

Percentage of time windows that
received reinforcensent
Percent Criteria /
100 /

80
60
40
20
0

00:00 00:05 00:10 00:15 00:20 00:25 00:30

30 second window of events that met crifleria

Fig. 8- Example of one of the progress chartsdhainician views during the course of
neurofeedback. The idea is to shape the patibrdia toward the center of the normal
healthy reference population where Z = 0. Iritigthe threshold is set so that the patien
receives a high rate of reinforcement, e.g., ZOs then to lower the threshold and make
more difficult, e.g., Z < 1.5 and then as the pdtegain receives a high rate of
reinforcement to again lower the threshold, e.gs, Z0 so as to shape the brain dynamics
using a standard operant conditioning procedure.

—

t

Neurol maging Neurofeedback or Real-Time LORETA Z Scor e Biofeedback

Improved accuracy in the linkage between a pasestimptoms and complaints
and the localization of functional systems candigeved by the biofeedback of real-
time 3-dimensional locations or voxels in the braihhis method has been successfully
implemented with functional MRI (i.e., fMRI) for abnic pain, obsessive compulsive
disorders and anxiety disordefspkarian, 1999; Yoo et al, 2006; Weiskagifal, 2003;
Cairia et al, 2006; Bray et al, 2007; de Charmel,2004; de Charms, 2008). Figure 9
shows an example of fMRI biofeedback displays
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Fig. 9- Information from individual spatial pointan be segregated into multiple
anatomically defined three-dimensional regionstdriest. Here the activation levels
(represented as colours) of three brain regionsesr@ered on a translucent ‘glass brai
view. (d) -Activation in these regions can either be plottecbsd-by-second in real tim
or can be presented to subjects in more abstraosfesuch as this virtual-reality video
display of a beach bonfire, in which each of the¢helements of the flickering fire
corresponds to activation in a particular brainagegBrain activation can control
arbitrarily complex elements of computer-generaeeharios. (From de Charms, 2008).

-

D

However, fMRI biofeedback also referred to as Neneging Therapy has
several significant limitations in comparison toRBTA 3-dimensional EEG
biofeedback 1- A long time delay between a change in localizein activity and the
feedback signal, e.g., 20 seconds to minutes fétlfivhile LORETA EEG biofeedback
signals involve millisecond delays; 2- fMRI onlyoprdes indirect measures of neural
activity because blood flow changes are delayedsandndary to changes in neural
activity whereas EEG biofeedback is a direct memastineural electrical activity and, 3-
Expense in which fMRI costs 3 million dollars fteet MRI machine plus $30,000 per
month for liquid helium whereas EEG biofeedbackipauent and maintenance costs are
less than $10,000. The spatial resolution of LORE®urce localization is
approximately 7 mrhwhich is comparable to the spatial resolutionRi.” fMRI,
however, offers the advantage of imaging of norticalrstructures such as the striatum,
thalamus, cerebellum and other brain regions wagi@EEG is limited to imaging of
cortical dipoles produced by pyramidal cells. Hiheless, even with this limitation
several studies have proven that biofeedback USDRRETA real-time 3-dimensional
sources is feasible and results in positive climciccomes (Lubar et al, 2003; Cannon et

® LORETA means “Low Resolution Electromagnetic Tomagany” (Pascual-Marqui et al, 1994). Since
the inception of this method in 1994 there haventmeer 500 peer reviewed publications (see
http://www.uzh.ch/keyinst/NewLORETA/Quote LORETA/RapThatQuote LORETAO05.htm for a partial
listing of this literature).

” The voxel resolution of LORETA is 7 nimhich is adequate spatial resolution because thdrBann
areas are much greater in volume than 7ZmAiso, the biological resolution of functional MRlay be
worse than LORETA because it depends on the vasardhitecture of the brain. For example, Ozcan et
al (2005) showed that maximal fMRI spatial resalntis > 12 mm
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al, 2005; 2006a; 2006b; 2007; 2008). Figuresataheleven shows an example of
LORETA EEG biofeedback of the anterior cingulateugyand corresponding increases
in current density as a function of biofeedbaclssats.

Fig. 10 — Raw current source density
values from Anterior Cingulate gyrus
(ACC) activation in EEG Neuroimage
Neurofeedback. Subjects viewed a bar
graph and were instructed to increase th
height of bar graph which was coupled tq
an increase in the real-time current sourge
density of the ACG14-18 Hz) in the intra
cranial region of seven vox&IgROI).

From Cannon et al, 2006a

11°}

Learning curves for AC as a result of training in AC, LPFC, RPFC
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Fig. 11 - Increase in current density (14—18 Haf three different ROIs, resulting
from training of the Anterior Cingulate gyrus (AC)MPFC = left pre-frontal cortex;
RPFC = right pre-frontal cortex. The AC appearmfluence increases in the LPFC &
RPFC higher than the increase for itself althougtheee ROIs increased current densijty
as a function of training. Corresponding improeas in working memory and
attention were also measured. From Cannon e0@8.2
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Future Directions of QEEG and Neur ofeedback

Dramatic improvements in sensitivity and spatiabtation of neural sources
linked to patient’s symptoms and complaints havauged in the last 80 years since
EEG was first discovered. The development of EitiBeedback occurred almost in
parallel with the sudden growth of QEEG in the 1960d today there is ever more
integration of QEEG for clinical evaluation and EBiBfeedback for treatment. QEEG
assessment and EEG biofeedback treatment areigadtyr bound in which
advancements in sensitivity and spatial resolutib@EEG as a clinical evaluation tool
are immediately translated to treatment using leidbi@ck. There has been a veritable
explosion of new discoveries in neuroscience rdlatebasic mechanisms of memory,
attention, arousal and cognition and correlationgarious, neurological, psychiatric and
psychological disorders. In parallel with thedeancements it is expected that EEG
biofeedback will keep pace by advancing new metluda®n-invasive treatment of a
wide variety of clinical disorders Today high sdecomputers are available in which 19
or more channels of EEG can be measured and bludekapplied in almost the same
amount of time as 1 or 4 channel biofeedback watieapin the past. Thus, there is
little practical limitation in using high densityeetrode arrays for EEG biofeedback in
the future. As knowledge about basic neurophgsickl control measures emerge, for
example, thalamic mediated phase shift and pha&se doherence, cross-frequency phase
synchrony and LORETA spatial coordination of braiadules underlying perception and
cognition then the clinical efficacy of EEG biofdaatk will improve. Given the
expense of health care and the need for non-ingdseatment the marriage of QEEG
and EEG biofeedback will continue to evolve.
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