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ABSTRACT
Objectives: The purpose of this study was to explore theiaiahip between EEG phase reset and
performance on the Wechsler Intelligence test.
Methods: The electroencephalogram (EEG) was recorded ff@mscalp locations from 378
subjects ranging in age from 5 years to 17.6 yedrse Wechsler Intelligence test (WISC-R)
was administered to the same subjects on the sayleut not while the EEG was recorded.
Complex demodulation was used to compute instaotenEEG phase differences between pairs
of electrodes and thé'®& 2nd derivatives were used to measure phase bgsghase shift
duration and phase lock duration. The dependamaie was full scale 1.Q. and the
independent variables were phase shift duratior) €8id phase lock duration (LD) with age as a
covariate.
Results: Phase shift duration (40 — 90 msec) was pos$jtrnetated to intelligence (P < .00001) and the
phase lock duration (100 — 800 msec) was negatieddyed to intelligence (P < .00001) Phase reset
short interelectrode distances (6 cm) was moreigbrrelated to 1.Q. (P <.0001) than in long
distances (> 12 cm).
Conclusions: The duration of unstable phase dynamics andeploaking represent a bounded
optimization process, for example, too long a darabf phase locking then less flexibility and tslwort
of a phase shift then reduced neural resourceswoAompartmental model of local field couplingdan
neuron synchrony to a preferred phase was devekopedlain the findings.

Key Words: EEG phase reset, phase shift duratioase lock duration, intelligence.
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1.0- Introduction

Complexity in the brain is often defined by modeisnformation theory and stochastic
processes involving a balance between differenhatnd integration (Tononi et al, 1994,

Buzsaki, 2006). Tononi et al (1994) showed thgilly complex neural networks were
characterized by neurons that were organized ietsely linked groups that were sparsely and
reciprocally interconnected. Small-world moddig@nnected systems show that reduction of
long distance connections and increased conngctfibcal systems is a fundamental
information optimization process (Watts and Straga998). In line with these models of
complexity is the fact that the development of br@onnectivity as measured by EEG coherence
and phase shows a developmental balance betwesmkagral integration and long distant
differentiation similar to the standard models omplexity (Thatcher et al, 1987; 2007a; Tononi
et al, 1994). Human intelligence is also directbyrelated to brain complexity as measured by
the EEG (Anokhin et al, 1999; Giannitrapani, 198Batcher et al, 1983; 2005). For example,
inverse relations between EEG coherence and 1.¢2 been reported in many electrode
locations and different frequency bands (Marosile1999; Martin-Loeches et al, 2001; Barry et
al, 2002; Silberstein et al, 2003; 2004; Thatche,€1983; 2005). These studies support a
general “neural efficiency” model of intelligenag/blving the instantaneous allocation of neural
resources in which coherence is a measure of reshaychnd differentiation (Haier et al, 1992;
Thatcher et al 1983; 2005: 2007a; 2008).

Studies of EEG complexity, dimensionality and ilgeince have also included measures of
phase delays. Thatcher et al (1983; 2005) fougmifszant correlations between EEG phase delays and
1.Q. with complex spatial relationships. Furthgpleration of the relationship between performaace
neuropsychological tests and EEG phase is impairtaorder to probe the deeper relations between
synchrony and phase delays and intelligence. ¥ample, the patterns of spontaneously occurring
synchronous activity involve the creation of tenggrdifferentiated neural assemblies with oscithias
and covarying phase at local, regional and largéesqBreakspear and Terry, 2002a; 2002b; Rudtauf e
al, 2006; Stam and de Bruin, 2004; Varela, 1995g\Meaet al, 2001; Freeman and Rogers, 2002;
Thatcher et al, 2007b). The dynamic balance betwgachronization and desynchronization is
essential for normal brain function and abnormédee is often associated with pathological
conditions such as epilepsy (Lopes da Silva and,HAif95; LeVan Quyen et al, 2001b; Chevez et al,
2003; Netoff and Schiff, 2002), schizophrenia (e¢@l., 2002) and dementia (Stam et al., 2002a;
2002b).

Studies of the mechanisms of synchronization asgirdghronization often involve the
use of a measure referred to as phase reset (P&)example, measures of EEG phase reset
have been correlated to various frequency bandeglaognitive tasks (Kahana, 2006;

Kirschfeld, 2005; Tesche and Karhu, 2000),workirgmmory (John, 1968; Rizzuto et al, 2003;
Damasio, 1989; Tallon-Baudry et al, 2001), sensnojer interactions (Vaadia et al, 1995;
Roelfsema et al, 1997), hippocampal long-term pgagon (McCartney et al, 2004), brain
development (Thatcher et al, 2008) and consciogsi@ssmelli et al, 2004; Varela et al, 2001,
John, 2002; 2005). The present study builds osetipeevious studies by analyzing the
relationship between intelligence and the two fuméatal components of phase reset: 1- phase
shift duration and, 2- phase lock duration measurdlde spontaneous resting EEG.

PR occurs in coupled nonlinear oscillators whemel®a sudden shift of the phase relationship
of oscillators to a new value followed by a peraigphase locking or phase stability also calledsgha
synchrony (Pikovsky et al, 2003). The term phagehrony is synonymous with phase locking and
whether one refers to phase locking or phase sgnghwhat is important is the fact that there is a
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prolonged period of phase stability following a paahift. This is important because random phase
shifts without stability exhibit “white noise” digbutions (Pikovsky et al, 2003; Tass, 1997). iPRlIso
important because it results in increased EEG a@uggs due to increased phase synchrony of synaptic
generators (Cooper et al, 1965; Nunez, 1995; Ldp€eSilva, 1995). There are two general and
equivalent methods for studying PR: 1- narrow bad@cbmposition and, 2- broad band decomposition
(Rudrauf et al, 2006; Le Van Quyen et al, 2001anBr 2004). Both methods use analytic transforms
such as the Fourier transform, Wavelet transforchHitbert transform. Which method is used
depends on the frequency resolution desired andathge of the transient signals that are to beated
(Rudrauf et al, 2006; Tass, 1997; Le Van Quyen, &(®1a; Lachaux et al, 2000; Freeman et al, 2003;
2006; Freeman and Rogers, 2002). In the pres@er pge used complex demodulation as an analytic
signal processing method similar to Lachaux e2@00Q) and Breakspear and Williams (2004) which is
mathematically the Hilbert transform (Pikovsky et2903; Oppenheim and Schafer, 1975). All
methods measure the temporal adjustment of pasigoéls evaluated over a successive frequency
range or successive intervals of time with phaakiliy measured by the first derivative where ghas
stability is when the first derivative of phasefelience approximates zero origddt O . In general,
the magnitude of phase shift is defined as thefice between the pre-shift phase value minus the
post-shift phase value and if a sudden and sigmfiphase difference occurs followed by an extended
period of phase stability then the point in timeawtihe phase shift started is the time when tke fir
derivative exceeded some threshold value (Ruditzalf 2006; Tass, 1997; Tass et al, 1998; Le Van
Quyen et al, 2001a; Breakspear and Williams, 200Zhis point in time marks the onset of a phase
shift and phase reset. EEG phase shift offs#gfised in a reverse manner and the onset anetoffs
times define the phase shift duration.

Previous studies from this laboratory on the refahip between intelligence and absolute
power, coherence, amplitude asymmetry and phaf@etices have shown that phase and coherence
produce stronger correlations to 1.Q. than doeslates power (Thatcher et al, 2005). LORETA source
correlations and 1.Q., although weaker than coleremd phase, indicate specific timing relationship
between 3-dimensional current sources and infoonatrocessing (Thatcher et al, 2007). A study of
the relationship between EEG phase shift durationstable phase dynamics”) and phase lock duration
(“stability) and human intelligence has not beerd®&d to date and would extend our previous studies
and advance understanding about the relationsbtpvden EEG and 1.Q. Therefore, the purposeef th
present study is to investigate the relationshigvben human EEG phase reset and neuropsychological
measures of intelligence in the same subjectsuasest in Thatcher et al, 2005; 2007b. The null
hypotheses to be tested in this study are: 1- tw@@o significant correlations between measufres o
EEG phase reset and intelligence; 2- there araffevahces in the EEG frequency band and the
correlation to intelligence; 3- there are no diéfeces between the left and right hemispheres and th
correlation to intelligence and, 4- there are rftedences between the frontal vs. posterior bragians
and the correlation to intelligence.

2.0 — Methods
2.1 Subjects

A total of 378 subjects ranging in agair5 to 17.58 years (males = 221) were included
in this study. The subjects in the study wereuiéed using newspaper advertisements in rural
and urban Maryland (Thatcher et al, 1987; 20037200 The inclusion/exclusion criteria were
no history of neurological disorders such as epjepead injuries and reported normal
development and successful school performanceneMf the subjects had taken medication of
any kind at least 24 hours before testing in thuglys All of the school age children were within
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the normal range of intelligence as measured byhehsler Intelligence Test (WISC-R) and
were performing at grade level in reading, spellng arithmetic as measured by the Wide
Range Achievement Test (WRAT) and none were clasis#s learning disabled nor were any of
the school aged children in special education eassAll subjects were given an eight-item
“laterality” test consisting of three tasks to datee eye dominance, two tasks to determine foot
dominance, and three tasks to determine hand dowenaScores ranged from — 8 (representing
strong sinistral preference or left handedness}8t@representing strong dextral preference or
right handedness). Dextral dominant children vained as having a laterality score o

and sinistral dominant children were defined adritaa laterality score of - 2. Only
approximately 9% of the subjects had lateralityreaso 2 and 87% of the subjects had laterality
scores 2 and thus the majority of subjects in this stugye right side dominant.

2.2 EEG Recording

Power spectral analyses were performed on 58 dedon2 minute 17 second segments of EEG
recorded during resting eyes closed condition. HBE& was recorded from 19 scalp locations based on
the International 10/20 system of electrode placegmasing linked ears as a reference. The average
reference and a Laplacian reference were not useause these reference methods involve mixing the
amplitude and phase from different scalp locati@ssilting in phase and coherence distortions asrsho
by Rappelsberger (1989), Karski and Blinowska (1991) and Essl and Rappelsbeft@98). Eye
movement electrodes were applied to monitor attidéexcl all EEG records were visually inspected and
manually edited to remove any visible artifact.ciE&EG record was plotted and visually examined and
split-half reliability and test re-test reliabilitpeasures of the artifacted data were computed) ubim
Neuroguide software program (NeuroGuide, v2.3.8plit-half reliability tests were conducted on the
edited EEG segments and only records with > 909ahiéty were entered into the spectral analyses.
The amplifier bandwidths were nominally 1.0 to 3@, Hhe outputs being 3 db down at these
frequencies. The EEG was digitized at 100 Hz gmdampled to 128 Hz and then spectral analyzed
using complex demodulation (Granger and Hatang¥4;10tnes and Enochson, 1978).

EEG phase differences and phase reset metriccovaputed in the delta (1 — 4 Hz);
theta (4 — 8 Hz); alpha frequency band (8.0 — 13 Hiphal (8 — 10 Hz); alpha2 (10 — 13 Hz);
betal (13 — 15 Hz); beta2 (15 — 18 Hz); beta3 (25 -Hz) and hi-beta (25 — 30 Hz). Factors
used in the multivariate analysis of variance wekre:Hemisphere, 2- Direction, 3- Inter-
electrode distance and 4- Age.

2.3 — Complex Demodulation and Joint-Time-FrequenaAnalysis

Complex demodulation was used in a joint-time-feey-analysis (JTFA) to compute
instantaneous coherence and phase-differences d&raand Hatanaka, 1964; Otnes and
Enochson, 1978; Bloomfield, 2000). This methodnsanalytic linear shift-invariant transform
that first multiplies a time series by the complexction of a sine and cosine at the center
frequency of each frequency band followed by a pass filter (8 order low-pass Butterworth)
which removes all but very low frequencies (shifexjuency to 0) and transforms the time series
into instantaneous amplitude and phase and anafitesteous” spectrum (Bloomfield, 2000).
We place quotations around the term “instantanedas2mphasize that, as with the Hilbert
transform, there is always a trade-off between tiesolution and frequency resolution.  The
broader the band width the higher the time resmubiut the lower the frequency resolution and
vice versa. Mathematically, complex demodulatisndefined as an analytic transform (Z

transform) that involves the multiplication of &diete time series{, t =1, ..., n} by sine ot
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and cos ot giving

X =X sinmw;t (1)

and

X =X COSW.t 2
t t 0 @

and then apply a low pass filter F to produce tistantaneous time series, @d Z” where the
sine and cosine time series are defined as:

Z(=F (X, sinu,t) (3)
Z&=F (x, cosu,t) (4)

and
1/2
2[(29)'2 + (Zt@f] 5)
is an estimate of the instantaneous amplitudeefréguency (at time t and
tan™* £ (6)
Z
is an estimate of the instantaneous phase at time t

The instantaneous cross-spectrum is computed tieea are two time series{y =1, .
..,nfand {y;, t=1,...,n}andif F[]is a filter pasgronly frequencies near zero, then, as

aboveR’ = F[yt sin M()t]2 + F[yt COSWOt]2 =‘F[yte“‘*’t ]2‘ is the estimate of the

Fly sinwt
1 [yt 0 ] is an estimate of the

amplitude of frequency o at time t angd/ , =tan”

F [yt COSWOt]
phase of frequencypat timet and
Flye”]=re", ™
and likewise,
Flye™]=Re” ®)
The instantaneous cross-spectrum is
v, =Flye"JF[ye™] =R ReV* ©
and the instantaneous coherence is
M o 1 (10)

R’R®
The instantaneous phase-differencg is / (. That is, the instantaneous phase difference is

computed by estimating the instantaneous phasedith time series separately and then taking
the difference. Instantaneous phase differene¢ststhe arctangent of the imaginary part of V
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divided by the real part (or the instantaneous gpedrum divided by the instantaneous
cospectrum) at each time point.

2.4 — Phase Straightening

We used the phase “straightening” method of OamesEnochson (1978) to remove the
phase angle discontinuity, i.e., where 0 and 3@Gapbpposite ends while in the circular
distribution § =360 . This procedure involves identifying the poiittsime when phase
jumps from + 188to — 188 and then adding or subtracting 36@pending on the direction of
sign change resulting in phase being a smoothifumof time by removing the discontinuities
due to the arctangent function. We found that kits@hase differences without phase
straightening gave similar results to the straigatephase differences. This is because the vast
majority of EEG phase relationships are less thaB@. However, phase straightening is
important when computing the first and second a@erres of the time series of phase differences
because the discontinuity between —%®0+ 180 can produce artifacts. Accordingly, all of the
derivatives and phase reset measures in this pagrercomputed after phase straightening.

2.5- Computation of the ' and 2nd Derivatives of the Time Series of Phase fléirences

The first derivative of the time series of phaskedeénces between all pair wise
combinations of two channels was computed in otdatetect advancements and reductions of
phase-differences. The Savitzgy-Golay procedure uged to compute the first derivatives of
the time series of instantaneous phase differensieg a window length of 3 time points and the
polynomial degree of 2 (Savitzgy-Golay, 1964; Pressal, 1994). The units of the'1
derivative are in degrees/point which was normdlittedegrees per centisecond (i.e., degrees/cs
= degrees/100 msec). The second derivative wapuiat using a window length of 5 time
points and a polynomial degree of 3 and the umésdegrees per centiseconds squared (i.e.,
degrees/ds= degrees/100 mséx.

2.6 — Calculation of Phase Reset

The time series of*1derivatives of the phase difference from any péielectrodes was
first rectified to the absolute value of th& derivative (see fig. 2). The sign or directionaof
phase shift is arbitrary since two oscillating eigemay “spontaneously” adjust phase with no
starting point (Pikovsky et al, 2003: Tass, 200The onset of a phase shift was defined as a
significant absolute first derivative of the timeries of phase differences between two channels,

i.e,df , - / O)/dt >0, criterion bounds 25 Phase stability or phase locking is definechas t
period of time after a phase shift where there istable near zero first derivative of the
instantaneous phase differences gt & / ()/dt 0. The criteria for a significanf'derivative

is important and in the present study a threshntdria of % was selected because it was > 3
standard deviations where the mean phase shifedafigm 25 deg/cs to 45 deg/cs. Changing
the threshold to higher values was not significaotyever, eliminating the threshold resulted in
greater “noise” and therefore the criteria §fi§ an adequate criteria. As pointed out by
Blackspear and Williams (2004) visual inspectioriled data is the best method for selecting an
arbitrary threshold value and the threshold valigelfi is less important than keeping the
threshold constant for all subjects and all conddi Figure one illustrates the concept of phase
reset. Phase differences over time on the uritecare measured by the length of the unit
vector r. Coherence is a measure of phase censisbr phase clustering on the unit circle as
measured by the length of the unit vector r. Tlstration in figure 1 shows that the resultant
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vector £ = r, and therefore coherence when averaged over tih® even though there is a

brief phase shift. As the number of phase shifisymit time increases then coherence declines
because coherence is directly related to the ageaxagunt of phase locking or phase synchrony
(Bendat and Piersol, 1980).

EEG Phase Reset as a Phase Transition in the Tme Domain
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Fig. 1 — lllustrations of phase reset. Left is timé circle in which there is a clustering |of
phase angles and thus high coherence as measutied leyngth of the unit vector r. The
top row is an example of phase reduction and tlperight is a time series of the
approximated % derivative of the instantaneous phase differeficeshe time series;t
t,, t3, & at mean phase angle ="4fd &,ts,t7, ts at mean phase angle =°10 The vector
rl = 45 occurs first in time and the vector r2 =Hnhd 138 (see bottom left) occurs later
in time. Phase reset is defined by a sudden ehanghase difference followed by| a

period of phase locking. The onset of Phase Redmtween time point 4 and 5 where

the T' derivative is a maximum.  The' Herivative near zero is when there is phase
locking and little change in phase difference duee. The bottom row is an example|of

phase advancement and the bottom right is theetivative time series. The sign [or
direction of phase reset in a pair of EEG electsaderbitrary since there is no absolute
“starting point” and phase shifts are often “spaetaus” and not driven by external
events, i.e., self-organizing criticality. When thbsolute T derivative 0 then two
oscillating events are in phase locking and reprteaestable state independent of the
direction of phase shift.

Figure 2 shows the time markers and definitioredus this study. As mentioned above
the peak of the absoluté' lerivative was used in the detection of the omsdtoffset of a phase
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shift and the second derivative was used to delectnflection point which defines the full-
width-half-maximum (FWHM) and phase shift duratioAs seen in Figure 2, Phase Reset (PR)
is composed of two events: 1- a phase shift ofndefiduration (SD) and 2, followed by an
extended period of phase locking as measured bphhse lock duration (LD) and PR = SD +
LD. Phase Shift duration (SD) is the interval ohe from the onset of phase shift to the
termination of phase shift where the terminatiodd§ined by two conditions: 1- a peak in the 1
derivative (i.e., 1 derivative changes sign from positive to zerodgative) and, 2- a peak in the
2" derivative or inflection on the declining sidetbe time series of first derivatives. The peak
of the 29 derivative marked the end of the phase shift plerio Phase shift duration is the
difference in time between phase shift onset aras@tshift offset or SD(t) = S¢idet— S(thtset
Phase lock duration (LD) was defined as the inteofdime between the end of a significant
phase shift (i.e., peak of th&%erivative) and the beginning of a subsequentifiignt phase
shift, i.e., marked by the peak of tH¥ gerivative and the presence of a peak in theetivative

or SI(t) = S(thtset — S(thnset IN sSumMmary, two measures of phase dynamics w@rguted: 1-
Phase shift duration (msec) (SD) and, 2- Phasedac&tion (msec) (LD). Figure two illustrates
the phase reset metrics and figure three showsxampe of the computation of phase reset
metrics in a single subject.

Phase Reset Metrics
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Fig. 2- Diagram of phase reset metrics. Phask @h%) onset was defined at the time point when a
significant £' derivative occurred (5° /centisecond) followed by a peak in th& derivative, phase shit
duration (SD) was defined as the time from onsghefphase shift defined by the positive peak ef4fi
derivative to the offset of the phase shift defibgthe negative peak of th&’2lerivative. The phase lodk
duration (LD) was defined as the interval of timetvileen the onset of a phase shift and the onsat| of
subsequent phase shift. Phase reset (PR) is ceshmdswo events: 1- a phase shift and 2- a peoiod
locking following the phase shift where th& derivative 0 or PR = SD + LD. Phase locking is defined

—
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when the absolute *1derivative of the phase difference between twoillagars approximates zerp
d(F,
—l (dt“ ) » 0. Phase shift onset is defined when the absoltiteletivative of the phase difference

dE)l

between two oscillators is greater than zefedt—

Phase Shift
Phase Difference in Degrees
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Fp1-01 ymwmj%__,—w—] f
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Fig. 3- Example from one subject. Top are the ER&sp differences between Fp1-F3, Fp1-C3, Fpl-P3
and Fp1-O1 in degrees. Bottom are ti@drivatives of the phase differences in the tapds in
degrees/centiseconds. ARderivative 5°/cs marked the onset of a phase shift and arvaitef time
following the phase shift where th& derivative 0 defined the phase lock duration as described in
figure 2.

3.0 — Results
3.1 — Multivariate Regression Analyses

The partial correlation coefficient was computetMeen each of the 171 EEG variables for
phase shift duration and phase locking and fullest®. scores after regressing out the covariavite
age. Table | shows the number of statisticatiygicant variables as well as the percentage etotal
variables that were statistically significant ire theven different frequency bands for phase shitittbn
and for phase locking. One would expect appraxéty 5% of the variables to be statistically
significant by chance alone or N = 8.6. Therefarehi square test of the expected number of
significant correlations by chance alone was cotetliand is shown in Table |.
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Shift Duration Lock Duration
Number Number
Frequency: | Observed P( 2 Observed P( 2
DELTA 34 0.0001 12 N/S
THETA 18 0.0021 52 0.0001
ALPHA1 18 0.0021 2 N/S
ALPHA2 15 0.0399 1 N/S
BETA1 24 0.0001 18 0.0021
BETA2 15 0.0399 27 0.0001
BETA3 51 0.0001 4 N/S
HI-BETA 20 0.0002 13 N/S
Table | - The statistically significant correlat®between 1.Q. and PR. Total number of
electrode combinations = 171. Chi Square is ohtlmaber expected at the P < .05 levgl
by chance alone (N = 8.6) vs the observed numbstatittically significant observations.

The variables with statistically significant (PG5) correlations were then entered into a step-
wise hierarchical multivariate regression analyseshich full scale 1.Q. was the dependent variable
age was the covariate and phase shift duratiorphase lock duration were the independent variables.
Table Il shows the results of the multivariate gsas$ for correlation between full scale 1.Q. andggh
shift duration and phase lock duration after remg\the affects of age. The multiple R values were
statistically significant in all frequency bands fwth phase shift duration and phase lock duration
Alpha 1 and alpha 2 frequency bands exhibited thakest multiple R values. The overall multiple R
when all frequencies were combined was 0.752 (081) for the correlation between full scale 1.Q.
scores and phase shift duration and 0.610 (P <)d00the correlation between full scale 1.Q. dhe
phase lock duration. The multiple R when both plsdsft duration and phase lock duration were
entered as the dependent variables and age asvtheate was 0.826 or about 68% of the variance of
full scale 1.Q.

Phase Shift Duration Phase Lock Duration
Frequency: | Multiple R p # of VARs  Multiple R p # of VARs
Delta 0.293 0.0073 28 0.295 0.0001 13
Theta 0.389 0.0001 16 0.322 0.0440 40
Alphal 0.290 0.0330 14 0.110 0.0001 3
Alpha2 0.257 0.0001 12 0.118 0.0001 2
Betal 0.356 0.0001 20 0.335 0.0001 16
Beta2 0.305 0.0001 14 0.360 0.0004 26
Beta3 0.389 0.0010 42 0.216 0.0001 5
Hi-Beta 0.238 0.0021 17 0.241 0.0001 11
Overall 0.752 0.0001 155 0.610 0.0004 111
Table | I- Results of the multivariate regressioalgses between WISC-R full scale 1.Q. scores &86 E
phase shift duration and EEG phase lock duration.

Figure 4 shows the results of the age adjustedvatilite regression analyses for individual
frequency bands and intelligence. The dependadble was full scale 1.Q., age was a covariate an
the independent variables were EEG phase lockidge®iG phase reset intervals in the delta, theta,
alphal, alpha2, betal, beta2, beta3 and hi-bejadrey bands. The largest correlations were betwee
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Figure 4- Results of the multivariate regressioalgses between WISC-R full scale 1.Q. scores aad th
eight different frequency bands of EEG phase shifation and EEG phase lock duration. The y-axis
are the multiple R values and the x-axis are tB& Erequency bands. The black columns are

phase shift duration (SD) correlations and the gymns are the phase lock duration (LD) correfeti

1.Q. and theta and betal phase shift duration. Idlest multiple Rs were with alphal and alpha2
phase lock duration.

3.2- Chi Square Tests of the Sign of Correlation

The sign of the correlation between full scale B®d phase shift duration after adjusting for age
was primarily positive while the sign of the coatbn between 1.Q. and phase lock duration was
primarily negative. A Chi square test for the sadrihe correlation was conducted using the null
hypothesis expectation of 50% likelihood of a gesibr negative correlation between the phase reset
measures and 1.Q. Table Ill shows the resulte@Chi square tests for full scale 1.Q. and the
correlations to phase shift duration and phase thehltion. Phase shift duration was negatively
correlated to full scale 1.Q. while phase lock diorawas positively correlated to full scale 1.Q.

PHASE RESET | Shift Duration Locking Duration
Frequency: pos neg 2 p pos neg 2 p
DELTA | 34 0 34.00 0.0001 11 1 8.33 0.0001
THETA 5 13 3.56 N/S 1 51 48.08 0.0001
ALPHA1 18 0 18.00 0.0001 2 0 N/S N/S
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ALPHA2 15 0 15.00 0.0001 0 1 N/S N/S
BETA1 | 23 1 20.17 0.0001 14 4 5.56 0.0184
BETAZ2 14 1 11.27 0.0008 1 26 23.15 0.0001
BETA3 | 51 0 33.11 0.0001 1 3 1.00 N/S

HI-BETA | 20 0 20.00 0.0001 1 12 9.31 0.0023

Table lll- Sign Tests using Chi-Square Method of Significant P artial Correlations with full
IQ and phase reset measures of phase shift duration and phase lock duration adjusted for
age.

In order to explore the linearity and sign of toerelation between phase reset and 1.Q.
the subjects were sub-divided into seven full st&e groupings and then linear regression
analyses were conducted using phase shift duratidrphase lock duration as the independent
variable and 1.Q. as the dependent variable. sBwven 1.Q. groups were: 70 to 79 1.Q. (N = 19);
801089 1.Q. (N =44); 90t0 99 1.Q. (N = 67); 1@0109 1.Q. (N =94); 110to 119 1.Q. (N =
70); 120 t0 129 1.Q. (N = 48); 130 to 154 1.Q. (NB¥). The results of the linear regression
analyses are shown in Figure 5. It can be sedrsthtistically significant linear regressions
were present in which phase shift duration wastpety related to full scale 1.Q. and phase
locking was negatively related to full scale I.Q.
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Figure Five — Linear fit of EEG phase shift duration (Top) &G phase lock duratior
(Bottom) and seven full scale 1.Q. groupings. Xkexis are EEG phase shift duration
(msec) (Top) and EEG phase lock duration (msecitéBy. The y-axis is full scale 1.Q|
Examples are 6 cm interelectrode distances from-B3/2 and Fpl-F3.
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As seen in figure 5 (Top), the linear regressiguation for phase shift duration produced
positive correlations with intercepts from approabely 78 1.Q. to 138 I1.Q. points. In general,
the longer the phase shift duration then the higinefull scale 1.Q. A 4 millisecond average
shift duration was related to an approximate 6@ifp@nge of 1.Q. scores. The average slope of
the regression equations was approximately twemgy(81) 1.Q. points per millisecond of phase
shift duration. One can equate rates of changeneto degrees of phase difference by using
the peak first derivative of phase differences Wwhiere computed during the process of
measuring PR (see figs. 1 —3). The mode’afetivatives was approximately 27
degrees/centisecond or 2.7 degrees/msec which riesrthe full 60 point range of 1.Q. was
spanned by 10%bf phase shift.

Figure 5 (Bottom) shows the linear regression g#qador phase lock duration vs. 1.Q. .
In general, the shorter the phase lock duration the higher the full scale 1.Q. The negative
correlations also exhibited intercepts from apprately 78 1.Q. to 138 1.Q. or a 60 1.Q. point
range and an average phase lock duration ranggpodxmately thirteen (13) milliseconds.

This represents approximately 4.6 1.Q. points/ndgzhase lock duration.

Figure 6 are frequency histograms of phase shitittbn (top) and phase lock duration
(bottom) between the high 1.Q. and low I.Q. groopsubjects in 6 cm distance electrode
pairings. The difference in the peaks of phask duration for high vs. low I.Q. groups was
about 3.0 msec and the difference in the peakbasglock duration was about 50 msec. This
is a similar range of time differences in the regren analyses of the seven 1.Q. groups in figure
5.
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Figure Six — Histograms of phase shift duratiop)tand phase lock duration (bottom) in high (912
1.Q.) vs low I.Q. (< 90 I.Q.) groupings of subjectsing 6 cm electrode pairings. Y-axis is the nandf
subjects and x-axis is time (msec).

3.3 — Multivariate Analyses of Variance Phase Shifburation and Intelligence

Multivariate analyses of covariance (ANCOVA) wesnducted for phase shift duration
as the independent variable and low (I.Q. < 900o\/= 71) and high full scale 1.Q. (120 to
155; N = 79) groups as the dependent variable gada a covariate. EEG phase shift duration
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and phase lock duration were evaluated for diractiemisphere, frequency and distance by
limiting the analyses to five equally spaced pairslectrodes using a multivariate analysis of
variance (MANOVA) after removing the correlationtivege. This reduced analysis is from the
same set of electrode pairs as published by Thia&tred (1986; 1988; 2007a). The anterior-to-
posterior direction was Fpl/2-F3/4; Fpl/2-C3/4; RpR3/4 and Fpl/2-O1/2. The posterior-to-
anterior direction was O1/2-P3/4; O1/2-C3/4; O1Bl4rand O1/2-Fpl1/2. The interelectrode
distance was independent of direction and variechfapproximately 6 cm; 12 cm; 18 cm and 24
cm for both the left and right hemisphere.

The factors for phase shift duration were left Isginere vs. right hemisphere; direction,
frequency and inter-electrode distance (6 cm, 121&wm & 24 cm). There was a statistically
significant hemispheric effect with longer shiftrdtion in the left hemisphere compared to the
right (F=7.512, P < 0.005) as well as a statifiticagnificant Bonferroni post hoc test (P <
.006). There also was a statistically significdistance effect (F = 1966, P <.0001) with
statistically significant Bonferroni post hoc te@®s> ,0001) showing that the 6 cm distance
exhibited a stronger effect than all other distanc@here was a statistically significant diregtio
effect (F = 305.84, P <.0001) and a significanhf&oroni post hoc test (P <.000001) showing
longer shift durations in the posterior-to-antedaection than in the anterior-to-posterior
direction. There also was a significant frequeeftect (F = 7529, P <.0001). Bonferonni post
hoc tests showed that only Beta-1 vs. Beta-2 frequbands were not statistically significant.

3.4 — Multivariate Analyses of Variance Phase Locburation and Intelligence

Multivariate analyses of covariance (ANCOVA) weanducted for phase lock duration
as the independent variable and low (1.Q. <_ 9D0oN = 71) and high full scale 1.Q. (120 to
155; N = 79) groups as the dependent variable gada a covariate. The factors for the phase
lock duration were the same as for phase shifttadurand were left hemisphere vs. right
hemisphere; direction, frequency and inter-ele@rdidtance (6 cm, 12 cm, 18 cm & 24 cm).
Unlike phase shift duration there was no statilyicagnificant left vs. right hemisphere affect
for phase locking (F=1.82; P = 0.1779). Also,jkmbphase shift duration there was no
statistically significant effect of anterior-to-gesor vs posterior-to-anterior directions for paas
lock duration (F = 0.219; P = 0.639). Howevegerthwas a statistically significant distance
effect (F = 1137, P <.0001) with statisticallyrgfgcant Bonferroni post hoc tests (P >,0001)
with 6 cm distance exhibiting a stronger effecitla#l other distances for both phase locking and
phase shift duration. There also was a signifib@guency effect (F = 6996; P < .0001).
Bonferroni post hoc tests were statistically sigaift (P < .001) for all frequency band
comparisons.

3.5- Analyses of Inter-electrode distance effectsid direction
Table IV shows the correlations between full s¢&e and phase shift duration using the
seven mean full scale 1.Q. groups as in figurdt @an be seen that most of the statistically

Correlations Between Full Scale IQ and Phase Shift  Duration
| Significant @ p: * 05 ** 01 % 001 w00 01 |
6 cm LEFT RIGHT
Frequency: Fpl-F3 01-P3 Fp2-F4 02-P4
DELTA | 0.326 0.521 0.249 0.852*
THETA | 0.792* 0.067 -0.015 0.418
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ALPHA | 0.734 0.876** 0.589 0.954+*+*
BETAL | 0.823* 0.868** 0.648 0.793*
BETA2 | 0.209 0.874** 0.117 0.858**
BETA3 | -0.471 0.594 0.696 0.823*
HI-BETA | 0.112 0.781* 0.268 0.600
12 cm LEFT RIGHT
Frequency: FEpl-F3 01-P3 Fp2-F4 02-P4
DELTA | 0.494 0.794* 0.619 0.794*
THETA | -0.469 -0.050 -0.838* -0.241
ALPHA | 0.150 0.524 0.196 0.859**
BETA1 | -0.043 0.529 0.147 0.262
BETA2 | -0.319 -0.673 -0.258 0.630
BETA3 | -0.453 -0.619 0.318 -0.256
HI-BETA | 0.200 0.666 0.309 -0.661
18 cm LEFT RIGHT
Frequency: FEpl-F3 01-P3 Fp2-F4 02-P4
DELTA | 0.294 -0.059 0.199 0.664
THETA | -0.747 -0.543 -0.698 0.447
ALPHA | -0.023 0.290 0.222 0.942%+*
BETA1 | 0.330 0.183 -0.626 0.531
BETA2 | -0.696 -0.300 -0.660 -0.070
BETA3 | -0.112 -0.685 0.620 -0.809**
HI-BETA | -0.262 0.309 0.408 0.023
24 cm LEFT RIGHT
Frequency: FEpl-F3 01-P3 Fp2-F4 02-P4
DELTA | 0.014 0.014 -0.194 -0.194
THETA | -0.648 -0.648 -0.504 -0.504
ALPHA | 0.130 0.130 0.626 0.626
BETA1 | 0.598 0.598 0.147 0.147
BETA2 | -0.277 -0.277 -0.106 -0.106
BETA3 | -0.612 -0.612 -0.503 -0.503
HI-BETA | -0.715 -0.715 -0.055 -0.055
Table IV — Summary of correlations between fullleda). and phase shift duration
using a limited electrode set to test anteriord#etprior and posterior-to-anterior
directions, distance (6cm, 12cm, 18cm & 24cm) amahisphere. Asterisks * signify the
level of statistical significance.

significant correlations were in the 6 cm interélede distance and in the posterior-to-anterior
direction.

Table V shows the correlations between full st&)e and the phase lock duration using
the seven mean full scale I.Q. groups as in figur&imilar to phase shift duration most of the
statistically significant correlations were in them interelectrode distance and in the posterior-
to-anterior direction. The subset of anterior-tsterior and posterior-to-anterior electrodes are
described in Thatcher et al (1986; 1998; 2007a).
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Correlations Between Full Scale IQ and Phase Lock D uration
| Significant @ p: * .05 ** 01 *** 001 *xx 00 01
6cm LEFT RIGHT
Frequency: Fpl-F3 01-P3 Fp2-F4 02-P4
DELTA | -0.172 -0.875** 0.189 -0.669
THETA | -0.616 -0.930*** -0.489 -0.895**
ALPHA | -0.704 0.108 -0.533 0.433
BETAL | -0.638 -0.788* -0.764* -0.796*
BETA2 | -0.797* -0.800* -0.363 -0.699
BETA3 | -0.985**** -0.828* -0.610 -0.748
HI-BETA | -0.110 -0.376 -0.440 -0.700
12 cm LEFT RIGHT
Frequency: FEpl-F3 01-P3 Fp2-F4 02-P4
DELTA | -0.083 -0.766* 0.083 -0.564
THETA | -0.619 -0.610 -0.661 -0.315
ALPHA | -0.345 0.771* 0.198 0.865**
BETA1 | -0.191 -0.632 0.026 -0.372
BETA2 | -0.527 -0.677 0.005 -0.647
BETA3 | -0.438 -0.443 0.133 -0.873**
HI-BETA | -0.289 -0.679 -0.282 -0.101
18 cm LEFT RIGHT
Frequency: Fpl-F3 01-P3 Fp2-F4 02-P4
DELTA | -0.239 -0.063 0.032 0.083
THETA | -0.622 -0.704 -0.368 -0.542
ALPHA | 0.184 0.079 0.185 0.290
BETA1 | 0.111 0.234 0.700 0.343
BETA2 | -0.143 -0.666 -0.366 -0.663
BETA3 | 0.057 -0.556 -0.674 0.082
HI-BETA | 0.149 -0.294 -0.392 -0.014
24 cm LEFT RIGHT
Frequency: Fpl-F3 01-P3 Fp2-F4 02-P4
DELTA | 0.278 0.278 0.562 0.562
THETA | -0.624 -0.624 -0.529 -0.529
ALPHA | 0.177 0.177 0.173 0.173
BETA1 | 0.142 0.142 0.634 0.634
BETA2 | -0.778* -0.778* -0.389 -0.389
BETA3 | -0.405 -0.405 -0.343 -0.343
HI-BETA | 0.148 0.148 0.036 0.036

Table V - Summary of correlations between full eda). and phase lock duration usin
a limited electrode set to test anterior-to-posteaind posterior-to-anterior directions,
distance (6cm, 12cm, 18cm & 24cm) and hemispheksterisks * signify the level of
statistical significance.

Figure seven summaries the number of statistisadigificant correlations between full
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scale 1.Q. and phase shift duration and the pladeduration using the seven mean 1.Q. groups
as in figure 5. It can be seen that most of thstically significant correlations

Correlations of Full IQ Ranges with Phase Reset

12

11

10

O Shift Duration
B Locking Interval

Total # of Correlations

i 1

12 cm 18 cm 24 cm

Distances (cm)

Figure 7 — Summary of the number of statisticaliyndicant correlations between full
scale 1.Q. and phase shift duration and phasedacktion. The short inter-electrode
distances (6cm) were the most significant.

were in the local or short distance (6 cm) interetle distances with the next largest number at
12 cm interelectrode distances and the least nuoflsatistically significant correlations at
long interelectrode distances (18 cm & 24 cm).

4.0 — Discussion

The three primary findings of this study are: lerthis a direct relationship between phase shift
duration and an inverse relationship between plueéeduration and intelligence, 2- shorter phasd lo
duration in the theta frequency band and longes@lsaift duration in the beta frequency bands were
most strongly related to intelligence and, 3- tlghaést correlations were in short distance (6 cm)
interelectrode combinations. There were no sicgmit hemispheric differences in the correlation of
phase lock duration and full scale 1.Q. but theas a significant left hemisphere greater thantrigh
hemisphere difference in phase shift duration aQd | There also were significant frequency effect
with the alpha frequency band exhibiting the lowastelations and the theta and beta frequencysand
exhibiting the strongest correlations between pheset and intelligence. There also was a stibfi
significant. posterior-to-anterior electrode direntaffect between phase shift duration and fudlec
[.Q. but not between 1.Q. and phase locking. ference to the hypotheses formulated in the
introduction, all four null hypotheses are rejedvgdhe findings in this study.
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Non-age adjusted and age adjusted analysesichstatistically significant correlations
between phase shift and lock durations. The higiisical sensitivity of PR as an estimate of the
Wechsler full scale 1.Q., is likely due to the fétat 1.Q. tests are age normalized and, there&me,is
not a significant factor in the ability of phasseeto correlate with a standard 1.Q. test evendho
phase shift and locking durations change dramétieala function of age (Thatcher et al, 2008).

4.1 — Limitations of this study

One limitation of the present study is the use lifilked ear reference which may reduce the
ability to identify hemispheric differences, espdlgi differences in temporal lobes. However, we d
not consider the use of a linked ear referenceliasitation of phase reset itself based on theistdf
Rappelsberger (1989), Kanski et al (1997) and Essl and Rappelsberger (1998 ppelsberger (1989)
and Essl and Rappelsberger (1998) concluded tiiadiears was a valid and useful reference in the
measurement of coherence although digital averagfitige ears is an optimal reference. Most
importantly, the issue of a linked ear referenderedevant because none of the correlations with
intelligence observed in this study can be expthimga reference effect since the same referense wa
used for all of the subjects. Another limitatidrtioe study is the lack of a higher density arry o
electrodes with a higher spatial sampling. Impbgpatial resolution should aid in identifying mor
localized phase reset processes. The lack afim&nsional source analysis is another limitatmte
information about how local brain regions shift dack phase is important. However, it is necessar
measure the surface EEG phase reset propertigstich as in this paper, in order to interpret 3-
dimensional source phase reset. We plan to ateathe correlations between intelligence and
LORETA phase reset in a future study. Finally,saese of space limitations we were unable to present
and contrast the correlations of the various saistef the Wechsler 1.Q. test and such analyses are
ongoing.

4.2 — A Two Compartmental Model of Phase Shift an@hase Lock

Pyramidal cells typically do not oscillate in istten, however, they do have resonant properties
that are modeled by the time constants of curfémisng through ionic channels (Hu et al, 2002;
Steriade et al, 1990; Crook et al, 1998; Galan,&2005) Non-linear oscillations in cortical neirks
are generated by a balance between relatively "stowong duration excitatory postsynaptic potelstia
(EPSPs) arising on the dentrites of neurons tleat@annected in cortico-cortical loops and locabith
duration inhibitory postsynaptic potentials (IPSBs$ing near the cell bodies of the pyramidalscell
Recurrent and lateral inhibition are involved ie 8election of local neural circuits and the caupli
between neural loops (Steriade et al, 1990; Buz28Ki6). Many studies have shown that the dumatio
of bursts of inhibitory postsynaptic potentials$/s) alters the firing pattern of neurons and detexs
the frequency of the EEG (Mainen and Sejnowski519996; Thomson, 2000a; 2000b; Buzsaki,
2006). The shorter the duration of the IPSP therhigher the mean frequency of the EEG. Thus, th
primary candidate for phase shift duration in thespnt study is the action of inhibitory internenso
that shift the frequency of coupled non-linear batrs. An important property of nonlinear os&itirs
are that they exhibit a domain of entrainment inclvlihe faster oscillating members entrain slower
oscillating members within a limited frequency di#nce called the “synchronization region” and/or
“Arnold Tongue” (Pikovsky et al, 2003). Thusijgthypothesized that phase shift duration refldus
process of local neural assembly selection by thieraof inhibitory interneurons that shift the
frequency of coupled nonlinear oscillators. PHasking, on the other hand, represents the sustaine
excitation in coupled loops of neurons that havenbeelected by the action of the frequency shifting
inhibitory neurons. The question remains, howewdiat determines the phase shift and is there a
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reference phase to which the shift is based onzs&ki (2002; 2006) and Dragoi and Buzsaki (2006)
and others (Fries et al, 2001; Raghavachan e0@l ;4 ee etal, 2005; Tiesinga et al, 2008) havevsho
that the timing of action potentials is relatediie phase of the hippocampus and entorhinal theta
rhythms and that, in fact, neurons encode or st@ehase relationship to the local field potestial
(LFP) surrounding the neurons. It would be cdesiswith this literature to hypothesize that tihage
shift in the present study is related to the enogdif phase information and phase locking is rdlabe
sustaining the phase encoding for an extendedgefibme in sub-assemblies of neurons. Release
from phase locking by a subsequent phase shifesepts a recoding to a different phase relatiortship
the local rhythmic field potentials and thus, tHePLis a reference phase. Small clusters of nsuron
exhibit bursts of action potentials synchronizea fareferred phase of the theta rhythm (Buzsaki220
2006; Tiesinga et al, 2008). Thus, it is hypothedithat the greater the difference between thegpbh
the LFP and the preferred phase of a given neasalmably then the longer the phase shift duratin.
two compartmental model is proposed with compartroae being the local field potential (LFP) and
compartment two the neural assemblies embeddettiplase synchronized to the preferred phase of
the LFP. That s,

DQ=F p - Fpres (11)

where DCis the phase difference in degrees between théfietthpotential phase and the preferred
phase of the LFP that a particular neural assemldgupled to. The largddC then the longer is the
phase shift duration (SD) or

SDu DG (12)
and full scale 1.Q. is proportional to the averagase shift between the LFP and the preferred pifase

action potential firing in a given sub-assemblyetirons or

I.Q.u% " DF (13)

i=0

Figure 8 is an illustration of a Local Field Potahinodel of phase shift duration and
intelligence. According to this model, higher | €ubjects recruit a larger number of neural assesbl
with longer phase differences with respect to tR€ than lower 1.Q. subjects
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Figure Eight — Local Field Potential (LFP) modelpfase shift duration (SD) and full scale 1.Q. =
difference in phase between the preferred phateedfFP and the actual phase of the LFP. Theeréae
difference then the greater is SD and the higheQis Higher I.Q. subjects were able on the agera
synchronize more neural assemblies with greatesgtidferences with respect to the phase of the theR
lower 1.Q. subjects.

4.3 — Intelligence, Resource Allocation and PhaseeRet

As explained irthe introduction, PR is comprised of a phase $biibwed by phase locking and
is considered to be an important mechanism in E@hsonization and de-synchronization. Phase
shift duration is a period of high uncertainty anstability, whereas, phase locking is a period of
stability and low uncertainty (Freeman et al, 200306; Thatcher et al, 2008). Analyses of the
development of phase shift duration and phase hgc&haracterized the phase shift process in tefms o
the theory of “self-organized criticality” in whigbhase shift (i.e., 40 — 80 msec) approaches “¢haos
followed by phase locking or “stability” (100 msecapprox. 800 msec) (Thatcher et al, 2008).
According to this model, the ratio of “chaos” tdadbility” varies as a function of age and frequency
band and the number and/or density of neuronsabtaifor phase locking.

As mentioned previously, phase shift is relatvéhe ongoing background rhythms of the
local field potential (LFP) which reflect excitaityl cycles and involve encoding of phase informatio
The role of phase shift is to identify neural askkes that are not refractory and are otherwisedla@via
for binding together locally and globally. Ontetavailable resources are phase shifted and phase
coded to the background EEG rhythm then the ness#mblies become phase locked as a collective to
mediate a given function. When phase shift domas too short then there are fewer neural resesur
available to be phase locked into a stable dynamanger phase shift duration increases the prdibabi
of identifying larger numbers of neurons capablé&hg phase locked and this is why there is atlire
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relationship between shift duration and 1.Q. Whéase shift duration is too long then there is
increased noise and reduced number of neuronsablafor phase locking. When phase lock duration
is too long then there is less flexibility and thare reduced resources available to be allocatéiueb
phase shift mechanism. However, too short of @tasking will result in less information processgin
and less efficiency of the allocated resources pimature release of the resources by a subsequent
phase shift. In short, an optimal balance betwsese shift duration and phase lock durationl&ead

to higher levels of intelligence because of anmptibalance results in maximum speed and ,effigienc
of information processing.

Figure 9 illustrates a two-compartmental resoutloeation hypothesis to explain the
relationship between phase shift duration (SD) @make lock duration (LD) and intelligence. Both
phase shift and phase locking can be representad bwerted ‘U’ shaped function with 1.Q. on the y
axis and shift duration (Fig. 9, upper right) otkaluration (Fig. 9, lower right) on the x-axig.he
inverted ‘U’ shaped function shows an optimal leseED or LD as a function of I.Q. The parabolic
curves in figure 9 are normalized by taking theasguand then the square root so that the curves are
folded into the half plane and then the SD and LBres are combined to a single inverted ‘U’ shaped
function by mapping to the unit circle and représgnlLD and SD by cos theta and — cos theta,
respectively. Time is mapped on the x-axis in degr for SD the degrees range from°18®0J and
for LD the degrees range frofl ® 90 and the two different processes are related hypéimization of
1.Q. in the upper half of the unit circle so that:

SD=(- cosQgp); +(AsiNQgp); (14)
and
LD =(AcosQ,;),; + (ASinQLD)j (15)
and
D
[.Q.u k— 16
Q.U D (16)

where k = proportionality constar®D = average time bounded phase shift duration laDd= average
time bounded phase lock duration and 1.Q. is diygmbportional to the average shift duration of
assemblies of neurons and inversely proportiontiecaverage lock duration of assemblies of neurons
The time boundaries are hypothesized to be direetited to the average duration of inhibitory post
synaptic potentials (IPSPs) and excitatory posaptin potentials (EPSPs) with respect to the pbése
the local field potential (LFP). Local IPSPs puod a change in frequency and a phase shift and the
time required to shift phase between the phaskeoE EP and the preferred phase of synchrony is the
phase shift duration or SD (see equation 11)erinédiate and long distant excitatory post synaptic
potentials (EPSPs) that arise on the dendritesmtical pyramidal cells involve excitatory feedback
loops and exhibit a longer duration than the IP&REthe average EPSP duration and loop oscillations
determine the phase lock duration that follows asgtshift. In summary, phase shift duration is
positively related to the average local IPSP daratin cell bodies and the phase lock duration is
positively related to the average EPSP summatiath@wendrites of cortical pyramidal cells.
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Figure Nine — Optimization model of intelligencedgrhase reset. Left top is the local
field potential model (LFP) and lower right is axaenple of a neural assembly that
exhibits a preferred phase relastip to the LFP (see fig. 8). The right top ismarerted
optimization curve expressing the relationship leewfull scale 1.Q. and phase lock
duration (LD) and the lower right is an optimizatiourve expressing the relationship
between full scale 1.Q. and phase shift duratidd)(S Different time scales for LD and
SD can be normalized by mapping to the unit ciadelescribed in equations 14 and 15.

4.4 — EEG Frequency, Intelligence and Phase Reset

The delta and beta frequency bands exhibited tjieelst correlations between phase shift
duration and 1.Q. (see fig. 4). Alpha frequeneynds exhibited relatively weak correlations between
shift duration and 1.Q. and the vast majority of torrelations between shift duration and 1.Q. were
positive, i.e., the longer the shift duration thgher the 1.Q. In contrast, the theta frequenayd
exhibited the strongest correlations between pluaseduration and 1.Q. with the beta 2 (15 — 18 Hz)
band exhibiting the next strongest correlationhe Vast majority of the correlations between lock
duration and 1.Q. were negative, i.e., the shdahernock duration the higher the 1.Q. It woulceapr
that phase shift and phase lock are somewhat indepé processes with phase locking more associated
with the delta frequency band and shift duratiorenrelated to the theta band as well as higher EEG
frequencies. This is consistent with the fact tR&Ps are much shorter in duration than are ERB&s
thus are involved in the higher frequencies ofER& and this is consistent with the hypothesizée ro
of inhibitory neurons in frequency shifting and tinear oscillator selection and recruitment as the
phase shift process (Buzsaki, 2006). This ind&éhat neural resource identification and alliocais
mediated by phase shifts primarily but not exclakivn the higher frequency bands and that phase
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locking occurs more in the delta and theta frequdrand due to a wider spatial domain and thus a
larger number of neurons that can be phase locked.

The findings indicate preferred frequencies, esgllgcihe theta and beta frequency bands, for
phase encoding in which a phase shift is with retsfpea particular phase of the background theta
rhythm (LFP), similar to that hypothesized by Dragiod Buzsaki (2006) for the hippocampal theta
rhythm. The absence of a strong correlation iralpba frequency band indicates that the frequency
range from 8 to 13 Hz is not involved in phase ngger se but represents an “idling” state in which
neural assemblies are available to quickly shétjfrency to the theta and/or beta frequency bands in
which local and global phase encoding occurs.

Increased event related desynchronziation (ERDhasacterized by a reduction in EEG
amplitude after the onset of a task and the thetguency band is often associated with short-term
memory processes (Klemish et al, 2006; 2007). AAdgh the present study recorded EEG on the same
day as the I.Q. tests and not during a task, nefexh, the findings suggest a linkage between BERD a
phase locking by the fact that shorter lock duregiare likely related to reduced average EEG
amplitude. That is, less average theta phaserigakidirectly related to higher 1.Q. and less ager
synchrony per unit time results in lower EEG amyulé.

4.5 — Intelligence, Hemispheric Differences and Psior vs. Anterior Locations

There were statistically significant differencaghe correlation of phase shift duration and
intelligence with stronger correlations in the leémisphere in comparison to the right. In caifra
there were no significant differences betweendaft right hemisphere in the correlations between
phase lock duration and intelligence. This findindicates that there are widespread spatial
correlations between phase lock duration, indepatnafehemisphere. The results of the analysig als
showed a significant direction affect in which thevas a stronger correlation in posterior regibas t
in frontal regions for phase shift duration butrthe/ere no significant differences between frousal
posterior locations in the correlation of phaseIdaration and intelligence. The finding of stgen
correlations in posterior regions suggests thabregof higher packing density, such as in the grost
cortex, may be a relevant factor in the determamatif the length of phase shift duration (Thatabteal;
2008). The findings also suggest that there aselehfferences between phase shift and phasergcki
with phase locking less anatomically differentiatiedn phase shifting.

4.6 — EEG Coherence, Intelligence and Phase Reset

Negative correlations between EEG coherence aresp@cially in the frontal lobes have been
reported in several studies (Barry et al., 2002rddeet al., 1999; Martin-Loeches et al., 2001;
Silberstein et al., 2003; Thatcher et al., 198330 Investigations by Thatcher et al (2007a)
demonstrated a direct relationship between coherand phase lock duration and an inverse
relationship to phase shift duration. The findimg the present study are consistent with previous
studies of the relationship between intelligence @esherence and the relationship between phase rese
and coherence. That is, increased I.Q. scoresoarelated with shorter phase lock duration amg)éy
phase shift duration both of which are correlatéth Vower coherence. This indicates that phasé sh
duration (SD) and phase lock duration (LD) aredlenental components of EEG coherence and these
components represent dynamics involved in inforomagirocessing. Measures of phase shift duration
and phase lock duration are important in understgnithie underlying dynamics of coherence itself and
provide a micro-view of the inhibitory and excitata@ontrol mechanisms involved in entrainment and
neural assembly selection.
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