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ABSTRACT

Objectives: The purpose of this study was to explore theticeiahip between EEG phase reset in
autistic spectrum disorder (ASD) subjects as coethtr age matched normal subjects.

Methods: The electroencephalogram (EEG) was recorded ff®mscalp locations from 54

autistic subjects and 241 normal subjects rangirage from 2.6 years to 11 years. Complex
demodulation was used to compute instantaneous ghifsrences between all pairs of

electrodes and thé'® 2nd derivatives were used to measure phase bgggtase shift duration

and phase lock duration.

Results: In both short (6 cm) and long (21 — 24 cm) irgkactrode distances phase shift duration in
ASD subjects was significantly shorter in all fregay bands but especially in the alpha-1 frequency
band (8 — 10 Hz) (P <.0001). Phase lock duratias significantly longer in the alpha-2 frequency
band (10 — 12 Hz) in ASD subjects (P < .0001). afdatomical gradient was present with the occhpital
parietal regions the most significant.

Conclusions: The findings in this study support the hypotbdsat neural resource recruitment occurs
in the lower frequency bands and especially thaatpfrequency band while neural resource allonatio
occurs in the alpha-2 frequency band. The resuiconsistent with a general GABA inhibitory
neurotransmitter deficiency resulting in reducechbar and/or strength of thalamo-cortical conneation
in autistic subjects.

Key Words: Autism, EEG phase reset, phase lockihgse shifting
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1.0- Introduction

Autistic spectrum disorder (ASD) has been defined aevere developmental brain
disorder characterized by restricted and repethptgavior, excessive attention to detail and
reduced social and global integration includingatsf in executive function, language and
social interactions (Rapin and Dunn, 2003; Belmattal., 2004; Hill, 2004). The environmental
and genetic sources of ASD are not known althohghethave been recent advances in the
understanding of the nature of the neurophysioldgleficits that are correlated with autism.
Theories of reduced connectivity are prevalentsugported by magnetic resonance
spectroscopy (MRS) that show reduced synapseslantiic, basal ganglia, amygdala,
hippocampus and cortical locations (Minshew andgRet, 1995; Minshew and Williams,

2007; Hardan et al, 2008; Perich-Alsina et al, 200&ge et al, 2006; Kleinhans et al, 2007;
Otsuka et al, 1999). Disorders of sensory gatirgyoked potential studies (Orekhova et al,
2008) and disorders of connectivity in fMRI (Kartaag 2007) and disorders of coherence in
electroencephalogram (EEG) studies (Cantor et9&7;1Murias et al, 2007; Welsh et al, 2005;
Vandenbroucke et al, 2008, Brock et al, 2002 arekova et al, 2008) suggest a common
neurophysiological basis for ASD, namely a geneeairal synchronization disorder.

EEG studies of autism typically show a ‘U’ shapeddtion of power versus frequency with
elevated power at low and high frequencies andasdipower in the alpha frequency band (Cantor et
al, 1987; Murias et al, 2007). Murias et al (2P0sing 122 channel high density EEG showed
elevated power in the theta (3 — 6 Hz) and the tretpency band (13 — 17 Hz) with reduced power in
the alpha frequency range (9 — 10 Hz). Cantol @987) also reported elevated power in the lower
and higher frequency bands as well as reduced poviike alpha band in autistic subjects. Orekhetva
al (2007, 2008) reported excess power in the gafmegaency range which was also correlated with
lower suppression of the P50 sensory gating regpand less inhibition in autistic subjects. Eteda
coherence in autistic subjects was reported fdredjuency bands in Cantor et al (1987) while Maiea
al (2007) reported elevated coherence in the dbkda and beta frequency bands but not in theaalph
(8-10 Hz) frequency band. Excess high frequere Eneasures have indicated an imbalance in
GABA inhibitory neurons (Brown et al, 2005; Oreklaost al, 2008).These EEG studies are also
consistent with reduced synchronization in autistibjects (Kana et al, 2008; Welsh et al, 2005) and
with models of synaptic disconnection and loweels\of differentiation in autistic subjects (Broek
al, 2002; Rippon et al, 2007).

Deficient GABA neurotransmitters have recently beaggested as a unifying cause of ASD
(Delong, 2007; Kana et al, 2007; Orekhova et @080 This is an important unifying hypothesis
because GABA is the only inhibitory neurotransmittethe human brain and GABA is the primary
neurotransmitter responsible for the rapid syncizadion of populations of neurons as well as rhythm
discharges in thalamo-cortical circuits responsibtehe genesis of all EEG rhythms (Steriade et al
1990; Buzsaki, 2006). The rise and fall times dadation of the bursting of inhibitory neurons
determines the timing and gating in the thalamiayr@uclei and the time and sequencing in the
hippocampus and cortex all of which are mediateGBBA receptors (Mainen and Sejnowski, 1995;
1996; Thomson, 2000a; 2000b; Buzsaki, 3006ere are two chemically different categorieshef
GABA inhibitory neurotransmitter receptors with: GABAa ¢ c composed of ionotropic subunits with
GABA-A responsible for fast neural responses apitrese and fall times of inhibitory post synaptic
potentisl (IPSPS) and the production of hi-beté gaamma EEG frequencies > 20 Hz (Kuffler and
Edwards, 1958; Buszaki, 2006; Steriade, 2005) 2nGABAg composed of a metabotropic ‘G’ protein
is responsible for long duration IPSPs and EEGHhimgtin the mid range of 5 to 18 Hz (low theta tw lo
beta EEG frequencies) (Bowery, 2002; Steriade, R0@oth types of GABA receptors are present in
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the thalamus and other brain regions, however psthgsized in the present study, the link to EE® an
autism is best understood by thalamo-cortical meisinas of synchronization mediated by GABA
involved in the mid range frequencies (Colomb e2@D6; Miller, 1996; Steriade, 2005) and GABA-A
involved in hi-beta and gamma frequencies (Brigtalg2007; Okada et al, 2000). The EEG findings
of a ‘U’ shaped power spectrum in autistic subjéCantor et al, 1987; Murias et al, 2007) with eled
slow and high frequencies and reduced power andudesoherence measures is consistent with an
hypothesis of deficient GABA mediated thalamo-aaticircuits in ASD subjects.

Whether deficiencies in thalamo-cortical GABA (A)(@®) or both are involved in autism or the
extent of distorted synchrony is not easy to measuresolve using standard EEG measures such as
coherence. This is because coherence is a gastirahte of the consistency of phase differences in
particular frequency band but with little or no @mesolution and coherence is susceptible to volume
conduction. Recently measures of phase reseinalt’e phase locking and phase shift have been
shown to underlay the mechanisms of coherence @wtle for high temporal resolution and minimal
volume conduction distortion (Freeman et al, 2QIK)6). Phase reset is a useful measure of e ra
creation and destruction of multistable spatialgieral patterns in evoked response and spontaneous
EEG studies (Breakspear and Terry, 2002a, 20028rariiet al, 2006; Le Van Quyen, 2003). The
patterns of spontaneously occurring synchronousigcinvolve the temporary creation of
differentiated and coherent neural assembliescal End large scales (Breakspear and Terry, 2002a;
2002b; Rudrauf et al, 2006; Stam and de Bruin, 20@dela, 1995; Freeman and Rogers, 2002). The
dynamic balance between synchronization and desgnidation is considered essential for normal
brain function and abnormal balance is often as$ediwith pathological conditions such as epilepsy
(Lopes da Silva and Pihn, 1995; LeVan Quyen €2@0,1a; 2001b; Chevez et al, 2003; Netoff and
Schiff, 2002), schizophrenia (Lere et al., 2002) dementia (Stam et al., 2002a; 2002b).

Studies by Freeman and Rogers (2002) and Freena{2§03) show that the spontaneous EEG
is made up of a mixture of synchronous processadrkiolve rapid phase shifts (approx. 30 msedito 8
msec) followed by a longer duration of phase logkie.g., 100 msec to 800 msec) of clusters and sub-
clusters of neurons that are followed by anothasplshift and subsequent phase locking of different
clusters of neurons. The integrated rapid seqograf phase shifts followed by phase lockinge(,i.
the two fundamental components of phase reset) Ine@e correlated to the alpha frequency band
during cognitive tasks (Kahana; 2006; KirschfeldQ2; Tesche and Karhu, 2000),working memory
(John, 1968; Rizzuto et al, 2003; Damasio, 19&¥onh-Baudry et al, 2001), sensory-motor
interactions (Vaadia et al, 1995; Roelfsema et29,7), hippocampal long-term potentiation
(McCartney et al, 2004), consciousness (Cosmiedll, 2004; Varela et al, 2001; John, 2002; 200f%) a
intelligence (Thatcher et al, 2008b). A recentgtfrom this laboratory observed direct correlasio
between phase shift duration and intelligence dsagean inverse relationship between phase locking
and intelligence (Thatcher et al, 2008b). Theaxation of this correlation is that phase shift
represents a process that identifies and recrugttadle neural resources, e.g, neurons not refracr
committed to other loops and that phase lockingasgmts a binding together of synchronous neurons i
interconnected loops that mediate momentary funstioThe phase locked neurons are released by a
subsequent phase shift and a different clusteeofans is then phase locked and this process sejpeat
spatially distributed systems in the ongoing andastyic EEG. Further, the time differences of phase
shift between 6 cm vs 24 cm inter-electrode digtarrange from 5 msec to 15 msec which means that
cortico-cortical conduction velocities can not eplthese time differences. On the other hand, the
thalamus that is only approximately 2 cm in thesant-posterior plane can easily account for small
time differences recorded at the scalp surfacel@mthalamus is a structure that is directly inedlvn
cortical synchrony and dynamic sensory-motor gaftgriade, 2005). In addition, GABA(A) & (B)
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receptors are located in the thalamus and as redi@neviously are well positioned to orchestraee th
timing of local and distant cortical phase shiftlgrhase lock.

The purpose of the present study is to analyzeriffces between age matched normal subjects
and ASD subjects with respect to phase shift dumadind phase lock duration in order to evaluate the
find temporal detail of thalamo-cortical synchratinn in autistic subjects. Differences in phsisit
and lock durations in short vs long inter-electrdtances as well as differences between lefirigind
hemispheres will be evaluated.

2.0 — Methods
2.1 Subjects

A total of 54 patients diagnosed withismtspectrum disorder (ASD) ranging in age from
2.6 t0 10.74 years (mean = 7.25 yrs, st. dev. 8 #8; males = 47) were included in this study.
The ASD patients were admitted to the Comprehensaigroscience Center and medically
diagnosed as autistic spectrum disorder (ASD) basddSM-1V criteria as well as various
diagnostic instruments including, but not limited the Childhood Autism Scale, Gilliam
Autism Rating Scale-2, Autism Diagnostic Intervi®wy- A total of 241 age matched normal
subjects (2.2 to 11 years; mean = 7.24 yrs, st.€d@/3; males = 142) were recruited using
newspaper advertisements in rural and urban Magy(@hatcher et al, 1987; 2003; 2007). The
inclusion/exclusion criteria were no history of n@ogical disorders such as epilepsy, head
injuries and reported normal development and ssfakeschool performance. All of the school
aged normal control children were performing atigreevel in reading, spelling and arithmetic
as measured by the Wide Range Achievement Test (WWRAd none were classified as learning
disabled nor were any of the school aged childnespecial education classes (Thatcher et al,
1987; 2003).

2.2 EEG Recording

Power spectral analyses were performed on 58 dedord minutes and 25 second segments of
EEG recorded during resting eyes open conditidme HEG was recorded from 19 scalp locations based
on the International 10/20 system of electrodegotaent, using linked ears as a reference. The gwera
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), Kaiski and Blinowska (1991) and Essl and Rappelsbe{t@®8). Eye
movement electrodes were applied to monitor attidexcl 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, v2.5.2plit-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 128 Hz &ed spectral analyzed using complex demodulation
(Granger and Hatanaka, 1964; Otnes and Enochs@B).1®hase shift duration and phase lock duration
were computed from all possible electrode combamatiof 171. The analyses involved computing
mean phase shift and phase lock duration from hetraspheric short inter-electrode distances of
approximately 6 cm based on the International 18§Zem (01/2-P3/4; O1/2-T5/6; P3/4-C3/4; C3/4-
F3/4, F3/4-Fpl/2; Fpl/2-F7/8; F7/8-T3/4; Fpl/2-F3{4-Fz; C3/4-Cz; C3/4-Pz; P3/4-Pz and O1/2-Pz)
and from long inter-electrode distances approxifye2écm — 24 cm based on the International 10/20
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system (Fpl/2-T5/6; Fpl/2-P3/4; F7/8-T5/6; P3/48F11/2-F7/8; F3/4-T5/6; F3/4-P3/4; F3/4-01/2;
Fpl/2-Pz; F7/8-Pz; F3/4-Pz; T5/6-Fz; P3/4-Fz anR&k).

EEG phase shift and phase lock durations were atedpn the delta (1 — 4 Hz); theta (4
— 8 Hz); alphal (8 — 10 Hz); alpha2 (10 — 13 Hetalh (13 — 15 Hz); beta2 (15 — 18 Hz) and hi-
beta (25 — 30 Hz) frequency bands. Factors usdldei multivariate analysis of variance were:
1- Hemisphere, 2- Direction, 3- Frequency band &nthter-electrode distance with autism vs
normal as the dependent variables.

2.3 — Complex Demodulation and Joint-Time-FrequencAnalysis

Complex demodulation was used in a joint-time-fesgry-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 (shifesjuency to 0) and transforms the time series
into instantaneous amplitude and phase and anafitesteous” spectrum (Bloomfield, 2000).
We place quotations around the term “instantanedos2mphasize that, as with the Hilbert
transform, there is always a trade-off between tresolution and frequency resolution.  The
broader the band width the higher the time resmubut the lower the frequency resolution and
vice versa. Mathematically, complex demodulatisndefined as an analytic transform (Z

transform) that involves the multiplication of sdiete time seriesx{, t =1, . . ., n} by sinet
and cosoot giving

X =% sinayt 1)

and

X, =X, COStW.t 2
t =% %% @)

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

Z! =F(x,sina,t) 3)
Z"=F (x, cosa,t) 4)
and

(zy +(z:y]" ©)

is an estimate of the instantaneous amplitudeefrdguencyyg at time t and



Thatcher et al 7

I

tan™ Z‘" (6)
Zt
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 pasgironly frequencies near zero, then, as
aboveR’ =F [yt Sina)ot]2 +F [yt Cosa)ot]2 =‘F [ytei“bt ]2‘ is the estimate of the

F [yt sinwot]
F [yt coswot]

amplitude of frequencyg at time t and¢t =tan'l[ } is an estimate of the

phase of frequenay at timet and

Flye“]=Rre*, (7)
and likewise,
Flyie*]=Re* @®)

The instantaneous cross-spectrum is

V. =F[ye[Flye™] =RRe"* ©

and the instantaneous coherence is

Vi
RIZR:Z

The instantaneous phase-differencagis— @, . That is, the instantaneous phase difference is

computed by estimating the instantaneous phaseafcin time series separately and then taking
the difference. Instantaneous phase differenaéststhe arctangent of the imaginary part of V
divided by the real part (or the instantaneous gpedrum divided by the instantaneous
cospectrum) at each time point. We used the phstsaightening” method of Otnes and
Enochson (1978) to remove the phase angle disaotytin.e., where 0 and 360 are at opposite
ends while in the circular distribution® 8 360 .

1 (10)

2.4- Computation of the ' and 2nd Derivatives of the Time Series of Phase flérences

The first derivative of the time series of phaskedences between all pair wise
combinations of two channels was computed in otdetetect advancements and reductions of
phase-differences. The Savitzgy-Golay procedure wged to compute the first derivatives of
the time series of instantaneous phase differensiag a window length of 3 time points and the
polynomial degree of 2 (Savitzgy-Golay, 1964; Prtsal, 1994). The units of thé& dlerivative
are in degrees/point and represented in degreesepgisecond (i.e., degrees/cs = degrees/100
msec). The second derivative was computed usimgndow length of 5 time points and a
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polynomial degree of 3 and the units are degrees@atiseconds squared (i.e., degreésfcs
degrees/100 mséy.

2.5 — 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., d@, — ¢t') /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 apdf @, )/dt~ 0. The criteria for a significant'derivative

is important and in the present study a threshdtdrm 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 inspectiorthef 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 condgi Figure one illustrates the concept of phase
reset. Phase differences over time on the urstecare 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
vector £ = r, and therefore coherence when averaged over&ih® 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 ageaagunt of phase locking or phase synchrony
(Bendat and Piersol, 1980).



Thatcher et al 9

EEG Phase Reset as a Phase Transition in the Tmme 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 t,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 (adapted from Thatcheal €2008a).

Figure 2 shows the time markers and definitioreduas this study. As mentioned above
the peak of the absoluté' lerivative was used in the detection of the oasdtoffset of a phase
shift and the second derivative was used to dehectnflection 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 +
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LD. Phase Shift duration (SD) is the interval ohe from the onset of phase shift to the
termination of phase shift where the terminatioddfined 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@lshift 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 sSUMmary, 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

O

o

S Phase Lock Duration {LD) =t, —t;,

O | Phase Shift X Phase Stift
2 | Duration {SD) \ Duration {SD)
z

®

0
%

[
5° Threshold T
o Xe,) da(e,)
=0 [3

2 & &

.

D .
g -
= Time (sec)

a

¥

& t, t t 4

Phase Reset (PR) = t,—t, —— |

Fig. 2- Diagram of phase reset metrics. Phask @P5) onset was defined at the time point wheh a
significant £' derivative occurred>5° /centisecond) followed by a peak in th derivative, phase shif
duration (SD) was defined as the time from onsehefphase shift defined by the positive peak efd
derivative to the offset of the phase shift defibgthe negative peak of th&’2lerivative. The phase logdk
duration (LD) was defined as the interval of timetviieen the onset of a phase shift and the onsat| of
subsequent phase shift. Phase reset (PR) is ceshmdtwo 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
when the absolute *1derivative of the phase difference between twoillasars approximates zerp

(@)1 _
dt

—

0. Phase shift onset is defined when the absoltiteetivative of the phase difference
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d(d,
between two oscillators is greater than z!efe(dt'—')l >0 (adapted from Thatcher et al, 2008a).

Phase Shiit

Phase Difference in Degrees

Fpi¥Fp1

Fpi3

Fpi1iP3

Fp1-O1

FpiFpi

Fp1F3
D .
Fp1C3 | B L

Fpi1P3

Fp1-01 . i J_LJ\E,_—_.—_,__T;» N

Hr20 G2t 0022 QRZ3
Fig. 3- Example from one subject. Top are the ER&sp differences between Fpl-F3, Fp1-C3, Fpl-P3
and Fp1-O1 in degrees. Bottom are theldrivatives of the phase differences in the tapds in
degrees/centiseconds. Aderivative> 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 (adapted from Thatcher et al, 2008a).

3.0 — Results
3.1 — Autism vs Normal Phase Shift Duration

Figure 4A shows the mean phase shift durationervirious frequency bands for normals and
autistic subjects for short inter-electrode diseen(6 cm). Figure 4B shows the same measurdsibut
long distance inter-electrode distances (18 crdtor®). It can be seen that phase shift duratios wa
consistently shorter in autistic subjects tharhmmiormal subjects with the maximum difference gein
the alpha-1 frequency band (8 — 10 Hz) at bothtsdrad long inter-electrode distances. Multivariate
analyses of variance showed an overall signifidéferences between normal subjects and autistic
subjects (F = 2889.5; P <.0001) with a significleguency main affect (F = 811.54; P <.0001) and
statistically significant inter-electrode distamoain affect (F = 3,211.9; P <.0001) but no sttty
significant hemispheric affect (F = 1.499; NS).
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A_ Shift Duration Short Distances
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3.2 — Autism vs Normal Phase Lock Duration

Figure 5A (top) shows the mean phase lock duratighe various frequency bands for normals
and autistic subjects for short inter-electrodéagises (6 cm). Figure 5B (bottom) shows the same
measures but for long distance inter-electrodedests (18 cm to 24 cm). It can be seen that dhake
duration was consistently longer in autistic sutgeban in the normal subjects with the maximum
difference being the alpha-2 frequency band (1 H1) at both short and long inter-electrode
distances. Multivariate analyses of variance shibareoverall significant differences between normal
subjects and autistic subjects (F = 1,314.3; F081Dwith a significant frequency main affect (F =
2,581.7; P <.0001) and a statistically significauer-electrode distance main affect (F = 1,84R.%;
.0001) but no statistically significant hemispheaitect (F = 0.798; NS). In contrast to phasetshif
duration (see figure 4), the largest differencdsvben normal subjects and autistic subjects iken t
alpha-2 frequency band (10 — 12 Hz) and not iratpba-1 frequency band (8 — 10 Hz).
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A_ Lock Duration Short Distances
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3.3 — Alpha-1 vs Alpha-2 Frequency bands and Pha&hift and Phase Lock Durations

Figure 6A & B (left column) are histograms of phabét duration in short and long inter-
electrode distances in the alpha-1 frequency b&rdl0 Hz). Figure 6C & D (right column) are
histograms of phase lock duration in short and lotgy-electrode distances in the alpha-2 frequency
band (10 - 12 Hz). This figure shows that phdws# duration is shorter in autistic subjects threommal
subjects in the alpha-1 frequency band (8 — 10drd)that phase lock duration is longer in autistic
subjects in the alpha-2 frequency band (10 — 12ikti®pendent of inter-electrode distance.
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Fig. 6 - Histograms of the percentage of phasé ahd phase lock duration measures |n
normal control and autistic subjects. The y-a&ithe percentage of measures and thg
x-axis is phase shift duration (msec) in the alpi{&-10 Hz) frequency band in A and H
and phase lock duration (msec) in the alpha-2 @64 frequency band on the right in
Cand D. Top row (A & C) are histograms for shdigtance inter-electrode distances
(6 cm) and the bottom row (B & D) are histogramsslémg inter-electrode distances
(21-24 cm) in normals (solid lines) and autistibjeats (dashed lines).
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3.4 — Multi-Modal Distribution in Short Distance Lock Duration in Autistic Subjects

The distribution of alpha-2 lock duration in theodhdistance (Fig. 6C) shows a bi-modal
or tri-modal shape which indicates the presencbfpopulations in the autistic subjects. We
sorted the magnitude of phase lock duration valuasitistic subjects in order to evaluate the



Thatcher et al 16

multi-modal distribution and identified sub-popudais that were present as a function of scalp
location. Figure 7 shows the breakdown of théolgimms of sub-populations of phase lock
duration in short inter-electrode that were preseftigure 6C. This analysis identified three
different sub-populations of phase lock durationa long phase locking sub-population in
occipital-parietal pairings (O1/2-P3/4) with a peakde of 1,000 msec; 2- an intermediate phase
lock duration in short distance frontal regionsX29F3/4) with a peak mode phase lock

duration of 700 msec and 3- a shorter phase locktidn sub-population in the central regions
(C3/4-F3/4) with a peak mode phase lock duratioB58f msec. This analysis demonstrates a
significant anatomical difference in autistic sudtgewhere the occipital-parietal distribution
exhibits the
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Longest phase lock duations. T-tests betweeraaingsof three modes were statistically
significant for all combinations (P < .001).

4.0 — Discussion

The three primary findings of this study are: lerthwas shorter phase shift durations in autistic
subjects vs. normals in all frequencies but esfigaérathe alpha-1 frequency band (8 — 10 Hz);lere
was longer phase lock durations in autistic pasiestnormals only in the alpha-2 frequency band- (10
12 Hz) and; 3- differences between autistic vs rabnwere present in local and distant inter-electrod
pairs. No significant hemispheric effects wenenfd between autistic and normal subjects.

4.1 — Thalamic Synchronization and EEG Phase Reset

As mentioned in the introduction, the developn@EEG phase shift durations from birth to
age 16 shows that there is only a 5 millisecontmnillisecond difference between short (6 cm) and
long (24 cm) inter-electrode distances (Thatche,e2008a; 2008b). Such short time differer(&es
msec) at long inter-electrode distances (18 cnedffces) can not be explained by a cortico-cortical
connection system because conduction velocitiestgréhan 1,000 meters/second are required.
However, the thalamus is located in the centeheflrain and coordinates all EEG rhythms and ig onl
approximately 2 cm in the anterior-posterior planéh conduction velocities less than 1 meter/second
that can explain the differences in phase shifatiom measured at the scalp surface. Therefoee, t
thalamus is a prime if not the only candidate asrégion of the brain responsible for EEG phask shi
duration in which bursts of inhibitory neural adywresults in shifts in frequencies of thalamotad
circuits and thus changes in EEG phase shift camgBuzsaki, 2006; Thatcher et al, 2008b).

As mentioned in the introduction, phase shift ahdse lock are basic synchronization
mechanism that have been correlated in variousinecy bands during cognitive tasks (Kahana, 2006;
Kirschfeld, 2005; Tesche and Karhu, 2000),workirgmmory (John, 1968; Rizzuto et al, 2003; Damasio,
1989; Tallon-Baudry et al, 2001), sensory-motoetiattions (Vaadia et al, 1995; Roelfsema et al,
1997), hippocampal long-term potentiation (McCaytaeal, 2004), brain development (Thatcher et al,
2008), consciousness (Cosmelli et al, 2004; Vatld, 2001; John, 2002; 2005) and intelligence
(Thatcher et al, 2008b). Thatcher et al (2008pprted opposite relations between phase shiftidara
and phase lock duration and intelligence in norsadljects with a positive correlation between
intelligence and phase shift duration and a negatorrelation to phase lock duration. A neural
synchronization model was developed in which it Wgsothesized that long phase shift durations
represent an expanded neural recruitment proceskiah larger populations of neurons are recruited
the longer the phase shift duration. Phase dhrtition was modeled by the duration of inhibitbuyst
activity in thalamo-cortical circuits in which thenger the inhibitory burst then the greater thaggh
shift duration (Thatcher et al, 2008b). Phask& bheration is mediated by cortical excitatory detclr
loops and represents periods of synchrony of sadedtisters of neurons that temporarily mediatalloc
and global functions. Too long of a phase lockqukethen there is less cognitive flexibility, lessural
resource available to be allocated and reducetigaiece (Thatcher et al, 2008b). The presertifigs
are consistent with the earlier studies from tai®katory (Thatcher et al, 2008a; 2008b) and irtdiaa
deficiency of thalamo-cortical synchronization urtiatic subjects in which there is a low degree of
neural resource recruitment resulting in a redueedber of neurons that are synchronized at each
moment of time coupled with a prolonged period lodge locking that results in reduced flexibilitydan
reduced capacity to recruit available neural resesito be phase locked at each moment of time.



Thatcher et al 19

This same model can be applied to autistic subfectsarticular brain regions and particular
connections in which there are islands of normalselshift and phase lock surrounded by a sea of
deviant phase lock and phase shift durations. ekample, individualized analysis of phase shitt an
phase lock durations in autistic subjects showsidemnable spatial heterogeneity in the degree of
deviation from normal which is consistent with tiéiot savant” type of behavior often observed in
autistic subjects.

4.2 — Unified Theory of Thalamo-Cortical Synchroniation and Autism

Buszaki (2006) and others (Kuffler and Edward$8; $teriade, 2005) have shown a causal
linkage between the duration of GABA mediated iitbity postsynaptic potentials and the frequency of
the EEG. GABA-B receptors involve potassium aridiaen channels and produce IPSPs on the order
of 50 msec to 200 msec with correlations to EE@uencies in the theta to low beta frequency rabge (
Hz to 20 Hz) (Bowery, 2002; Buszaki, 2006). Thdhta (25 — 40 Hz) and Gamma (40 to 100 Hz)
EEG frequencies have been correlated with GABA-@eptors that involve chlorine ionic channels and
produce IPSPS on the order of 10 msec to 40 magzéRi, 2006; Steriade, 2005; Mainen and
Sejnowski, 1995; 1996; Thomson, 2000a; 2000b).b&lor extrasynaptic thalamic GABA-A can
produced hyperpolarization for sustained periodsnoé and infra-slow oscillations linked to sleepa
drowsiness (Bright and Brickley, 2008). Deviagdrom the normal power spectrum in ASD subjects
is consistent with the hypothesis of deficient GAB&urostransmitters as a unifying disorder in &atis
subjects (Delong, 2007; Kana et al, 2007; Orekheivad, 2008). Although GABA deficiencies can be
present in many brain regions and involve a vamétgrgan systems the present study only measured
the cortical pyramidal cell electrical activity a®dulated and synchronized by thalamo-corticalutisc
(Steriade, 2005). Therefore, the results of tiesgnt study are consistent with a GABA receptor
deficiency hypothesis in thalamo-cortical circuhat result in shortened phase shift durationfén t
thalamus and in lengthened phase lock durationsrinco-cortical and cortico-thalamic circuits in
autistic subjects. The thalamus is a switching) @ordinating system that can be visualized litee t
traffic control tower at a large airport or as “GdaCentral Station” where trains arrive from distan
locations and are delayed and timed to travelffergint destinations. In the case of autistic soty the
trains arrive in grand central station but thentidoors open only briefly before the train leaves t
station. This results in a general reduction forimation flow and disordered synchrony in widesgre
cortical regions. Lengthened phase locking istduexcessive iteration in cortical loops becauseem
time is required to process information due to t@diresources at each moment of time. This results
reduced efficiency and reduced speed of informgtimeessing, especially in the local networks ef th
occipital-parietal lobes as well as in global intgn.

4.3- Low Alpha Frequencies for Neural Resource Regitment and High Alpha Frequencies for
Resource Allocation

Murias et al (2007) reported that the strongest EBGrence differences were in the
alpha-1 frequency band (8-10 Hz) between autisticreormal subjects. In the present study
Alpha-1 (8 — 10 Hz) was the frequency band that&ibthe strongest differences in phase shift
duration between the normal and autistic subjdiggs4). In contrast, the alpha-2 frequency
band (10 — 12 Hz) showed the strongest differencphase lock duration between normal
control and autistic subjects (fig. 5). This itaties that the alpha-1 frequency band is more
involved in the process of resource recruitmentdpyd phase shifting while the alpha-2
frequency band involves resource allocation andibinby phase locking. Both processes are
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deviant from normal in the autistic subjects arelythppear to involve different brain networks
with alpha-1 and phase shift durations being Iatarémarily in the thalamus and alpha-2 and
phase locking involving longer distant cortico-eoat and cortico-thalamic circuits.

4.4 — Local vs Distant Information Processing in Atistic Subjects

The multivariate analyses of variance demonstrstatistically significant differences
between short vs long inter-electrode distancggeaally in phase lock duration. In general
higher statistical significance was present in sf®cm) inter-electrode phase reset than in long
inter-electrode distances (24 cm). Multi-modatalbutions were present in short inter-
electrode distances with the occipital-parietalaieg exhibiting approximately three times
greater phase lock duration than in normal corstublects (see Fig. 7). This finding indicates
that autistic subjects recruit less neural resoat@ach moment of time and phase lock this
reduce resource for long periods of time especiallgcal neural circuits in the occipital-parietal
lobes. This may reflect a compensatory procesgioch reduced resources are phase locked for
longer periods in order to process information #rad therefore there is an inverse relationship
between phase shift duration and phase lock durafldne finding of short phase shift duration
and lengthened phase lock duration that is maximatcipital-parietal regions is consistent
with the behavioral characteristic of repetitivéndeiors and excessive attention to detail and
language problems. The reduced information pracgsapacity in the frontal lobes and in long
distance networks is consistent with reduced sacidlglobal integration (Rapin and Dunn,
2003; Belmonte et al., 2004; Hill, 2004).

4.5- Brain-Behavior Links to Autism

As mentioned in the introduction, the symptoms afigm are characterized by repetitive
behavior, excessive focus on details and reduceidlssnd global integration including deficits
in executive function, language and social inteoast (Rapin and Dunn, 2003; Belmonte et al.,
2004; Hill, 2004). The dysfunctions of thalamo+ezal circuits in the brain can be linked to the
core behavioral features of autism by the unifytimgpry of deficient GABAergic inhibition
because the intensity and duration of inhibitorgsbactivity is what determines EEG frequency
distributions, recruitment of neurons and EEG phaset (Buzsaki, 2006; Steriade, 2005;
Thatcher et al, 2008a; 2008b). For example, thalaynchronization operates for both local
and long distant connections and deficiencies iB&A&an affect both local and global
integration. Bursts of inhibition in thalamo-dodl circuits results in shifts in EEG frequencies
and, therefore, deficient GABA can result in redipbase shift duration and thus reduced
recruitment of neural resources at each momentnef &nd in each perceptual frame. Finally,
lengthened phase lock duration especially in loealral networks is a consequence of reduced
phase shifting that underlay excessive attentiatetail and reduced flexibility. Repetitive
behaviors arise as a consequence of less recrditthasural resources, thus giving rise to the
need to repeat behaviors in order to learn antbte snemories. All three of the major findings
of this study: 1- reduced long distant connectivyreduced phase shift durations and 3 -
lengthened phase locking especially in local cohaes can be explained by deficient
GABAergic inhibition and when taken individually or combination are consistent with the
three characteristic symptoms of autism, namefyced global integration, excessive focus on
detail and repetitive behaviors. Deficits indaage and executive functions are likely due to
the fact that the greatest deviations from nornhalse locking and phase shift are in parietal-
occipital regions for language and the frontal Bble/olved in executive functioning. As
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mentioned previously, analyses of individual aidistibjects shows a heterogeneity and a
unique pattern of phase shift and phase lock dditfiat savant” type behaviors are likely
linked to the spatial distribution of islands ofrmal and abnormal information processing.
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6.0 — Figure Legends

Figure One: — lllustrations of phase reset. Left is the wmtle in which there is a clustering

of phase angles and thus high coherence as medsutied length of the unit vector r. The top
row is an example of phase reduction and the @it is a time series of the approximatéd 1
derivative of the instantaneous phase differengethe time series tt,, t3, t, at mean phase
angle = 48 and ¢,ts,t;, ts at mean phase angle =°10 The vector rl1 = #5occurs first in time

and the vector r2 = 2Gnd 138 (see bottom left) occurs later in time. Phasetr&s defined by

a sudden change in phase difference followed sri@g of phase locking. The onset of Phase
Reset is between time point 4 and 5 where theetivative is a maximum. Thé @lerivative
near zero is when there is phase locking and Gtienge in phase difference over time. The
bottom row is an example of phase advancementtentdttom right is the®Iderivative time
series. The sign or direction of phase resetgaiaof EEG electrodes is arbitrary since there is
no absolute “starting point” and phase shifts dreno‘spontaneous” and not driven by external
events, i.e., self-organizing criticality. When tesolute T derivative~ 0 then two oscillating
events are in phase locking and represent a sstdikeindependent of the direction of phase shift
(adapted from Thatcher et al, 2008a).

Figure Two: Diagram of phase reset metrics. Phase shift §R§9t was defined at the time
point when a significant®lderivative occurred5° /centisecond) followed by a peak in thé 1
derivative, phase shift duration (SD) was definedh& time from onset of the phase shift
defined by the positive peak of th& Berivative to the offset of the phase shift dediby the
negative peak of théd'2derivative. The phase lock duration (LD) was defi as the interval of
time between the onset of a phase shift and thet@fis subsequent phase shift. Phase reset
(PR) is composed of two events: 1- a phase shiftZzara period of locking following the phase
shift where the % derivative~ 0 or PR = SD + LD. Phase locking is defined wtienabsolute
d(d,
1% derivative of the phase difference between twdllagars approximates zeré% =0.
Phase shift onset is defined when the absofiitefivative of the phase difference between two
d(o,
oscillators is greater than ze!%% > 0 (adapted from Thatcher et al, 2008a).
Figure Three: Example from one subject. Top are the EEG phaserdifces between Fpl-F3,
Fp1-C3, Fp1-P3 and Fp1-O1 in degrees. Bottomharé&tderivatives of the phase differences
in the top traces in degrees/centiseconds ™ Aetivative> 5° /cs marked the onset of a phase
shift and an interval of time following the phasgftswhere the 1 derivative~ 0 defined the
phase synchrony interval as described in figur@d2pted from Thatcher et al, 2008a).

Figure Four: Mean phase shift duration (msec) in normals (doliek) and autistic subjects
(dashed lines) in different frequency bands. Tapésan phase shift duration (msec) in
short inter-electrode distances and bottom is npésase shift duration (msec) in

long inter-electrode distances (21 — 28 cm). stqeobabilities are below each frequency
band.
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Figure Five: Mean phase lock duration (msec) in normals (dolek) and autistic subjects
(dashed lines) in different frequency bands. Bomeéan phase lock duration (msec) in
short distance inter-electrode distances and baogamean phase lock duration (msec)

in long inter-electrode distances (21 — 28 cm}est probabilities are below each
frequency band.

Figure Six: Histograms of the percentage of phase shift dwadelock duration measures in normal
control and autistic subjects. The y-axis isghecentage of measures and the x-axis is phage shif
duration (msec) in the alpha-1 (8-10 Hz) frequelmand in A and B and phase lock duration (msec) in
the alpha-2 (10-12 Hz) frequency band on the rigi@ and D. Top row (A & C) are histograms for
short distance inter-electrode distances (6 cmjtla@dbottom row (B & D) are histograms for long
inter-electrode distances (21-24 cm) in normalfidsimes) and autistic subjects (dashed lines).

Figure Seven: Histograms of the total number of phase lock donaimsec) values in short inter-
electrode pairs (6 cm) from O1/2-P3/4; Fpl/2-F31d &€3/4-F3/4 in the alpha-2 (10-12 Hz) frequency
band in autistic subjects.



