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ABSTRACT 
 

Objectives:  The purpose of this study was to explore the relationship between EEG phase reset in 
autistic spectrum disorder (ASD) subjects as compared to age matched normal subjects. 
Methods:  The electroencephalogram (EEG) was recorded from 19 scalp locations from 54 
autistic subjects and 241 normal subjects ranging in age from 2.6 years to 11 years.   Complex 
demodulation was used to compute instantaneous phase differences between all pairs of 
electrodes and the 1st & 2nd derivatives were used to measure phase reset by phase shift duration 
and phase lock duration.   
Results:   In both short (6 cm) and long (21 – 24 cm) inter-electrode distances phase shift duration in 
ASD subjects was significantly shorter in all frequency bands but especially in the alpha-1 frequency 
band (8 – 10 Hz) (P < .0001).   Phase lock duration was significantly longer in the alpha-2 frequency 
band (10 – 12 Hz) in ASD subjects (P < .0001).   An anatomical gradient was present with the occipital-
parietal regions the most significant.    
Conclusions:    The findings in this study support the hypothesis that neural resource recruitment occurs 
in the lower frequency bands and especially the alpha-1 frequency band while neural resource allocation 
occurs in the alpha-2 frequency band.   The results are consistent with a general GABA inhibitory 
neurotransmitter deficiency resulting in reduced number and/or strength of thalamo-cortical connections 
in autistic subjects.    
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1.0- Introduction 

Autistic spectrum disorder (ASD) has been defined as a severe developmental brain 
disorder characterized by restricted and repetitive behavior, excessive attention to detail and 
reduced social and global integration including deficits in executive function, language and 
social interactions (Rapin and Dunn, 2003; Belmonte et al., 2004; Hill, 2004). The environmental 
and genetic sources of ASD are not known although there have been recent advances in the 
understanding of the nature of the neurophysiological deficits that are correlated with autism.   
Theories of reduced connectivity are prevalent and supported by magnetic resonance 
spectroscopy (MRS) that show reduced synapses in thalamic, basal ganglia, amygdala, 
hippocampus and cortical locations (Minshew and Petigrew, 1995; Minshew and Williams, 
2007; Hardan et al, 2008; Perich-Alsina et al, 2002; Page et al, 2006; Kleinhans et al, 2007; 
Otsuka et al, 1999).   Disorders of sensory gating in evoked potential studies (Orekhova et al, 
2008) and disorders of connectivity in fMRI (Kana et al, 2007) and disorders of coherence in 
electroencephalogram (EEG) studies (Cantor et al, 1987; Murias et al, 2007; Welsh et al, 2005; 
Vandenbroucke et al, 2008, Brock et al, 2002 and Orekhova et al, 2008) suggest a common 
neurophysiological basis for ASD, namely a general neural synchronization disorder.    

EEG studies of autism typically show a ‘U’ shaped function of power versus frequency with 
elevated power at low and high frequencies and reduced power in the alpha frequency band (Cantor et 
al, 1987; Murias et al, 2007).    Murias et al (2007) using 122 channel high density EEG showed 
elevated power in the theta (3 – 6 Hz) and the beta frequency band (13 – 17 Hz) with reduced power in 
the alpha frequency range (9 – 10 Hz).  Cantor et al (1987) also reported elevated power in the lower 
and higher frequency bands as well as reduced power in the alpha band in autistic subjects.  Orekhova et 
al (2007, 2008) reported excess power in the gamma frequency range which was also correlated with 
lower suppression of the P50 sensory gating response and less inhibition in autistic subjects.   Elevated 
coherence in autistic subjects was reported for all frequency bands in Cantor et al (1987) while Murias et 
al (2007) reported elevated coherence in the delta, theta and beta frequency bands but not in the alpha-1 
(8-10 Hz) frequency band.   Excess high frequency EEG measures have indicated an imbalance in 
GABA inhibitory neurons (Brown et al, 2005; Orekhova et al, 2008).   These EEG studies are also 
consistent with reduced synchronization in autistic subjects (Kana et al, 2008; Welsh et al, 2005) and 
with models of synaptic disconnection and lower levels of differentiation in autistic subjects (Brock et 
al, 2002; Rippon et al, 2007).    

Deficient GABA neurotransmitters have recently been suggested as a unifying cause of ASD 
(Delong, 2007; Kana et al, 2007; Orekhova et al, 2008).    This is an important unifying hypothesis 
because GABA is the only inhibitory neurotransmitter in the human brain and GABA is the primary 
neurotransmitter responsible for the rapid synchronization of populations of neurons as well as rhythmic 
discharges in thalamo-cortical circuits responsible for the genesis of all EEG rhythms (Steriade et al, 
1990; Buzsaki, 2006).   The rise and fall times and duration of the bursting of inhibitory neurons 
determines the timing and gating in the thalamic relay nuclei and the time and sequencing in the 
hippocampus and cortex all of which are mediated by GABA receptors (Mainen and Sejnowski, 1995; 
1996; Thomson, 2000a; 2000b; Buzsaki, 2006).  There are two chemically different categories of the 
GABA inhibitory neurotransmitter receptors with: 1- GABAA & C composed of ionotropic subunits with 
GABA-A responsible for fast neural responses and rapid rise and fall times of inhibitory post synaptic 
potentisl (IPSPS)  and the production of hi-beta and gamma EEG frequencies > 20 Hz (Kuffler and 
Edwards, 1958; Buszaki, 2006; Steriade, 2005) and, 2- GABAB composed of a metabotropic ‘G’ protein 
is responsible for long duration IPSPs and EEG rhythms in the mid range of 5 to 18 Hz (low theta to low 
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beta EEG frequencies) (Bowery, 2002; Steriade, 2005).   Both types of GABA receptors are present in 
the thalamus and other brain regions, however as hypothesized in the present study, the link to EEG and 
autism is best understood by thalamo-cortical mechanisms of synchronization mediated by GABAB 
involved in the mid range frequencies (Colomb et al, 2006; Miller, 1996; Steriade, 2005) and GABA-A 
involved in hi-beta and gamma frequencies (Bright et al, 2007; Okada et al, 2000).    The EEG findings 
of a ‘U’ shaped power spectrum in autistic subjects (Cantor et al, 1987; Murias et al, 2007) with elevated 
slow and high frequencies and reduced power and deviant coherence measures is consistent with an 
hypothesis of deficient GABA mediated thalamo-cortical circuits in ASD subjects. 

Whether deficiencies in thalamo-cortical GABA (A) or (B) or both are involved in autism or the 
extent of distorted synchrony is not easy to measure or resolve using standard EEG measures such as 
coherence.  This is because coherence is a general estimate of the consistency of phase differences in a 
particular frequency band but with little or no time resolution and coherence is susceptible to volume 
conduction.  Recently measures of phase reset that involve phase locking and phase shift have been 
shown to underlay the mechanisms of coherence and provide for high temporal resolution and minimal 
volume conduction distortion (Freeman et al, 2003; 2006).    Phase reset is a useful measure of the rapid 
creation and destruction of multistable spatial-temporal patterns in evoked response and spontaneous 
EEG studies (Breakspear and Terry, 2002a, 2002b; Rudrauf et al, 2006; Le Van Quyen, 2003).   The 
patterns of spontaneously occurring synchronous activity involve the temporary creation of 
differentiated and coherent neural assemblies at local and large scales (Breakspear and Terry, 2002a; 
2002b; Rudrauf et al, 2006; Stam and de Bruin, 2004; Varela, 1995; Freeman and Rogers, 2002).  The 
dynamic balance between synchronization and desynchronization is considered essential for normal 
brain function and abnormal balance is often associated with pathological conditions such as epilepsy 
(Lopes da Silva and Pihn, 1995; LeVan Quyen et al, 2001a; 2001b; Chevez et al, 2003; Netoff and 
Schiff, 2002), schizophrenia (Lere et al., 2002) and dementia (Stam et al., 2002a; 2002b).   

Studies by Freeman and Rogers (2002) and Freeman et al (2003) show that the spontaneous EEG 
is made up of a mixture of synchronous processes that involve rapid phase shifts (approx. 30 msec to 80 
msec) followed by a longer duration of phase locking (e.g., 100 msec to 800 msec) of clusters and sub-
clusters of neurons that are followed by another phase shift and subsequent phase locking of different 
clusters of neurons.   The integrated rapid sequencing of phase shifts followed by  phase locking ( i.e., 
the two fundamental components of phase reset) have been correlated to the alpha frequency band 
during cognitive tasks (Kahana; 2006; Kirschfeld, 2005; Tesche and Karhu, 2000),working memory 
(John, 1968;  Rizzuto et al, 2003; Damasio, 1989; Tallon-Baudry et al, 2001), sensory-motor 
interactions (Vaadia et al, 1995; Roelfsema et al, 1997), hippocampal long-term potentiation 
(McCartney et al, 2004),  consciousness (Cosmelli et al, 2004; Varela et al, 2001; John, 2002; 2005) and 
intelligence (Thatcher et al, 2008b).   A recent study from this laboratory observed direct correlations 
between phase shift duration and intelligence as well as an inverse relationship between phase locking 
and intelligence (Thatcher et al, 2008b).   The explanation of this correlation is that phase shift 
represents a process that identifies and recruits available neural resources, e.g, neurons not refractory or 
committed to other loops and that phase locking represents a binding together of synchronous neurons in 
interconnected loops that mediate momentary functions.   The phase locked neurons are released by a 
subsequent phase shift and a different cluster of neurons is then phase locked and this process repeats in 
spatially distributed systems in the ongoing and dynamic EEG.   Further, the time differences of phase 
shift between 6 cm vs 24 cm inter-electrode distances range from 5 msec to 15 msec which means that 
cortico-cortical conduction velocities can not explain these time differences.  On the other hand, the 
thalamus that is only approximately 2 cm in the anterior-posterior plane can easily account for small 
time differences recorded at the scalp surface and the thalamus is a structure that is directly involved in 
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cortical synchrony and dynamic sensory-motor gating (Steriade, 2005).   In addition, GABA(A) & (B) 
receptors are located in the thalamus and as reviewed previously are well positioned to orchestrate the 
timing of local and distant cortical phase shift and phase lock. 

The purpose of the present study is to analyze differences between age matched normal subjects 
and ASD subjects with respect to phase shift duration and phase lock duration in order to evaluate the 
find temporal detail of thalamo-cortical synchronization in autistic subjects.   Differences in phase shift 
and lock durations in short vs long inter-electrode distances as well as differences between left and right 
hemispheres will be evaluated.  

 
2.0 – Methods 
2.1 Subjects 
          A total of 54 patients diagnosed with autism spectrum disorder (ASD) ranging in age from 
2.6 to 10.74 years (mean = 7.25 yrs, st. dev. = 2.33 yrs; males = 47) were included in this study.   
The ASD patients were admitted to the Comprehensive Neuroscience Center and medically 
diagnosed as autistic spectrum disorder (ASD) based on DSM-IV criteria as well as various 
diagnostic instruments including, but not limited to  the Childhood Autism Scale, Gilliam 
Autism Rating Scale-2, Autism Diagnostic Interview-R.   A total of 241 age matched normal 
subjects (2.2 to 11 years; mean = 7.24 yrs, st. dev. = 2.3; males = 142) were recruited using 
newspaper advertisements in rural and urban Maryland (Thatcher et al, 1987; 2003; 2007).   The 
inclusion/exclusion criteria were no history of neurological disorders such as epilepsy, head 
injuries and reported normal development and successful school performance.    All of the school 
aged normal control children were performing at grade level in reading, spelling and arithmetic 
as measured by the Wide Range Achievement Test (WRAT) and none were classified as learning 
disabled nor were any of the school aged children in special education classes (Thatcher et al, 
1987; 2003).    
 
 
2.2 EEG Recording 
 Power spectral analyses were performed on 58 seconds to 4 minutes and 25 second segments of 
EEG recorded during resting eyes open condition.  The EEG was recorded from 19 scalp locations based 
on the International 10/20 system of electrode placement, using linked ears as a reference.  The average 
reference and a Laplacian reference were not used because these reference methods involve mixing the 
amplitude and phase from different scalp locations resulting in phase and coherence distortions as shown 
by Rappelsberger (1989), Kamiński and Blinowska (1991) and Essl and Rappelsberger (1998). Eye 
movement electrodes were applied to monitor artifact and all EEG records were visually inspected and 
manually edited to remove any visible artifact.  Each EEG record was plotted and visually examined and 
split-half reliability and test re-test reliability measures of the artifacted data were computed using the 
Neuroguide software program (NeuroGuide, v2.5.2).  Split-half reliability tests were conducted on the 
edited EEG segments and only records with > 90% reliability were entered into the spectral analyses.  
The amplifier bandwidths were nominally 1.0 to 30 Hz, the outputs being 3 db down at these 
frequencies.  The EEG was digitized at 128 Hz and then spectral analyzed using complex demodulation 
(Granger and Hatanaka, 1964; Otnes and Enochson, 1978).  Phase shift duration and phase lock duration 
were computed from all possible electrode combinations of 171.   The analyses involved computing 
mean phase shift and phase lock duration from intrahemispheric short inter-electrode distances of 
approximately 6 cm based on the International 10/20 system (O1/2-P3/4; O1/2-T5/6; P3/4-C3/4; C3/4-
F3/4, F3/4-Fp1/2; Fp1/2-F7/8; F7/8-T3/4; Fp1/2-Fz; F3/4-Fz; C3/4-Cz; C3/4-Pz; P3/4-Pz and O1/2-Pz) 
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and from long inter-electrode distances approximately 21cm – 24 cm based on the International 10/20 
system (Fp1/2-T5/6; Fp1/2-P3/4; F7/8-T5/6; P3/4-F7/8; O1/2-F7/8; F3/4-T5/6; F3/4-P3/4; F3/4-O1/2; 
Fp1/2-Pz; F7/8-Pz; F3/4-Pz; T5/6-Fz; P3/4-Fz and O1/2-Fz).   
 EEG phase shift and phase lock durations were computed in the delta (1 – 4 Hz); theta (4 
– 8 Hz); alpha1 (8 – 10 Hz); alpha2 (10 – 13 Hz); beta1 (13 – 15 Hz); beta2 (15 – 18 Hz) and hi-
beta (25 – 30 Hz) frequency bands.   Factors used in the multivariate analysis of variance were: 
1- Hemisphere, 2- Direction, 3- Frequency band and 4- Inter-electrode distance with autism vs 
normal as the dependent variables.  
 
2.3 – Complex Demodulation and Joint-Time-Frequency-Analysis 
 Complex demodulation was used in a joint-time-frequency-analysis (JTFA) to compute 
instantaneous coherence and phase-differences (Granger and Hatanaka, 1964; Otnes and 
Enochson, 1978; Bloomfield, 2000).   This method is an analytic linear shift-invariant transform 
that first multiplies a time series by the complex function of a sine and cosine at the center 
frequency of each frequency band followed by a low pass filter (6th order low-pass Butterworth) 
which removes all but very low frequencies (shifts frequency to 0) and transforms the time series 
into instantaneous amplitude and phase and an “instantaneous” spectrum (Bloomfield, 2000).  
We place quotations around the term “instantaneous” to emphasize that, as with the Hilbert 
transform, there is always a trade-off between time resolution and frequency resolution.    The 
broader the band width the higher the time resolution but the lower the frequency resolution and 
vice versa.  Mathematically, complex demodulation is defined as an analytic transform (Z 
transform) that involves the multiplication of a discrete time series {xt, t = 1, . . . , n} by sine ω0t 
and cos ω0t giving 
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t

x t 0sin' ωωωω====           (1) 
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t
t
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t

x
0

cos'' ωωωω====           (2) 

 
 
and then apply a low pass filter F to produce the instantaneous time series, Zt’ and Zt’’ where the 
sine and cosine time series are defined as: 
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The instantaneous phase-difference is tt ϕϕϕϕϕϕϕϕ ′′′′−−−− .  That is, the instantaneous phase difference is 

computed by estimating the instantaneous phase for each time series separately and then taking 
the difference.   Instantaneous phase difference is also the arctangent of the imaginary part of Vt 
divided by the real part (or the instantaneous quadspectrum divided by the instantaneous 
cospectrum) at each time point.  We used the phase “straightening” method of Otnes and 
Enochson (1978) to remove the phase angle discontinuity, i.e., where 0 and 360 are at opposite 
ends while in the circular distribution   00 = 3600 .    
 
2.4- Computation of the 1st and 2nd Derivatives of the Time Series of Phase Differences 
 The first derivative of the time series of phase-differences between all pair wise 
combinations of two channels was computed in order to detect advancements and reductions of 
phase-differences.  The Savitzgy-Golay procedure was used to compute the first derivatives of 
the time series of instantaneous phase differences using a window length of 3 time points and the 
polynomial degree of 2 (Savitzgy-Golay, 1964; Press et al, 1994).   The units of the 1st derivative 
are in degrees/point and represented in degrees per centisecond (i.e., degrees/cs = degrees/100 
msec).  The second derivative was computed using a window length of 5 time points and a 
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polynomial degree of 3 and the units are degrees per centiseconds squared (i.e., degrees/cs2 = 
degrees/100 msec.2).   
 
2.5 – Calculation of Phase Reset 
 The time series of 1st derivatives of the phase difference from any pair of electrodes was 
first rectified to the absolute value of the 1st derivative (see fig. 2).  The sign or direction of a 
phase shift is arbitrary since two oscillating events may “spontaneously” adjust phase with no 
starting point (Pikovsky et al, 2003: Tass, 2007).  The onset of a phase shift was defined as a 
significant absolute first derivative of the time series of phase differences between two channels, 
i.e., d( tt ϕϕϕϕϕϕϕϕ ′′′′−−−− ) /dt  > 0, criterion bounds = 50.  Phase stability or phase locking is defined as that 

period of time after a phase shift where there is a stable near zero first derivative of the 
instantaneous phase differences or d( tt ϕϕϕϕϕϕϕϕ ′′′′−−−− )/dt ≈ 0.  The criteria for a significant 1st derivative 

is important and in the present study a threshold criteria of  50 was selected because it was > 3 
standard deviations where the mean phase shift ranged from 25 deg/cs to 45 deg/cs.  Changing 
the threshold to higher values was not significant, however, eliminating the threshold resulted in 
greater “noise” and therefore the criteria of 50 is an adequate criteria.  As pointed out by 
Blackspear and Williams (2004) visual inspection of the data is the best method for selecting an 
arbitrary threshold value and the threshold value itself is less important than keeping the 
threshold constant for all subjects and all conditions.  Figure one illustrates the concept of phase 
reset.   Phase differences over time on the unit circle are measured by the length of the unit 
vector r.   Coherence is a measure of phase consistency or phase clustering on the unit circle as 
measured by the length of the unit vector r.   The illustration in figure 1 shows that the resultant 
vector r1 = r2  and therefore coherence when averaged over time ≈ 1.0  even though there is a 
brief phase shift.  As the number of phase shifts per unit time increases then coherence declines 
because coherence is directly related to the average amount of phase locking or phase synchrony 
(Bendat and Piersol, 1980). 
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Fig. 1 – Illustrations of phase reset.  Left is the unit circle in which there is a clustering of 
phase angles and thus high coherence as measured by the length of the unit vector r.  The 
top row is an example of phase reduction and the top right is a time series of the 
approximated 1st derivative of the instantaneous phase differences for the time series t1, 
t2, t3, t4 at mean phase angle = 450 and t5,t6,t7, t8 at mean phase angle = 100.    The vector 
r1 = 450 occurs first in time and the vector r2 = 100 and 1350 (see bottom left) occurs later 
in time.   Phase reset is defined by a sudden change in phase difference followed by a 
period of phase locking.   The onset of Phase Reset is between time point 4 and 5 where 
the 1st derivative is a maximum.    The 1st derivative near zero is when there is phase 
locking and little change in phase difference over time.  The bottom row is an example of 
phase advancement and the bottom right is the 1st derivative time series.  The sign or 
direction of phase reset in a pair of EEG electrodes is arbitrary since there is no absolute 
“starting point” and phase shifts are often “spontaneous” and not driven by external 
events, i.e., self-organizing criticality. When the absolute 1st derivative ≈ 0 then two 
oscillating events are in phase locking and represent a stable state independent of the 
direction of phase shift (adapted from Thatcher et al, 2008a).    
 

 Figure 2 shows the time markers and definitions used in this study.  As mentioned above 
the peak of the absolute 1st derivative was used in the detection of the onset and offset of a phase 
shift and the second derivative was used to detect the inflection point which defines the full-
width-half-maximum (FWHM) and phase shift duration.  As seen in Figure 2, Phase Reset (PR) 
is composed of two events: 1- a phase shift of a finite duration (SD) and 2, followed by an 
extended period of phase locking as measured by the phase lock duration (LD) and PR = SD + 
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LD.  Phase Shift duration (SD) is the interval of time from the onset of phase shift to the 
termination of phase shift where the termination is defined by two conditions: 1- a peak in the 1st 
derivative (i.e., 1st derivative changes sign from positive to zero to negative) and, 2- a peak in the 
2nd derivative or inflection on the declining side of the time series of first derivatives.   The peak 
of the 2nd derivative marked the end of the phase shift period.   Phase shift duration is the 
difference in time between phase shift onset and phase shift offset or SD(t) = S(t)onset – S(t)offset.      
Phase lock duration (LD) was defined as the interval of time between the end of a significant 
phase shift (i.e., peak of the 2nd derivative) and the beginning of a subsequent significant phase 
shift, i.e., marked by the peak of the 2nd derivative and the presence of a peak in the 1st derivative 
or SI(t) = S(t)offset – S(t)onset.  In summary, two measures of phase dynamics were computed: 1- 
Phase shift duration (msec) (SD) and, 2- Phase lock duration (msec) (LD).  Figure two illustrates 
the phase reset metrics and figure three shows an example of the computation of phase reset 
metrics in a single subject. 
 

 
Fig. 2- Diagram of phase reset metrics.   Phase shift (PS) onset was defined at the time point when a 
significant 1st derivative occurred (≥ 50 /centisecond) followed by a peak in the 1st derivative, phase shift 
duration (SD) was defined as the time from onset of the phase shift defined by the positive peak of the 2nd 
derivative to the offset of the phase shift defined by the negative peak of the 2nd derivative.  The phase lock 
duration (LD) was defined as the interval of time between the onset of a phase shift and the onset of a 
subsequent phase shift.  Phase reset (PR) is composed of two events: 1- a phase shift and 2- a period of 
locking following the phase shift where the 1st derivative ≈ 0 or PR = SD + LD.   Phase locking is defined 
when the absolute 1st derivative of the phase difference between two oscillators approximates zero  

0
|)(|

≈
Φ
dt

d ij .  Phase shift onset is defined when the absolute 1st derivative of the phase difference 
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between two oscillators is greater than zero 0
|)(|

>
Φ
dt

d ij  (adapted from Thatcher et al, 2008a). 

 

 
Fig. 3- Example from one subject. Top are the EEG phase differences between Fp1-F3, Fp1-C3, Fp1-P3  
and Fp1-O1 in degrees.  Bottom are the 1st derivatives of the phase differences in the top traces in 
degrees/centiseconds.  A 1st derivative ≥ 50 /cs marked the onset of a phase shift and an interval of time  
following the phase shift where the 1st 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 duration in the various frequency bands for normals and 
autistic subjects for short inter-electrode distances (6 cm).   Figure 4B shows the same measures but for 
long distance inter-electrode distances (18 cm to 24 cm).  It can be seen that phase shift duration was 
consistently shorter in autistic subjects than in the normal subjects with the maximum difference being 
the alpha-1 frequency band (8 – 10 Hz) at both short and long inter-electrode distances.  Multivariate 
analyses of variance showed an overall significant differences between normal subjects and autistic 
subjects (F = 2889.5; P < .0001) with a significant frequency main affect (F = 811.54; P < .0001) and a 
statistically significant inter-electrode distance main affect (F = 3,211.9; P < .0001) but no statistically 
significant hemispheric affect (F = 1.499; NS).    
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Fig. 4 – Mean phase shift duration (msec) in normals (solid lines) and autistic subjects  
(dashed lines) in different frequency bands. Top (4A) is mean phase shift duration (msec)  
in short inter-electrode distances and bottom (4B) is mean phase shift duration (msec) in  
long inter-electrode distances (21 – 28 cm).   t-test probabilities are below each frequency  
band. 
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3.2 –  Autism vs Normal Phase Lock Duration  
 Figure 5A (top) shows the mean phase lock duration in the various frequency bands for normals 
and autistic subjects for short inter-electrode distances (6 cm).   Figure 5B (bottom) shows the same 
measures but for long distance inter-electrode distances (18 cm to 24 cm).  It can be seen that phase lock 
duration was consistently longer in autistic subjects than in the normal subjects with the maximum 
difference being the alpha-2 frequency band (10 - 12 Hz) at both short and long inter-electrode 
distances.  Multivariate analyses of variance showed an overall significant differences between normal 
subjects and autistic subjects (F = 1,314.3; P < .0001) with a significant frequency main affect (F = 
2,581.7; P < .0001) and a statistically significant inter-electrode distance main affect (F = 1,844.2; P < 
.0001) but no statistically significant hemispheric affect (F = 0.798; NS).  In contrast to phase shift 
duration (see figure 4), the largest differences between normal subjects and autistic subjects is in the 
alpha-2 frequency band (10 – 12 Hz) and not in the alpha-1 frequency band (8 – 10 Hz).  
  



Thatcher et al 14 

 
Fig. 5 – Mean phase lock duration (msec) in normals (solid lines) and autistic subjects  
(dashed lines) in different frequency bands.  5A is mean phase lock duration (msec) in  
short  distance inter-electrode distances and 5B is mean phase lock duration (msec)  
in long inter-electrode distances (21 – 28 cm).   t-test probabilities are below each  
frequency band. 
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3.3 –  Alpha-1 vs Alpha-2 Frequency bands and Phase Shift and Phase Lock Durations 
 Figure 6A & B (left column) are histograms of phase shift duration in short and long inter-
electrode distances in the alpha-1 frequency band (8 – 10 Hz).  Figure 6C & D (right column) are 
histograms of phase lock duration in short and long inter-electrode distances in the alpha-2 frequency 
band (10 - 12 Hz).   This figure shows that phase shift duration is shorter in autistic subjects than normal 
subjects in the alpha-1 frequency band (8 – 10 Hz) and that phase lock duration is longer in autistic 
subjects in the alpha-2 frequency band (10 – 12 Hz) independent of inter-electrode distance. 
   
 

 
Fig. 6 - Histograms of the percentage of phase shift and phase lock duration measures in  
normal control and autistic subjects.   The y-axis is the percentage of measures and the  
x-axis is phase shift duration (msec) in the alpha-1 (8-10 Hz) frequency band in A and B  
and phase lock duration (msec) in the alpha-2 (10-12 Hz) frequency band on the right in  
C and D.   Top row (A & C) are histograms for short distance inter-electrode distances  
(6 cm) and the bottom row (B & D) are histograms for long inter-electrode distances  
(21-24 cm) in normals (solid lines) and autistic subjects (dashed lines).   

 
 
3.4 – Multi-Modal Distribution in Short Distance Lock Duration in Autistic Subjects 
 The distribution of alpha-2 lock duration in the short distance (Fig. 6C) shows a bi-modal 
or tri-modal shape which indicates the presence of sub-populations in the autistic subjects.  We 
sorted the magnitude of phase lock duration values in autistic subjects in order to evaluate the 
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multi-modal distribution and identified sub-populations that were present as a function of scalp 
location.   Figure 7 shows the breakdown of the histograms of sub-populations of phase lock 
duration in short inter-electrode that were present in Figure 6C.    This analysis identified three 
different sub-populations of phase lock duration: 1- a long phase locking sub-population in 
occipital-parietal pairings (O1/2-P3/4) with a peak mode of 1,000 msec; 2- an intermediate phase 
lock duration in short distance frontal regions (Fp1/2-F3/4) with a peak mode phase lock 
duration of 700 msec and 3- a shorter phase lock duration sub-population in the central regions 
(C3/4-F3/4) with a peak mode phase lock duration of 550 msec.  This analysis demonstrates a 
significant anatomical difference in autistic subjects where the occipital-parietal distribution 
exhibits the 
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Fig. 7 - Histograms of the total number of phase lock duration (msec) values in short 
inter-electrode pairs (6 cm) from Occipital (O1/2-P3/4); Frontal (Fp1/2-F3/4) and  
Central (C3/4-F3/4) locations in the alpha-2 frequency band in autistic subjects. 
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Longest phase lock durations.  T-tests between all pairings of three modes were statistically 
significant for all combinations (P < .001).   
 
4.0 – Discussion 

The three primary findings of this study are: 1- there was shorter phase shift durations in autistic 
subjects vs. normals in all frequencies but especially in the alpha-1 frequency band (8 – 10 Hz); 2- there 
was longer phase lock durations in autistic patients vs normals only in the alpha-2 frequency band (10 - 
12 Hz) and; 3- differences between autistic vs normal were present in local and distant inter-electrode 
pairs.   No significant hemispheric effects were found between autistic and normal subjects. 

 
4.1 – Thalamic Synchronization and EEG Phase Reset 
 As mentioned in the introduction, the development of EEG phase shift durations from birth to 
age 16 shows that there is only a 5 millisecond to 15 millisecond difference between short (6 cm) and 
long (24 cm) inter-electrode distances (Thatcher et al, 2008a; 2008b).    Such short time differences (5 
msec) at long inter-electrode distances (18 cm differences) can not be explained by a cortico-cortical 
connection system because conduction velocities greater than 1,000 meters/second are required.   
However, the thalamus is located in the center of the brain and coordinates all EEG rhythms and is only 
approximately 2 cm in the anterior-posterior plane with conduction velocities less than 1 meter/second 
that can explain the differences in phase shift duration measured at the scalp surface.   Therefore, the 
thalamus is a prime if not the only candidate as the region of the brain responsible for EEG phase shift 
duration in which bursts of inhibitory neural activity results in shifts in frequencies of thalamo-cortical 
circuits and thus changes in EEG phase shift duration (Buzsaki, 2006; Thatcher et al, 2008b).   

As mentioned in the introduction, phase shift and phase lock are basic synchronization 
mechanism that have been correlated in various frequency bands during cognitive tasks (Kahana, 2006; 
Kirschfeld, 2005; Tesche and Karhu, 2000),working memory (John, 1968; Rizzuto et al, 2003; Damasio, 
1989; Tallon-Baudry et al, 2001), sensory-motor interactions (Vaadia et al, 1995; Roelfsema et al, 
1997), hippocampal long-term potentiation (McCartney et al, 2004), brain development (Thatcher et al, 
2008), consciousness (Cosmelli et al, 2004; Varela et al, 2001; John, 2002; 2005) and intelligence 
(Thatcher et al, 2008b).   Thatcher et al (2008b) reported opposite relations between phase shift duration 
and phase lock duration and intelligence in normal subjects with a positive correlation between 
intelligence and phase shift duration and a negative correlation to phase lock duration.  A neural 
synchronization model was developed in which it was hypothesized that long phase shift durations 
represent an expanded neural recruitment process in which larger populations of neurons are recruited 
the longer the phase shift duration.   Phase shift duration was modeled by the duration of inhibitory burst 
activity in thalamo-cortical circuits in which the longer the inhibitory burst then the greater the phase 
shift duration (Thatcher et al, 2008b).   Phase lock duration is mediated by cortical excitatory dendritic 
loops and represents periods of synchrony of selected clusters of neurons that temporarily mediate local 
and global functions.   Too long of a phase lock period then there is less cognitive flexibility, less neural 
resource available to be allocated and reduced intelligence (Thatcher et al, 2008b).   The present findings 
are consistent with the earlier studies from this laboratory (Thatcher et al, 2008a; 2008b) and indicate a 
deficiency of thalamo-cortical synchronization in autistic subjects in which there is a low degree of 
neural resource recruitment resulting in a reduced number of neurons that are synchronized at each 
moment of time coupled with a prolonged period of phase locking that results in reduced flexibility and 
reduced capacity to recruit available neural resources to be phase locked at each moment of time. 
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This same model can be applied to autistic subjects for particular brain regions and particular 
connections in which there are islands of normal phase shift and phase lock surrounded by a sea of 
deviant phase lock and phase shift durations.   For example, individualized analysis of phase shift and 
phase lock durations in autistic subjects shows considerable spatial heterogeneity in the degree of 
deviation from normal which is consistent with the “idiot savant” type of behavior often observed in 
autistic subjects. 
 
4.2 – Unified Theory of Thalamo-Cortical Synchronization and Autism 
 Buszaki (2006) and others (Kuffler and Edwards, 1958; Steriade, 2005) have shown a causal 
linkage between the duration of GABA mediated inhibitory postsynaptic potentials and the frequency of 
the EEG.  GABA-B receptors involve potassium and calcium channels and produce IPSPs on the order 
of 50 msec to 200 msec with correlations to EEG frequencies in the theta to low beta frequency range (5 
Hz to 20 Hz) (Bowery, 2002; Buszaki, 2006).  The hi-beta (25 – 40 Hz) and Gamma (40 to 100 Hz) 
EEG frequencies have been correlated with GABA-A receptors that involve chlorine ionic channels and 
produce IPSPS on the order of 10 msec to 40 msec (Buszaki, 2006; Steriade, 2005; Mainen and 
Sejnowski, 1995; 1996; Thomson, 2000a; 2000b).  Global or extrasynaptic thalamic GABA-A can 
produced hyperpolarization for sustained periods of time and infra-slow oscillations linked to sleep and 
drowsiness (Bright and Brickley, 2008).   Deviations from the normal power spectrum in ASD subjects 
is consistent with the hypothesis of deficient GABA neurostransmitters as a unifying disorder in autistic 
subjects (Delong, 2007; Kana et al, 2007; Orekhova et al, 2008).    Although GABA deficiencies can be 
present in many brain regions and involve a variety of organ systems the present study only measured 
the cortical pyramidal cell electrical activity as modulated and synchronized by thalamo-cortical circuits 
(Steriade, 2005).   Therefore, the results of the present study are consistent with a GABA receptor 
deficiency hypothesis in thalamo-cortical circuits that result in shortened phase shift durations in the 
thalamus and in lengthened phase lock durations in cortico-cortical and cortico-thalamic circuits in 
autistic subjects.   The thalamus is a switching and coordinating system that can be visualized like the 
traffic control tower at a large airport or as “Grand Central Station” where trains arrive from distant 
locations and are delayed and timed to travel to different destinations.  In the case of autistic subjects the 
trains arrive in grand central station but the train doors open only briefly before the train leaves the 
station.  This results in a general reduction in information flow and disordered synchrony in widespread 
cortical regions.   Lengthened phase locking is due to excessive iteration in cortical loops because more 
time is required to process information due to limited resources at each moment of time. This results in 
reduced efficiency and reduced speed of information processing, especially in the local networks of the 
occipital-parietal lobes as well as in global integration. 
 
 
4.3-  Low Alpha Frequencies for Neural Resource Recruitment and High Alpha Frequencies for 
Resource Allocation 
 Murias et al (2007) reported that the strongest EEG coherence differences were in the 
alpha-1 frequency band (8-10 Hz) between autistic and normal subjects.  In the present study 
Alpha-1 (8 – 10 Hz) was the frequency band that showed the strongest differences in phase shift 
duration between the normal and autistic subjects (fig. 4).   In contrast, the alpha-2 frequency 
band (10 – 12 Hz) showed the strongest differences in phase lock duration between normal 
control and autistic subjects (fig. 5).   This indicates that the alpha-1 frequency band is more 
involved in the process of resource recruitment by rapid phase shifting while the alpha-2 
frequency band involves resource allocation and binding by phase locking.   Both processes are 
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deviant from normal in the autistic subjects and they appear to involve different brain networks 
with alpha-1 and phase shift durations being located primarily in the thalamus and alpha-2 and 
phase locking involving longer distant cortico-cortical and cortico-thalamic circuits. 
 
4.4 – Local vs Distant Information Processing in Autistic Subjects 
 The multivariate analyses of variance demonstrated statistically significant differences 
between short vs long inter-electrode distances, especially in phase lock duration.   In general 
higher statistical significance was present in short (6 cm) inter-electrode phase reset than in long 
inter-electrode distances (24 cm).   Multi-modal distributions were present in short inter-
electrode distances with the occipital-parietal regions exhibiting approximately three times 
greater phase lock duration than in normal control subjects (see Fig. 7).   This finding indicates 
that autistic subjects recruit less neural resource at each moment of time and phase lock this 
reduce resource for long periods of time especially in local neural circuits in the occipital-parietal 
lobes.  This may reflect a compensatory process in which reduced resources are phase locked for 
longer periods in order to process information and that therefore there is an inverse relationship 
between phase shift duration and phase lock duration.  The finding of short phase shift duration 
and lengthened phase lock duration that is maximal in occipital-parietal regions is consistent 
with the behavioral characteristic of repetitive behaviors and excessive attention to detail and 
language problems.  The reduced information processing capacity in the frontal lobes and in long 
distance networks is consistent with reduced social and global 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 of Autism are characterized by repetitive 
behavior, excessive focus on details and reduced social and global integration including deficits 
in executive function, language and social interactions (Rapin and Dunn, 2003; Belmonte et al., 
2004; Hill, 2004).  The dysfunctions of thalamo-cortical circuits in the brain can be linked to the 
core behavioral features of autism by the unifying theory of deficient GABAergic inhibition 
because the intensity and duration of inhibitory burst activity is what determines EEG frequency 
distributions, recruitment of neurons and EEG phase reset (Buzsaki, 2006; Steriade, 2005; 
Thatcher et al, 2008a; 2008b).   For example, thalamic synchronization operates for both local 
and long distant connections and deficiencies in GABA can affect both local and global 
integration.   Bursts of inhibition in thalamo-cortical circuits results in shifts in EEG frequencies 
and, therefore, deficient GABA can result in reduced phase shift duration and thus reduced 
recruitment of neural resources at each moment of time and in each perceptual frame.  Finally, 
lengthened phase lock duration especially in local neural networks is a consequence of reduced 
phase shifting that underlay excessive attention to detail and reduced flexibility.   Repetitive 
behaviors arise as a consequence of less recruitment of neural resources, thus giving rise to the 
need to repeat behaviors in order to learn and to store memories.    All three of the major findings 
of this study: 1- reduced long distant connectivity, 2- reduced phase shift durations and 3 - 
lengthened phase locking especially in local connections can be explained by deficient 
GABAergic inhibition and when taken individually or in combination are consistent with the 
three characteristic symptoms of autism, namely, reduced global integration, excessive focus on 
detail and repetitive behaviors.    Deficits in language and executive functions are likely due to 
the fact that the greatest deviations from normal phase locking and phase shift are in parietal-
occipital regions for language and the frontal lobes involved in executive functioning.   As 



Thatcher et al 21 

mentioned previously, analyses of individual autistic subjects shows a heterogeneity and a 
unique pattern of phase shift and phase lock so that “idiot savant” type behaviors are likely 
linked to the spatial distribution of islands of normal and abnormal information processing.  
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6.0 – Figure Legends 

 
Figure One:   – Illustrations of phase reset.  Left is the unit circle in which there is a clustering 
of phase angles and thus high coherence as measured by the length of the unit vector r.  The top 
row is an example of phase reduction and the top right is a time series of the approximated 1st 
derivative of the instantaneous phase differences for the time series t1, t2, t3, t4 at mean phase 
angle = 450 and t5,t6,t7, t8 at mean phase angle = 100.    The vector r1 = 450 occurs first in time 
and the vector r2 = 100 and 1350 (see bottom left) occurs later in time.   Phase reset is defined by 
a sudden change in phase difference followed by a period of phase locking.   The onset of Phase 
Reset is between time point 4 and 5 where the 1st derivative is a maximum.    The 1st derivative 
near zero is when there is phase locking and little change in phase difference over time.  The 
bottom row is an example of phase advancement and the bottom right is the 1st derivative time 
series.  The sign or direction of phase reset in a pair of EEG electrodes is arbitrary since there is 
no absolute “starting point” and phase shifts are often “spontaneous” and not driven by external 
events, i.e., self-organizing criticality. When the absolute 1st derivative ≈ 0 then two oscillating 
events are in phase locking and represent a stable state independent of the direction of phase shift 
(adapted from Thatcher et al, 2008a).     
 
Figure Two: Diagram of phase reset metrics.   Phase shift (PS) onset was defined at the time 
point when a significant 1st derivative occurred (≥ 50 /centisecond) followed by a peak in the 1st 
derivative, phase shift duration (SD) was defined as the time from onset of the phase shift 
defined by the positive peak of the 2nd derivative to the offset of the phase shift defined by the 
negative peak of the 2nd derivative.  The phase lock duration (LD) was defined as the interval of 
time between the onset of a phase shift and the onset of a subsequent phase shift.  Phase reset 
(PR) is composed of two events: 1- a phase shift and 2- a period of locking following the phase 
shift where the 1st derivative ≈ 0 or PR = SD + LD.   Phase locking is defined when the absolute 

1st derivative of the phase difference between two oscillators approximates zero  0
|)(|

≈
Φ
dt

d ij .  

Phase shift onset is defined when the absolute 1st derivative of the phase difference between two 

oscillators is greater than zero 0
|)(|

>
Φ
dt

d ij (adapted from Thatcher et al, 2008a). 

Figure Three:  Example from one subject. Top are the EEG phase differences between Fp1-F3, 
Fp1-C3, Fp1-P3 and Fp1-O1 in degrees.  Bottom are the 1st derivatives of the phase differences 
in the top traces in degrees/centiseconds.  A 1st derivative ≥ 50 /cs marked the onset of a phase 
shift and an interval of time following the phase shift where the 1st derivative ≈ 0 defined the 
phase synchrony interval as described in figure 2 (adapted from Thatcher et al, 2008a). 
 
Figure Four:  Mean phase shift duration (msec) in normals (solid lines) and autistic subjects  
(dashed lines) in different frequency bands. Top is mean phase shift duration (msec) in  
short inter-electrode distances and bottom is mean phase shift duration (msec) in  
long inter-electrode distances (21 – 28 cm).   t-test probabilities are below each frequency  
band. 
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Figure Five:   Mean phase lock duration (msec) in normals (solid lines) and autistic subjects  
(dashed lines) in different frequency bands.  Top is mean phase lock duration (msec) in  
short distance inter-electrode distances and bottom is mean phase lock duration (msec)  
in long inter-electrode distances (21 – 28 cm).   t-test probabilities are below each  
frequency band. 
 
Figure Six:  Histograms of the percentage of phase shift and phase lock duration measures in normal 
control and autistic subjects.   The y-axis is the percentage of measures and the x-axis is phase shift 
duration (msec) in the alpha-1 (8-10 Hz) frequency band in A and B and phase lock duration (msec) in 
the alpha-2 (10-12 Hz) frequency band on the right in C and D.   Top row (A & C) are histograms for 
short distance inter-electrode distances (6 cm) and the bottom row (B & D) are histograms for long 
inter-electrode distances (21-24 cm) in normals (solid lines) and autistic subjects (dashed lines).   
 
Figure Seven:  Histograms of the total number of phase lock duration (msec) values in short inter-
electrode pairs (6 cm) from O1/2-P3/4; Fp1/2-F3/4 and C3/4-F3/4 in the alpha-2 (10-12 Hz) frequency 
band in autistic subjects.   

 
 
 


