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ABSTRACT 

This study investigated the relationship between synchronous neural activity and 

conscious visual perception by directly measuring neural synchrony in human EEG data 

collected during a perceptual task that controlled for the influence of attention. 

Improving a recently developed experimental paradigm and synchrony detection method 

(Rodriguez et al., 1999), participants viewed upright and scrambled Mooney face stimuli 

(fragmented black and white shapes that are perceived as faces upon visual closure) over 

1000 ms exposures while performing a secondary attention task. During both 

presentation conditions, gamma-band synchrony increased to a maximum and then 

decreased to an above-baseline stationary level. Synchrony for the upright condition 

was significantly greater than synchrony for the scrambled condition during early and 

late portions of the exposure period. This result supports the hypothesis that neural 

synchrony mediates conscious visual organization and feature binding, although the 

possibility for a role in perception-related attention processes cannot be excluded. 
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INTRODUCTION 

Recent investigation into the neural correlates of conscious visual perception has 

suggested that neural synchrony may play an important role in perceptual organization 

and awareness. Neural synchrony refers to the phenomenon in which neurons coding for 

a perceptual representation coordinate their (usually oscillatory) firing activity such that 

this activity is phase-locked or synchronized across neural units. A number of theoretical 

arguments, in conjunction with a large volume of empirical studies (briefly reviewed 

below), have suggested that neural synchrony may be a possible mechanism for the 

binding or integration of localized features into global percepts, hi addition, studies have 

also shown that synchrony may participate in the neural basis of attention. Yet in so far 

as binding and attention are separate, the degree to which synchrony actually contributes 

to these two processes remains in dispute. Synchrony may reflect the binding processes 

established when an attended visual object is perceived. However synchrony may 

instead reflect attention processes prior to, or even after, the occurrence of binding. It 

may even be that synchrony represents some other function that is not perceptual or 

attention-related per se, but is necessary for perception and/or attention to be established. 

The research has yet to be performed that attempts to separate these possibilities while 

measuring synchrony in a direct manner. Initiating such research was the goal of the 

study to be described here. This introductory section will review the theoretical and 

empirical discussions on the relationship between synchrony, binding, and attention. The 

remainder of this paper will report the results of two experiments using human observers 
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that were designed to directly investigate the possible integrative function of synchrony 

while controlling for the effects of attention. 

Neural Synchrony as a Mechanism for Binding and Attention 

Decades of research in neuroscience and visual perception have demonstrated 

that the various features of visual stimuli are processed in separate cortical brain regions. 

For example, when one views a rose, the form of the stimulus is analyzed in the 

inferotemporal (IT) cortex and the color of the stimulus is analyzed in cortical area V4. 

However the visual experience of the rose is not one of disjoint features. Instead, the 

color and form of the stimulus are integrated to yield a unified whole. How does the 

visual system bind together segregate stimulus feature information to produce the unified 

percepts characteristic of visual experience? This question has come to be known as "the 

binding problem", and applies not only to binding of color and form, but also to binding 

of object spatial features into a coherent whole, group binding, and for percept binding to 

memory representations. The binding problem may also be generalized to other 

cognitive processes outside of perception whose component sub-processes are subserved 

by spatially separate brain regions. 

Within the last fifteen years a series of novel theoretical proposals (Singer & 

Gray, 1995; Varela, 1995; von der Malsburg & Singer, 1988) have been put forward 

postulating that stimulus feature binding may be achieved by temporally synchronized 

neuron ensemble oscillatory activity underlying feature processing. The central notion of 

this hypothesis is that synchronous (or phase-locked) firing on a millisecond time scale 
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underlies the neural process by which the information processing associated with 

different cell ensembles, each representing individual stimulus features, are bound 

together to form unitary neural representations. In turn, it is proposed that such a 

situation be accompanied by the psychological binding of the conscious perception of the 

stimulus into a unitary whole or gestalt. Synchronization is also hypothesized to bind 

together individual neurons into ensembles that represent groups of elemental stimulus 

features. Presumably such phase-locking enables concurrent processing of stimulus 

features, leading to visual-feature binding on both local and global temporal scales 

(Singer & Gray, 1995). 

In addition, it has been argued that temporal synchronization overcomes the 

'superposition catastrophe' (von der Malsburg, 1986) occurring in models of ensemble 

formation in which cell assembly membership is distinguished by an increase in relative 

firing rates or amplitudes (Hebb, 1949). Higher level neurons must utilize the feature 

information contained within an assembly's output in order to bind features together 

during the later stages of stimulus processing. These cells would need to integrate this 

output over a time period on the order of tens of milliseconds to determine if a particular 

cell's activity has increased so as to signal its joining an assembly (Singer, 1994). 

However suppose another assembly - coding a different stimulus feature, or feature 

attribute - is activated within the same cortical region during this integration time. Then 

in the absence of a place code, it becomes impossible for the higher level neurons to 

determine which increase in activity is associated with which assembly formation. Place 

codes may be utilized to segregate assembly populations, but they require additional 
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numbers of neurons to instantiate, and have low combinatorial flexibility (Singer & 

Gray, 1995). If binding were to be instantiated purely through rate coding, then incorrect 

feature conjunctions should be more prevalent than what is observed. 

However a temporal synchronization mechanism can provide effective spatial 

summation in neurons receiving input from synchronized input cells; thus increasing the 

saliency of cell assembly response selection (Singer, 1994). Members of an assembly 

are labeled by their synchronous firing; thus higher level cells can unambiguously 

differentiate between coexistent assemblies. In the case of reentrant processing, 

synchronized feedback from higher to lower levels could facilitate low level cell 

assembly response selection over high level output; a similar case could also be made for 

horizontal connections. Furthermore, such a timing mechanism has the advantage that 

through precise synchronization of cell firings, relationships among neurons may be 

defined with high precision. These relationships would be very flexible in that cells may 

quickly shift between assemblies by small changes in the temporal characteristics of their 

firing pattems. If one also considers the general advantages of assembly representations, 

such as resistance to loss of individual neurons, resistance to amplitude fluctuations, and 

economical utilization of available neuron populations, it seems that the temporal 

synchronization hypothesis provides an enticing solution to the binding problem. 

This temporal synchronization hypothesis does suffer from some problems. 

Simple models suggest that it is unlikely that neurons can reliably distinguish inputs 

synchronized by chance from inputs synchronized as the result of some functional 

relationship among the input neurons (Shadlen and Movshon, 1999), at least for firing 
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rates consistent with those that usually occur in the cortex. This poses problems for the 

account of von der Malsburg (1986) in that if cells can't distinguish between chance 

versus non-chance synchronization of inputs, then they cannot use synchronization as a 

tag determining cell assembly membership. However it can still be argued that 

synchrony can define precise relationships among neurons out of which binding results. 

It is commonly assumed that the material structures underlying cell assembly 

connectivity are the shared synaptic connections among constituent neurons, with the 

representational content of an assembly being realized by the particular spatiotemporal 

morphology of the synaptic matrix. It is well known that under certain conditions 

synchronized inputs can strengthen existing connections between neurons, or even create 

new ones, while inputs can be weakened or terminated by unsynchronized input, as in the 

phenomena of long-term potentiation (LTP) and long-term depression (LTD) (Malenka 

and Nicoll, 1999). Hence synchrony could sustain cell assembly creation through the 

facilitation of transient synaptic rewiring. 

However LTP and LTD are long-term phenomena, as the name suggests, and can 

last for hours, days, and even weeks; far longer than the millisecond time-scale of 

perceptual events. At present there is no known mechanism for the creation of transient 

synaptic connections that are associative; a condition which may be necessary for 

binding to have occurred. The short-term potentiation and depression processes that are 

currently known to exist are pre-synaptic and thus cannot be considered to be associative 

(McNaughton, 1982; McNaughton, Douglas, and Goddard, 1978). Until such a 

mechanism is discovered, the interpretation of synchrony as a binding mechanism must 
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be considered tentatively. Nonetheless, there does exist a large body of evidence for 

some kind of connection between binding and synchrony. 

Finally, neural synchrony has also been proposed as a mechanism for attentional 

selection. It has been suggested that synchrony may increase the influence of 

synchronized pre-synaptic neurons upon the cells to which they project post-synaptically 

(Fries, Reynolds, Rorie, and Desimone, 2001). Gamma-range oscillations would be 

especially efficacious because the input spikes would co-occur over short (10-20 ms) 

time scales. This would have the effect of increasing temporal summation (Salin and 

Bullier, 1995). This increase may even be obtained in situations when input firing rates 

are satiu'ated; although no further increase in firing rate may be obtained from these cells, 

any change in the synchronous co-occurrence of their output could still affect temporal 

summation at their post-synaptic targets. However it is not clear whether such an effect 

should be considered as the correlate of attention itself, or as merely a byproduct. It is 

plausible that some other relevant brain region may modulate and/or initiate synchrony 

of input cells, relegating synchrony to a secondary causal status with regards to attention. 

Empirical Evidence for Neural Synchronization - Animal Studies 

There exists a large body of empirical literature demonstrating that spatially 

separate neurons in the visual cortex of cats and monkeys can exhibit synchronous 

oscillatory activity in response to visual stimuli. The majority of these studies found 

oscillations within the 20-80 Hz frequency range (gamma oscillations) to covary with 

task and stimulus characteristics; although covariations with lower fi'equency oscillations 
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have also been reported (Schanze and Eckhom, 1997). These experiments have 

demonstrated neuronal synchronization within and across cortical areas, between 

cerebral hemispheres and cortical/sub-cortical regions, and across 

sensory/cognitive/motor modalities (Eckhom et al., 1988, 1991, 1993; Engel, Konig, 

Kreiter, Schillen, and Singer, 1992; Engel, Konig, Kreiter, and Singer, 1991; Engel, 

Kreiter, Konig, and Singer 1991; Gray & Di Prisco, 1997; Gray & Singer, 1987, 1989). 

Additionally, the probabilistic behavior of intra- and inter-areal cortical synchronization 

has been found to reflect Gestalt criteria (Engel, Kreiter, Konig, and Singer 1991; Gray, 

Konig, Engel and Singer, 1989; Schwarz & Bols, 1991). Individual cells have been 

shown to be able to swiftly switch the cells with which they are synchronized in response 

to changes in stimulus configurations, while several distinguishable assemblies have 

been demonstrated to form in response to configurations involving multiple stimuli 

(Engel, Konig, and Singer, 1991b; Kreiter & Singer, 1994). 

Finally, several of these experiments have shown that the patterns of synchronous 

activity have some relationship to the probable percepts inferred from the behavioral 

responses of the animal subjects to presented stimuli. Demonstrating a 

synchrony/perception relationship is important if one is to conclude that synchrony plays 

a key role in visual binding. For example. Fries, Roelfsema, Engel, Konig, and Singer 

(1997) examined synchronous responses to binocularly rivalrous stimuli presented to 

strabismic cats. The study found a decrease in synchrony between cells coding for 

stimuli that were behaviorally signaled by the animal as being perceptually suppressed 

relative to stimuli signaled as perceptually dominant. However there is some evidence 
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against a synchrony/perception relationship. The temporal synchronization hypothesis 

predicts that figure-ground segregation should be signaled by synchrony differences 

among cells coding for figure and cells coding for ground. There should be less 

synchrony between cells coding the figure or ground regions than between cells coding 

for figure and cells coding for ground. However a study of macaque monkeys by 

Lamme and Spekreijse (1998) failed to find significant differences in synchrony between 

VI cells coding for different regions and cells coding the same region. Such an absence 

of differential synchrony is important because it highlights the difficulty in concluding 

whether synchrony instantiates perceptual binding, some other perceptual function (such 

as attention; see below), or some other separate process indirectly related to perception. 

There is also empirical evidence relating neural synchrony to attention, although 

the studies demonstrating this are few in numbers. For example, Fries, Reynolds, Rorie, 

and Desimone (2001) recorded from cells in cortical area V4 of macaque monkeys while 

the animals attended to displayed target gratings and ignored distracters. Responses 

were measured from cells whose receptive fields overlapped attended and non-attended 

stimuli. During a delay period between an attentional orienting cue and onset of the 

stimuli, the spike-triggered average spectral power of the cells showed decreases in a low 

frequency range (approximately 10 Hz) and a slight increase in the gamma-range (35 -

60 Hz) for cell responses to attended stimuli. Furthermore, the low frequency response 

for cells to unattended stimuli was greater than for attended stimuli. However during 

stimulus presentation, gamma-band power responses for attended stimuli were enhanced, 

while low frequency responses were reduced. These gamma-band responses were 
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significantly greater for attended than unattended stimuli, but the reverse was true in the 

low frequency range. Overall this study demonstrates a relationship between attention 

and synchrony, but the nature of that relationship remains unclear. 

Empirical Evidence for Neural Synchronization - Human Studies 

At present the amount of published literature on neural synchrony in humans is 

small relative to the animal literature. Although the animal studies are important, it is 

equally important to observe neural synchrony in human populations. The high-degree 

of similarity between the nervous systems of higher non-human mammals and humans 

suggests that if neural synchrony serves a relevant function in animals, then it should 

also be present in humans during cognitive and perceptual tasks. Furthermore, the ability 

to collect verbal reports about perceptual experience facilitates investigations of the 

connection between synchrony and perception. 

Psvchophvsical studies. 

There have been a small number of psychophysical studies that have investigated 

the perception/synchrony relationship. These studies worked under the assumption that 

if some sort of timing code is a mechanism for feature integration, then it should be 

possible to affect feature binding by temporal modulation of presented stimuli. A classic 

example of this type of study is that of Alais, Blake, and Lee (1998). In this study 

participants viewed multi-stable displays in which four sine wave gratings drifted across 

the screen; two on top drifted up and to the left and right, respectively; two on the bottom 
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drifted up and to the right and left, respectively. The nature of the drift was such that at 

times the four separate elements were perceived as a single coherent diamond shape 

drifting upwards behind a subjective aperture, or as four non-coherent stimuli drifting 

independently. Obviously some sort of feature binding was necessary in order to 

integrate the four components into a unitary diamond shaped stimulus. 

The study's central manipulation was the contrast modulation of the sine wave 

grating in which the contrasts changed randomly in an oscillatory maimer (12.5 Hz to 75 

Hz). When the contrast modulation was uncorrelated for all four grating components, the 

gratings were more likely to be seen as independent. However if the gratings were 

modulated in synchrony then the components were more likely to be seen as a unitary 

diamond shape. The experimenters assumed that correlated visual input produces 

correlated cortical responses. Thus it was concluded that these results are supportive of 

the hypothesis that temporally correlated neuronal activity is relevant to feature binding. 

Similar effects of visual synchrony on feature binding have been found in other 

psychophysical tasks that require binding and segmentation (Elliott and Muller, 1998; 

Usher and Donnelly, 1998). 

However there is a problem moving from the assumption that correlated visual 

stimuli will produce correlated cortical responses to the conclusion that temporal 

synchronization is relevant to feature binding. As will be discussed below, two types of 

neural oscillations have been identified (Pantev, 1995; Singer, 1999); oscillations that are 

phase-locked to stimulus presentation, and oscillations that are not phase-locked to 

stimulus presentation. Presumably the flickering of visual stimuli would directly affect 
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phase-locked neural responses, and perhaps aflfect non-phase-locked responses indirectly. 

If the former types of responses are crucial for feature binding, then the conclusion of 

Alais et al. (1998) would be reasonable. However if non-phase-locked responses are the 

relevant responses, then any conclusions from pure psychophysical experiments utilizing 

flickering stimuli must be considered as tentative at best. The results of Alais et al. 

(1998) may have been fortuitous due to the particular effect their experimental 

manipulation had on non-phase-locked oscillations. However a different manipulation 

may produce ambiguous or null effects (Kiper, Gegenfurtner, and Movshon, 1996; 

Leonards, Singer, and Fahle, 1996). It is not yet known which types of oscillations are 

relevant to binding. However until more is known, it is best to view conclusions about 

neural synchrony from pure psychophysical studies with caution. 

Electrophysiological studies 

Human studies implementing both behavioral and electrophysiological measures 

are perhaps better equipped to assess the role of neural synchrony in perception and 

cognition. A significant number of studies have observed gamma oscillations via 

electroencephalography (EEG) and magnetoencephalography (MEG) recording methods 

during various cognitive and perceptual tasks. The majority of the studies reported in the 

literature utilize indirect measures of synchrony in that they are not measures of 

synchrony itself, but rather the consequences of such activity. Synchronized populations 

of neurons cause their resultant electrical fields to constructively summate, thus yielding 

measurable potentials at the scalp surface. The power of this activity suggests the degree 
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to which synchronization obtains; weakly synchronized activity leads to destructive 

interference and low measurable power at a given frequency, while the opposite occurs 

in the case of a high degree of synchronization. In contrast, the direct detection of 

synchrony requires measurement of the actual phase activity of the recorded EEG or 

MEG signals and would allow more precise determination of the topography of 

synchronous interactions across the brain. This is a result that is not possible with 

frequency power measures, which mainly detect frequency power changes due to 

localized (as opposed to long-range) interactions. The following sections will review 

studies utilizing indirect measures of synchrony, followed by one of the very few studies 

to utilize direct measures. 

Studies utilizing indirect measures of synchrony detection. 

Using MEG techniques, Ribary et al. (1991) found shifting topographical and 

temporal patterns of organized 40-Hz electrical brain activity of awake humans in 

response to auditory stimulation. The strong power of these responses suggests that 

these oscillations are phase-locked in time. Llinas & Ribary (1993) replicated these 

results and showed that the oscillations are "reset" by sensory stimuli in awake subjects. 

Oscillations that had decayed over time and/or whose degree of phase-locking had 

degraded over time were reinitiated with full amplitude and phase-locking when a new 

stimulus was presented. This study also found the presence of 40-Hz oscillations during 

rapid-eye-movement (REM) sleep states that are extremely reduced during deep delta 

sleep. Interestingly, no reset of the oscillations was observed after auditory stimulation 
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during REM or delta sleep, indicating a reduced degree of sensory processing during 

sleep states. In addition, the topography of the oscillation phase values changed with 

time; localized oscillations would change in phase, with the phase changes sweeping 

between rostral and caudal cortical regions over a 12 ms period. Llinas, Ribary, Joliot, 

and Wang (1994) observed similar results which, in conjunction with the earlier findings, 

has led these investigators to propose that the oscillations may originate in 40-Hz 

resonant thalamo-cortical loops. 

This oscillatory activity may be divided into two categories: evoked and induced 

oscillatory activity. Evoked activity is time- and phase-locked to the onset of the 

stimulus. As a resuh, oscillations of this nature are easily observed by the averaging of 

brain signals in the time-domain. In contrast, induced activity is neither time-or phase-

locked to the stimulus; thus time averaging analytical methods cannot reveal their 

presence. Instead frequency-domain analyses must be utilized. These analytical 

methods allow the behavior of the activity frequency distributions to be examined as they 

unfold and change over time. This enables observation of both the oscillatory activity 

that is time-locked to the stimulus and activity that arises transiently throughout the 

recording epoch afrer stimulus presentation. 

In this regard, Pantev (1995) applied time- and frequency-domain analysis to 

MEG recordings of subjects who participated in simple auditory stimulation and more 

complex word recognition tasks. Significant evoked activity in the gamma range was 

observed across the supra-temporal cortex during the first 100 ms after stimulus onset in 

response to transient auditory tone-bursts. However significant induced activity was 
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only observed after presentation of actual words and non-words. The activity induced by 

actual words was observed over both cortical hemispheres, while a significant left 

hemisphere decrease in induced activity was observed to occur after non-word 

presentation. Yordanova, Kolev, and Demiralp (1997) also observed a prevalence of 

evoked and induced gamma-band activity with similar temporal occurrences in response 

to a series of 50 ms auditory tones presented to subjects under passive listening, simple 

reaction, and choice-reaction tasks. These studies suggest that evoked activity may 

reflect the initialization of task-independent perceptual and cognitive processes, while 

differences in induced activity may relate to differential task conditions. 

There is evidence in humans suggesting an association between synchronous 

oscillatory activity and selective attention. Tiitinen, Sinkkonen, Reinikainen, Alho, 

Lavikainen, and Naatanen (1993) found a larger degree of evoked gamma-range spectral 

power responses to attended auditory stimuli than to unattended stimuli and a passive 

reading task. The enhanced responses were found over frontal and central regions of the 

scalp. It is interesting to note that power responses were present across all three 

conditions. This indicates that neural synchrony may be enhanced by selective attention, 

but does not constitute attention per se. Thus in experiments investigating the 

relationship between synchrony and binding, attention-related effects can be controlled 

for by introducing an experimental manipulation which holds attention constant across 

conditions. Any differential synchrony that would be observed should then be due to 

binding differences only. 
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There is a series of studies that investigated the relationship between synchrony 

and visual feature binding that included a manipulation controlling for the effects of 

attention. Tallon, Bertrand, Bouchet, and Pemier (1995) recorded evoked potentials 

from 12 participants while they were presented (500 ms duration) with a set of four 

stimuli; a real triangle, an illusory ICanizsa triangle, a Kanizsa triangle with inducing 

disks rotated so as to prevent the creation of subjective triangle contours, and an illusory 

Kanizsa triangle with bent contours. Although the rotated disk stimulus did yield a 

rough triangle percept due to the relative positioning of the inducing disks, only the real 

and illusory triangle stimuli produced a percept of a triangular surface bounded by 

contours (real or subjective). 

The presentations of the bent illusory triangles were randomly intermixed with 

presentations of the other three stimulus types. The participant's task was to detect the 

bent stimuli; the other stimuli were all non-targets. Hence any differences found 

between the real, illusory, and rotated disk stimuli could not be due to attentional 

differences as the result of target detection (none of the stimuli of interest were the 

targets of the participants' task). Furthermore, the task ensured that participants 

remained attentive across trials and was more or less equal across all conditions. Hence 

any differential synchrony cannot be attributed to a synchrony bias due to an inconsistent 

allocation of attention throughout the course of the experiment. 

The study found that all three types of stimuli produced evoked gamma activity 

centered at 38 Hz during the first 100 ms after onset. However induced gamma activity 

(centered at 30 Hz) was found to be significantly greater between 210 and 290 ms for the 
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real and illusory triangle stimuli than for the rotated disk triangle. Both of these 

components had clear spatial topographies: the early 38 Hz evoked component was 

significant over the entire scalp for all three stimulus conditions. However the 30 Hz 

induced activity was significant only over occipital central-parietal regions for the real 

triangle, and over central occipital-parietal-frontal regions for the illusory triangle. These 

patterns of evoked and induced activity across conditions provide support for the idea 

raised earlier that evoked activity may reflect the initialization of task-independent 

perceptual and cognitive processes, while differences in induced activity may be task-

dependent. 

Although significant, the power of the induced activity was very small relative to 

the evoked activity. This may have been partly due to the method of data analysis used 

in this study. Frequency specific activity was assessed by the performance of a wavelet 

transform on the evoked potentials for each subject, the results of which were then 

averaged across all subjects. Some of the non-phase-locked activity may have been 

canceled out during the calculation of the evoked potentials. A later study (Tallon-

Baudry, Bertrand, Delpuech, and Pemier, 1996) addressed this issue by computing the 

wavelet transform of individual EEG trials and then averaging the results across all trials 

and subjects. Using the same stimuli as Tallon et al. (199S) the study found equal 

evoked 40 Hz activity around 90 ms for all stimulus types, but the real and illusory 

triangles elicited more 30-40 Hz induced activity between 200 - 300 ms than for the 

rotated disk stimuli. The spatial topography of the early evoked activity was similar to 

that found in the earlier study. In contrast, the responses to the real and illusory triangles 
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were spread much more widely over the entire scalp. In addition, the power of the 

induced responses was much greater than previously found. A similar pattern of evoked 

and induced responses was found in another study (Tallon-Baudry et al., 1997) in which 

the central task was to discriminate between neutral distracters and displays portraying a 

Dalmatian dog hidden within meaningless black blobs on a light gray background. 

The results of these studies (Tallon et al. 1995; Tallon-Baudry et al. 1996, 1997) 

suggest that synchronous oscillations play a role in visual feature binding. Since some 

kind of a triangle was perceived in all four conditions (including the rotated disk 

triangle), each condition would require binding to some degree. However a greater 

degree of binding would be necessary for the real and illusory triangles in that perceiving 

these stimuli requires the creation of triangular surface and contour representations. 

Presumably these representations would arise out of the binding together of the many 

real or illusory contour elements that were present in the real and illusory stimuli and not 

present in the rotated disk stimuli. If neural synchrony is a binding mechanism, then 

more or more extensive synchronous oscillations should have been present during 

conditions of real and illusory triangle perception relative to perception of the rotated 

disk triangles. This was precisely the result obtained for induced activity in the studies 

of Tallon-Baudry and colleagues, albeit using an indirect measure of synchrony. 

Studies utilizing direct measures of synchrony detection. 

As stated earlier, the direct detection of synchrony would require measurement of 

the actual phase activity of the recorded EEG or MEG signals. One approximation to 
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directly measuring the phase activity of brain signals is to calculate their coherence. 

Coherence is a complex correlation coefficient that measures the degree of linear 

association of two signals at a particular frequency over a pre-defined epoch. Coherence 

is expressed as a real number between 0 and 1; a perfect linear association between two 

signals would yield a coherence value of 1 and an absence of linear association would 

produce a value of 0. Using this measure Mima, Oluwatimilehin, Hiraoka, and Hallet 

(2000) demonstrated a significant increase in EEG alpha-band (8-12 Hz) coherence 

across occipitotemporal areas when subjects passively viewed pictwes of real objects 

versus scrambled versions of the same objects. Similarly, Srinivasan, Russell, Edelman, 

and Tononi (1999) found an increase in MEG alpha-band coherence across the visual 

cortex during conscious perceptual dominance of binocularly rivalrous stimuli, as 

compared to periods of non-dominance. These results' are consistent with the hypothesis 

that synchronous interactions among these brain regions support the binding together of 

object stimulus features into a unitary representation, an event that presumably was not 

achieved (or achieved only partially) in the scrambled object condition and the non-

dominance condition of the two studies mentioned above. However coherence suffers 

from the problem that it is not a pure measure of phase relationships between signals, but 

also factors in amplitude covariations as well (Lachaux et al., 2000; Lachaux, Rodriguez, 

Martinerie, and Varela, 1999). For example, if two signals are oscillating out of phase 

' . It is interesting, given the results of Tallon-Baudry and colleagues, that Mima et al. (2000) and 
Srinivasan et al. (1999) did not report significant differential synchrony in the gamma-range. One 
possibility is that these differences result from comparing indirect (spectral power) vs. quasi-direct 
(coherence) measures of neural synchrony. Another possibility (to be discussed in the results sections for 
Experiment 1) is that common reference electrode activity may have contaminated the raw EEG data of 
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with one another, yet undergo simultaneous amplitude increases, then the coherence 

calculated between these two signals would still be high. Coherence measures also rely 

on a substantially long epoch for their calculation (on the order of hundreds of 

milliseconds); thus the temporal resolution of this analysis method is low. Thus neither 

the Mima et al. (2001) nor the Srinivasan et al. (1999) studies can claim to have directly 

measured phase interactions across the cortex. 

Direct detection of synchrony requires an analytical method that measures phase 

relationships between signals independent from amplitude relationships with fairly 

precise temporal resolution. Such a method has been developed by Lachaux et al. 

(1999). In this method, wavelet transforms are performed on the recordings from each 

surface electrode over individual trials. The instantaneous phase values of the 

transformed signals are then extracted for each time point within a trial. This allows the 

comparison of the degree of phase-locking between two electrodes at a given time for 

each trial. These phase-locking values are then averaged over trials and subjects to yield 

a direct measure of synchronous activity. 

Using this method, Rodriguez, George, Lachaux, Martinerie, Renault, and Varela 

(1999) demonstrated the direct involvement of gamma-range synchronous oscillatory 

activity in human visual cognition. Participants in this study viewed Mooney faces 

(Mooney, 1956; see Figure 1) while electrical brain activity was measured via EEG. The 

stimuli were presented for 200 ms in both upright and inverted orientations with upright 

stimuli more likely to be seen as faces and inverted stimuli more likely to be seen as 

Tallon-Baudry and colleagues, and that this resulted in the production of artifactual synchrony (an outcome 
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black and white non-face percepts. Subjects reported (via button press) whether or not 

they perceived a face during a given trial. For the trials where upright presentations were 

perceived as faces (Up/Faces) and where inverted presentations 

were not perceived as faces (Inv/No Faces) both spectral power and phase synchrony 

(summed across trials, electrodes, and subjects) were calculated for the EEG data. 

Phase synchrony in gamma activity related to perception was found only for 

Up/Faces trials, where it reached a maximum at approximately 230 ms. In addition, 

phase synchrony in gamma activity related to making a response was observed across 

both experimental conditions. A decrease in synchronization was found on these trials 

just before a second period of synchrony related to the participants making a motor 

response indicating that they saw a face. Measurement of average scalp distribution of 

gamma activity and phase synchrony allowed the determination of which large-scale 

cortical regions exhibited phase synchronization during the perceptual event and the 

subsequent motor response. Although gamma power was found to be spatially 

homogeneous and similar across both the Up/Faces and the Inv/No Faces trials over time 

Figure 1. - Example upright and inverted Mooney face stimuli 

that may then call into question the results of Tallon-Baudry and colleagues). 
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(except for amplitude differences), the pattern of phase synchrony was found to be 

spatially inhomogeneous and variable over time between conditions. In the Up/Faces 

trials synchrony was observed over left parieto-occipital and frontotemporal cortical 

regions; this was followed by a decrease in synchronization that was observed bilaterally 

over parietal and occipitotemporal regions. 

Rodriguez et al. (1999) interpreted the first synchrony increase during the 

Up/Faces trials as corresponding to phase interactions involved in the binding of visual 

object spatial features into a recognizable object, i.e. a face. The second synchrony 

increase was interpreted as corresponding to the phase interactions underlying the creation 

and execution of motor representations and responses to the stimuli. The intervening 

period of synchrony decrease was interpreted as reflecting a process of active 

disengagement of cells from established neural assemblies underlying the perception event 

to allow the creation of new assemblies necessary for the motor act. 

It is curious that Rodriguez et al. (1999) found no synchrony during the perception 

period of the Inv/No Faces condition when Tallon-Baudry et al. (1996) did find evoked 

synchrony during their control condition. These differences may be due to inherent 

differences between indirect and direct synchrony measures. However if synchrony is 

truly related to binding, then it is unclear why no synchrony was observed during the 

perception period of the inverted condition because conscious perception was still ongoing 

during this condition. Even though these stimuli were perceived as meaningless on a 

global scale, some local feature binding must have obtained in order for subjects to 

perceive the features of the inverted stimuli and to make judgements based upon those 
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perceptions. Furthermore, no efforts were made in this study to minimize the possible 

effects of target detection and degree of attentional allocation on synchrony. As such, the 

interpretation of Rodriguez et al. may only be considered as tentative at best. 

While the studies reviewed above suggest a relationship between neiu-al 

synchrony and conscious perception in humans, the actual functional significance of 

neural synchrony remains questionable. The experiments of Tallon-Baudry and 

colleagues controlled for the effects of attention on synchrony, but used an indirect 

measure of synchrony based upon frequency power changes which mainly index 

localized (as opposed to long-range) interactions. The study of Rodriguez et al. (1999) 

did utilize direct synchrony measures, but did not control for the effects of attention upon 

synchrony. What are needed are experiments that seek to uncover the relationship 

between direct measures of neural synchrony and conscious perceptual organization, 

while simultaneously accounting for the possible influence of attention upon 

synchronous behavior. 

The second experiment described here attempted to achieve this by the use of an 

experimental design in which selective attention was held constant throughout stimulus 

presentation. Because of failures to replicate other types of studies, the present study 

began with a replication (Experiment I) of Rodriguez et al. (1999). The question of what 

neural synchrony reflects was addressed in a second experiment (Experiment 2) in which 

longer exposure duration of the Mooney face stimuli allowed examination of the time 

course of neural synchrony during conscious perception. In addition; a secondary task 
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was introduced in Experiment 2 that ensured that participant's attention was held constant 

across all trials and conditions. 

It should be noted here that while collecting and analyzing the data fi-om 

Experiment 1, certain methodological problems were uncovered that cast doubt on 

Rodriguez et al.'s interpretation. A subsequent improved analysis was conducted which 

failed to find significant differences between conditions for Experiment 1, but did Hnd 

significant differences for Experiment 2. The nature of this reanalysis and its 

consequences for the interpretation of neural synchrony will be discussed in the analysis 

and results sections of Experiment 1, as well as in the General Discussion section. 
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EXPERIMENT 1 - OVERVIEW 

The purpose of Experiment 1 was to replicate the results of Rodriguez et al. 

(1999) so that the investigation could be expanded from there. The basic design for 

Experiment 1 was very similar to that of the Rodriguez et al. study. Participants were 

presented with the upright and inverted Mooney faces for a 200 ms exposure duration, 

after which they responded whether or not they saw a face. The only modification that 

was made to the original design was the introduction of a third set of Mooney face 

stimuli whose features had been rearranged so as to render a face interpretation to be 

highly unlikely. Early pilot experiments suggested that during inverted face 

presentations subjects may report seeing a face when they saw individual face parts, 

rather than the whole face. The scrambled stimuli were introduced in order to reduce the 

instances of face reports based on partial face perception. In addition, the lack of any 

"facelike" features in the scrambled stimuli also helped to control for the possibility that 

any synchrony observed in the Inv/No Faces condition was due to activation in response 

to the presence of an actual (albeit inverted) face stimulus. Since inverted stimuli can be 

seen as faces when presented upright, they might access an unconscious face memory 

when inverted, but not enough to exceed the threshold for conscious awareness or 

response. In the scrambled condition, not even unconscious access to a face 

representation is expected. Hence trials where scrambled stimuli were not perceived as 

faces (Scr/No Faces) should provide a more neutral comparison condition for the 

Up/Faces condition. 
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Methods 

Participants 

For Experiment 1,12 undergraduates (6 males and 6 females) were recruited from 

the University's undergraduate subject pool. The subjects had a mean age of 19.3 ± 0.31 

years, a mean education level of 13.3 ± 0.42 years, and were all right-handed. All 

participants were fully informed of the recording technique, methods, and proceedings 

before their consent to participate was obtained. 

Stimuli and Procedure 

The stimuli consisted of 40 Mooney faces presented in both upright and inverted 

orientations, plus 20 scrambled Mooney faces generated from the original stimulus set (see 

Figure 2). The scrambled stimuli were created by selecting various stimulus features and 

rotating them 45° - 90° in a commercial graphics program (Adobe Photoshop, Adobe 

Systems Inc., San Jose, CA, USA). The rotations were made such that the total number of 

horizontal and vertical contours were preserved in the transformation, thus ensuring that 

Figure 2. • Example upright, inverted, and scrambled Mooney face stimuli 
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the spatial frequencies of the scrambled stimuli were approximately equal to those of the 

original stimuli. However in some cases changes were also made to the curvature 

relationships of the rotated stimulus features in order to minimize the spontaneous 

perception of a "facelike" stimulus in the scrambled stimuli. Each face was created in two 

facing directions (lefl/right) and two vertical orientations (upright/inverted) to yield a total 

of four versions of each stimulus. All stimuli consisted of computer presented images (7.2 

cm X 10.5 cm) subtending an approximate visual angle of 7° x 10°. Participants viewed 

stimuli from a distance of 60 cm while seated in a comfortable chair in a dimly-lit, sound-

attenuated room. Stimulus materials were presented to the participants on a 19" computer 

CRT screen, and responses were recorded by an IBM-compatible PC with a Pentium 

microprocessor. 

All stimuli were displayed within a rectangular cue centered on the screen. The 

rectangular cue was such that it outlined the perimeter of the stimuli and remained 

displayed throughout the experiment. Participants were instructed to fix their eyes within 

the center of the rectangular cue during each experimental block. Following a training 

block of 20 trials (S stimuli not included in the experimental set shown facing both left and 

right in upright and inverted orientations), participants received eight experimental blocks 

of 60 trials. The stimuli were presented in a controlled random order such that each 

Mooney stimulus was presented only once (upright or inverted, original facing direction or 

mirrored facing direction) in each block. Each stimulus was presented once in each 

combination of orientation and facing direction over the first four blocks: the last four 

blocks were exact repetitions of the first four. The original 40 Mooney face stimuli were 
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divided into four groups: two groups with an original facing direction to the left, two 

groups with an original facing direction to the right. Four different running orders were 

created that rotated the stimulus orientation of the initial presentation of each these groups, 

ensuring that each group was presented across all four different ordering possibilities over 

the four running orders. Subjects were assigned to each running order in a sequential 

manner (i.e. subject I received running order 1, subject 2 received running order 2, etc.). 

The stimuli were presented for 200 ms, with an interstimulus interval of 2000 ms. 

The participants responded to the stimuli using response buttons mounted on joysticks 

held in each hand. The task of the participants was to report if a face was perceived or not, 

whatever its orientation. They pressed one button when they saw a face and the other 

button when they did not see a face. The button for face responses was always assigned to 

the subject's dominant hand. Subjects were instructed to report their perception at first 

glance, to report seeing a face only if a complete face was perceived, and to report as 

quickly as possible after they had determined their initial perception. Percent face 

recognition and reaction time to stimuli were recorded and analyzed offline. 

EEG Recordings 

Thirty channels of EEG were recorded over the scalp. The recording apparatus 

consisted of 30 Ag/AgCl electrodes mounted in an electrode cap with 2 additional bipolar 

electrode pairs outside the cap to monitor vertical and horizontal eye movements. 

Recording sites in the electrode cap included FZ, CZ, PZ, OZ, FCl, FC2, FC5, FC6, C3, 

C4, T7, T8, CPl, CP2, CPS, CP6, P3, P4, P7, PS, P03, P04, Ml, M2, P9, PIO, P09, 
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POlO, 09, OlO with respect to a nose ground reference. Two pairs of Ag/AgCl bipolar 

recording leads recorded eye movements and blinks (EOG), affixed to the outer canthi and 

also to the superior and inferior orbit of the left eye. All channels were amplified using a 

Grass model 12 neurodata system and were bandpass filtered between 0.01 - lOOHz. The 

recording sampling rate was 1024 Hz. The data were later decimated offline to 512 Hz in 

order to reduce data analysis computational time. All electrode impedances were kept 

below 5 k-ohms. All muscle artifacts were removed from the raw EEG record by visual 

inspection, and an automatic correction algorithm was implemented for the correction of 

eye movements and blinks (Neuroscan, Neurosoft Inc., Sterling VA, USA). An epoch was 

defined as starting 350 ms prior to stimulus onset and ending 1000 ms after stimulus onset. 

Psvchophvsical/Behavioral Data Analysis 

The proportions of facial recognition across upright, inverted, and scrambled 

conditions, respectively, were calculated for each subject and then averaged across 

subjects. Only cases of upright stimulus presentations that were perceived as faces 

(Up/Faces), inverted presentations that were perceived as non-faces (Inv/No Faces), and 

scrambled presentations that were perceived as non-faces (Scr/No Faces) were calculated. 

Reaction times were calculated for all three conditions for each subject and then averaged 

across subjects. Reaction times < 200 ms were not included in the averages. To 

statistically assess differences between conditions, within-subjects repeated measures t-

tests were performed on the calculated proportions of facial recognition and reaction time 

data. 
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Electrophysiological Data Analysis 

Two different forms of electrophysiological data analysis were performed on the 

data of Experiment 1. Analysis 1 uses the method employed by Rodriguez et al. (1999). 

Methodological difficulties uncovered during the data collection and initial analysis of 

Experiment 1 led to a modified, improved method of analysis (Analysis 2). This section 

will detail the methods of Analysis I. Analysis 2 and its results will be detailed in a later 

section after the results of Analysis 1 have been discussed. 

Analysis I (Method Used by Rodriguez et al.. 1999) 

Analysis was restricted to epochs in which upright stimulus presentations were 

perceived as faces (Up/Faces), and inverted and scrambled presentations were perceived as 

non-faces (Inv/No Faces and Scr/No Faces, respectively). Analysis of the other possible 

cases (such as upright presentations perceived as non-faces [Up/No Faces], inverted 

presentations perceived as faces [Inv/Faces], etc.) was prohibited due to the small number 

of trials during which these cases obtained. All epochs underwent a wavelet-based time-

frequency analysis over the upper beta and gamma-ranges (20-60 Hz) using Matlab 

computing software (The Math Works, Inc., Natick, MA, USA). The method of analysis 

was developed by Lachaux et al. (1999). In this method, the raw EEG data was first band

pass filtered around a selected frequency of f ± 2 Hz. The filtered signal was then 

convoluted with a complex Morlet wavelet that has a Gaussian shape in both the fi-equency 

and time domains (Mallat, 1999). Given the raw signal S(t) and the wavelet 0(t,C), the 

convolution of the signal and the wavelet is defined as 
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W(t,f)= I S(t)<D(t-t',f)df (1) 
-<X3 

where 0(t,f) = (at^ exp (-t^/2a,^) exp{i27ift} and a, is the standard delation in the 

time domain around the central frequency f. This form of the wavelets 0(t,f) are 

normalized such that their total energy is equal to unity. The complex Gaussian shaped 

function W(t,f) is the wavelet transform of S(t) and represents the portion of the signal that 

is oscillating at a given frequency at a given time in the time-frequency plane. The 

standard deviations in the time and frequency domains are related by the uncertainty 

relationship Of = l/(27io,) (Mallat, 1999) and together with the frequency form a wavelet 

family characterized by a constant ratio a = (f /Wf) (Tallon-Baudry, 1997). The value of 

this ratio should be chosen to be greater than 5 (Grossman, Kronland-Martinet, and 

Morlet, 1989) to ensure convergence of the convolution integral in numerical 

approximations; for this study the ratio parameter was chosen to be a = 10. For a 

frequency f = 20 Hz this yields a wavelet duration of (2CT,) = 159 ms with a frequency 

spread of (lor) = 4 Hz , while f = 60 Hz yields a duration of (2ff,) = 53 ms with a 

frequency spread of (2af) = 12 Hz. The Gaussian shaped Morlet wavelet transform used 

here gives the best compromise in the necessary trade-off between time and frequency 

resolution (Mallat, 1999), with more precise frequency resolution at lower frequencies and 

better temporal resolution at higher frequencies. 

A wavelet transform was calculated for each electrode and epoch followed by 

calculation of the real function P(t,f) = |W(t,f)|-, which represents the spectral power of 

the signal. The data were then resampled by retaining every eighth data point in order to 
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reduce computation time. Over a 1350 ms observation period spanning -350 ms to 1000 

ms, this procedure yielded a total of 86 data points for each electrode and frequency. 

The results of this transformation were then normalized with respect to a pre-stimulus 

baseline. For each electrode, an average power and standard deviation was 

computed over the 250 ms baseline period between -350 to -100 ms prior to stimulus 

onset (a total of 16 resampled data points). Thus the normalized frequency power was 

calculated as 

(2). 
^base 

The -100 ms boundary was chosen so as to minimize any post-stimulus activation that may 

have contaminated the pre-stimulus power values as a result of the temporal spread of the 

wavelet function. Such contaminants could artificially raise the baseline mean and 

variance and thus introduce error into the calculation of post-stimulus values. The 

normalization was calculated for each frequency band. The normalized values were then 

averaged across electrodes and subjects to produce a grand average spectral power map of 

the global EEC responses over time for each condition. 

While these maps provide a qualitative measure of the power distribution for each 

condition, a more restricted global measure was used for the purpose of statistically testing 

the time course of the spectral power. In this measure, spectral power values associated 

with the frequency fo of each subject's maximal spectral power activity in the upright 

condition (averaged across electrodes) during the middle portion of the perception period 

(ranging from 150 - 250 ms) were extracted for the entire pre- and post-stimulus time 
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period. These values were then averaged across all subjects to yield a single grand-

averaged global measure of spectral power across time. To assess local power responses, 

power values at each individual electrode were averaged across subjects and predefined 

175 ms time bins; the resuhs topographically plotted across the head. 

Synchrony between electrodes was calculated via the method developed by 

Lachaux et al. (1999; 2000). This method is designed to detect synchrony in precise 

frequency ranges between two recording electrodes. The method analyzes responses from 

a repeated stimulus and seeks to uncover temporal latencies at which the phase difference 

between the two electrodes varies minimally across trials. For each electrode the phase 

<|)(t,f,n) of the filtered signal was extracted for all time points t, trials n [1,....,N], and 

frequencies f. The degree of phase locking (called phase locking value or PLV) between 

two electrode pairs at frequency f and time t was then calculated as 

PLV(tJ) = 

^exp(/^(/,/,/i) 
n(I 

(3) 
N 

where 0(t,f,n) is the phase difference «t>i(t,f,n) - (|>2(t,f,n) between the electrode pairs. The 

phase locking value measures the intertrial variability of the phase locking between two 

electrodes; if the phase difference varies minimally across trials then the PLV is close to 

one, while if there is high variability across trials, the PLV is close to zero. The PLVs 

were normalized to the pre-stimulus baseline in the same manner as the spectral power 

values. As in the case of spectral power, PLVs associated with the frequency C of each 

subject's maximal spectral power activity in the upright condition (averaged across 

electrodes) during the center portion of the perception period (ranging from 150 - 250 
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ms) were extracted for the entire pre- and post-stimulus time period (again following 

Rodriguez et al., 1999). These values were averaged across all subjects to yield a grand-

averaged global measure of the phase synchrony time course. To assess phase-locking 

values between individual electrode pairs, PLVs were averaged across subjects for each 

pair, the results of which were topographically plotted in a manner to be described 

below. 

Significant global PLV and spectral power P differences between conditions were 

determined via one-tailed Wilcoxon t-tests performed at each time point to test the apriori 

hypothesis that the power and phase synchrony is significantly greater for the Up/Face 

condition than for the Inv/ No Face and Scr/No Face conditions. Performing a statistical 

test at each time point allows the assessment of the significance of synchrony as it emerges 

fi-om baseline behavior. Bonferroni corrections for multiple comparisons were not 

performed, as successive data points do not meet the requirements of statistical 

independence (due to the inherent spread of the wavelet). To address this, only sequential 

runs of four or more significant time points were reported; significance runs of less than 

four time points were ignored. 

In addition, the significance of measured PLVs from random background 

synchronization was tested. In this test, 200 new series of variables were created that have 

the same characteristics of the signal measured from electrode 2, yet are independent of 

electrode 1. This was achieved by randomly sampling the trials recorded from electrode 2 

to make a new series of trials y'(n) = y(sample(n)), where y(i) is the signal from electrode 

2 during trial i. These series are then used to compute 200 PLV distributions between 
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electrodes 1 and 2. The 200 sampled PLV distributions were calculated for each electrode 

pair, time point, and subject. The distributions were then averaged across electrode pairs 

and subjects to yield a grand averaged distribution of baseline synchrony values 

representing the probability of randomly coincident or background phase synchrony. The 

mean and 99% confidence limit (± 3 standard errors) of this distribution was plotted along 

with the data from the experimental conditions. Data values that fall outside of the 

confidence limits were interpreted as being significantly different from the sampled 

synchrony baseline at the p < .01 (two-tailed) level. 

Topographical measures of synchrony over individual electrode pairs were 

assessed by dividing both the experimental and baseline series into 175 ms bins for 

each subject (Rodriguez et al., 1999). For each bin an average phase synchrony 

PLVjj(Bk) was calculated for each electrode pair ij across the frequency fo of a subject's 

maximal spectral power activity. The time change in synchrony was then defined as 

^PL V^j (B, ) = PLV.{B,)-PLV,j (5,.,) (4). 

As for the global measures, sampled baseline trials were calculated for each electrode 

pair 200 times and averaged across subjects. This produced a distribution of 200 grand 

averaged baseline PLV differences for each electrode pair. A APLV between electrodes i 

and j at time t that was greater than (or less than) all of the 200 baseline values was 

considered to be statistically significant at the p < .01 level (two-tailed). Significant 

positive and negative APLVs were plotted topographically across the head for each time 

bin. 
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Results and Discussion: Analysis 1 

Behavioral Results 

Participants reported seeing more faces in the Up/Faces condition than in the 

Inv/No Faces condition(72% ±4% vs. 31%±6%, t(ll) = ll.67; p < .01 (two-tailed)) or 

the Scr/No Faces condition (72% ± 4% vs. 5% + 2%, t (11) = 19.67, p < .01 (two-

tailed)), respectively. In addition, they reported seeing faces significantly more often in 

the Inv/No Faces condition than in the Scr/No Faces condition (31% ± 6% vs. 5% ± 2%, 

t (11) = 5.67, p < .01 (two-tailed)). 

Reaction times to correct face responses in the Up/Faces condition were not 

significantly shorter than correct no face responses in the Inv/No Faces condition, 

although a within subjects t-test for related samples showed a trend towards significance 

(627 ms ± 25 ms vs. 688ms ± 34 ms, t (11) = -1.75; p < .055 (one-tailed)). Reaction 

times to correct face responses in the Up/Faces condition were not significantly shorter 

than correct no face responses in the Scr/No Faces condition (t (11) = 0.07, ns). 

Interestingly, reaction times to the Scr/No Faces condition were significantly shorter than 

in the Inv/No Faces conditions (625 ms ± 28 ms vs. 688 ms ± 34 ms, t (11) = 3.88 ; p< 

.01 (two-tailed)). This difference may be due to unconscious face detection or partially 

conscious face detection (i.e. only part of a face was perceived) in the Inv/No Faces 

condition. Such detection, although unconscious or partially conscious, might have 

interfered with conscious decision making processes, leading to slower No Face 

responses. Since no face or face-like features were present in the Scr/No Faces 
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condition, such decisional interference would not be present and response times would 

thus be slightly faster than in the inverted condition. Finally, no differences were found 

between the four stimulus orientation ruiming orders. 

Global Time-Frequency and Phase Svnchronv Results 

Figure 3 shows the grand-averaged time-frequency spectral and synchrony power 

maps for each condition. All three spectral power maps exhibit qualitative increases in 

evoked and induced spectral power with respect to the 250 ms pre-stimulus baseline 

during the 200 ms stimulus presentation period. A second increase is also present across 

all three conditions from 500 - 1000 ms during the period surrounding the motor 

response. 

The spectral power results almost exactly parallel those of Rodriguez et al. 

(1999). With regards to synchrony power, the Up/Faces and Inv/No Faces maps both 

exhibit increases with respect to the pre-stimulus baseline during the stimulus 

presentation period, with the former increase spread across a 23 - 43 Hz range while the 

latter increase is restricted to the 23 - 29 Hz range. While the Up/Faces increase is in a 

range similar to that found in Rodriguez et al., the result for the Inv/No Faces condition 

is extremely different; the prior study found no substantial synchrony for the inverted 

condition during the perception period. However, the synchrony map for the Scr/No 

Faces condition shows little qualitative synchrony increase during the stimulus 

presentation period; a result similar to that found for the inverted condition of the 

Rodriguez et al. study. All three conditions show marked increases across most 
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Figure 3. Time-frequency maps of spectral and synchrony power averaged across 
electrodes, trials, and subjects in all three conditions. Power values have been 
normalized with respect to 250 ms pre-stimulus baseline; color scale shows regions of 
increase (light shading) and decrease (dark shading) indicated in standard deviations 
from the baseline. 

frequency bands from approximately 500 - 1000 ms during the motor response period, 

paralleling the results for frequency power. Again this is consistent with the results of 

Rodriguez et al. (1999). 

The results for the global time course analysis are shown in Figure 4. The spectral 

power (Figure 4A) exhibited two main peaks over an average frequency band of 36 ± 2 

Hz. The first peak occurred at approximately 230 ms post-stimulus onset and was 

contained within a time period (0 - 422ms) in which the Up/Faces response was 

significantly greater that the responses for the inverted and scrambled conditions (p < .05). 

The second peak was broader in morphology and spanned the interval from 500 - 1000 ms. 
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No significant differences were found for time points in this interval. These results are in 

agreement with those of Rodriguez et al. (1999); the authors of that study interpreted the 

first gamma-band peak as being a correlate of perceptual processes and the second peak as 

perhaps reflecting post-perceptual processes. 

Gamma-band synchrony power (Figure 4B) also exhibited two peaks for the 

Up/Faces and Inv/No Faces conditions that were outside of the 99% confidence interval 

set by the baseline data. Synchrony for the upright presentation condition reached a 

maximum at approximately 234 ms, decreased sharply, and then increased to a second 

maximum at approximately 609 ms after stimulus onset. Although the pattern of increase 

followed by decrease is the same as that reported in Rodriguez et al. (1999), in the present 

study the decrease in synchrony (or desynchronization) found in the Up/Faces condition 

was not significant, a result contrary to that reported in the original study. Rodriguez et al. 

found a significant desynchronization centered at 500 ms interspersed between the peaks 

within the perception and motor response periods. The synchrony for the inverted 

condition exhibited a similar morphology, with the first peak occurring at 172 ms and a 

second double peak with maxima at 578 ms and 781 ms. A desynchronization period 

centered atSOO ms was present, but it was not significant. The presence of an early peak 

during the inverted presentation condition is a new result that was not present in the 

original Rodriguez et al. study. Significant differences between the upright and inverted 

conditions occurred over a 54 ms time period (219 - 375 ms) that included the first peak, 

with the Up/Faces condition significantly greater (p < .05) than the Inv/No Faces 

condition. 
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Figure 4. Time courses for spectral power and phase synchrony indicated in standard 
deviations from the 250 ms pre-stimulus baseline. All graphs are grand averages over 
electrodes, trials, and subjects in the Up/No Faces (thick line), Inv/No Faces {ihin line), 
and Scr/No Faces {dash-dot line) conditions. A) Spectral power grand averaged across 
each subject's maximum y-band activity. All three conditions follow similar time 
courses, with significant amplitude differences from stimulus onset until -230 ms. The 
horizontal line represents the region of significance (p < .05) for the upright vs. inverted 
conqiarison (Up/Inv) and upright vs. scrambled comparison (Up/Scr). B) Synchrony 
power grand averaged across each subject's maximum y-band activity. The dashed line 
represents shuffled data; the grey strip indicates dispersion of shuffled data ± 3 standard 
errors. The thin horizontal lines represent the regions of significance (p < .05) for the 
indicated comparison conditions. Thick horizontal bars intersecting the data plots 
represent ± standard error of the reaction time. For both spectral and synchrony power 
graphs, the temporal spread of the wavelet plus expectation effects due to the constant 
interstimulus interval (ISI) account for results that obtain before stimulus onset. 

The Scr/No Faces condition did not exhibit an initial peak, but instead decreased 

rapidly to a minimum at approximately 48 ms and then slowly increased throughout the 

trial until the response period, during which it peaked at approximately 718 ms. 

Synchrony during the scrambled condition was significantly lower (p < .05) than the 

upright and inverted conditions from 0 - 469 ms and 0 - 265 ms, respectively. There were 

no significant differences between the scrambled and upright conditions during the 

response period, but there was a significant difference (p < .05) between the scrambled and 

inverted conditions for the period between 781 - 1000 ms. 
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In contrast to the three experimental conditions, the sampled baseline data did not 

change much over the entire trial period and showed limited variance. This suggests that 

the findings within the three experimental conditions were not due to random phase 

coincidences but instead represent functional phase interactions that are significantly 

different from baseline behavior. 

Spectral power and synchrony topographies are illustrated in Figure 5. The pattern 

of spectral power was spatially homogenous and similar across conditions, increasing 

slightly during the second time window (176 - 350 ms) and again in the fourth time 

window (526 - 700 ms). In contrast the synchrony patterns varied across conditions both 

spatially and temporally. The Up/Faces condition was mainly characterized by an initial 

increase in synchrony throughout the first two time windows that corresponds with the 

perception period of the observation window. This synchrony was bilaterally distributed 

across the scalp, although there was a slight trend towards left-hemisphere lateralization 

during the initial (0 - 175 ms) time period. The third time window (351 - 525 ms) was 

marked by a bilateral distribution of desynchrony, followed by another synchrony increase 

over the fourth time window (526 - 700 ms) during the motor response period. These 

results are nearly consistent with those of Rodriguez et al. (1999), except for the 

synchrony increase during the 0 - 175 ms time window (which was absent in the original 

study) and the bilaterality of the synchrony distribution over the 176 - 350 ms period. The 

original study found a left hemisphere distribution for the synchrony increase during the 

second time window. 
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Figure 5. Average y-band power and phase synchrony over the surface of the scalp. The color scale 
indicates the spectral power averaged across each subject's maximum y-band activity at each electrode over 
175 ms time bins spanning from stimulation onset to period of motor response. Lines between electrodes 
indicate significant phase synchrony, where a line is drawn only if the synchrony value is significantly 
greater (or less than) similar values calculated from the shuffled data at the p < .01 level. The thickness of 
the lines indicates the relative synchrony magnitudes, with thicker/thiimer lines representing larger/smaller 
synchrony values. The color coding for the lines indicates a significant increase (dark line) or decrease 
(light line) in synchrony relative to the preceding time bin. 
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The Inv/No Faces condition also exhibited an initial bilateral increase in synchrony 

during the first time window (with some desynchrony), followed by a mainly de-

synchronous period throughout the next two windows. The final time window concluded 

with a marked bilateral synchrony increase. This temporal pattern differed significantly 

firom the inverted condition results of Rodriguez et al. (1999) in that their results showed 

very little synchronous or desynchronous activity throughout the observation period until 

the fourth time window, where a small amount of synchronization was found preceding 

the response. 

Finally, the Scr/No Faces condition showed a marked bilateral desynchronization 

during the first time window, followed by a constant synchrony increase throughout 

windows two and three. This culminated in a substantial amount of bilateral 

synchronization during the fourth time window motor response period. This was a very 

different pattern from the other two conditions, especially from the Inv/No Faces condition 

where one would expect there to be an absence of synchrony during the perception period. 

The fact that a small amount of synchrony is found during this period for the Inv/No Faces 

condition, while substantial desynchronization is found for the scrambled condition, lends 

credence to the possibility that the Inv/No Faces condition may contain synchrony due to 

sub-threshold activation of face memory representations. 

Although some differences were obtained, overall the results of Experiment 1 are 

consistent with those of Rodriguez et al. (1999) and thus may be considered to be a 

replication of the previous study. However two problems with the methods and analysis 

employed by Rodriguez et al. were discovered in the course of collecting and analyzing 
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these data. The character of this problem may be such that it can account for some of the 

difTerences observed between the results of Experiment 1 and those of the Rodriguez et al. 

study. However it also calls into question whether or not these results should be 

interpreted as evidence for a role of neural synchrony in binding. A discussion of these 

methodological problems and the results of an improved analysis designed to overcome 

their effects are the subject of the next section. 
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EXPERIMENT 1 - ANALYSIS 2 

There were two methodological problems discovered during the data collection and 

initial analysis of the present study: (1) the presence of an artifact in the raw data that 

might be responsible for the production of artifactual synchrony; and (2) an inconsistency 

in assessing the criteria by which frequency bands are considered relevant to be included 

in the grand average analysis of both the spectral power and synchrony global power 

measures. This section will consider each of these problems in turn and the improved 

analysis undertaken to correct them. 

Problem 1: The Presence of Artifactual Synchrony? 

During the course of data collection for this study, a persistent artifact waveform 

continuously presented itself during data recording across all subjects. This artifact 

resembled a transient high frequency positive spike that was present across all electrode 

channels simultaneously (see Figure 6). Trial and error investigation determined that this 

artifact was closely related to small, sharp saccades of the eye. Since the common 

reference electrode used in this study was a nose reference significantly near the eyes, it 

was hypothesized that the artifact was the result of saccadic eye movements recorded by 

the reference electrode. This hypothesis is consistent with the observed simultaneous 

multi-channel behavior in that any eye-movement related fluctuations in the signal 

recorded at the nose electrode would be transmitted to all electrodes to which it served as a 

reference. Large-scale eye movements were removed from the data via an automatic eye 

movement correction algorithm (Neuroscan, Neurosoft Inc., Sterling VA, USA). However 
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Figure 6. An example epoch from a single subject (signals from only 25 of the thirty 
recording electrodes are shown). The arrows at the top of the graph point to 
representative saccadic artifacts. Notice the strong similarity in waveform morphology 
across channels due to contamination of common reference activity. 

the eye movement corrections were based primarily upon eyeblinks and not saccadic 

activity. Since the morphology of eye blinks and saccades are not identical, saccadic 

activity was most likely not entirely eliminated from the data. 

The data analyzed in the Rodriguez et al. (1999) study was originally gathered in 

an earlier ERP study (George, Jemel, Fiori, and Renault, 1997) that used a nose reference 

during recording. Thus in an effort to fiilly replicate the Rodriguez et al. (1999) study, the 

use of the nose reference was retained for the initial analysis. However there is a strong 

possibility that the initial synchrony observations reported here, as well as the results of 

Rodriguez et al., are at least partially due to contamination of eye movement related 

reference electrode activity. It is well know that common reference electrode activity can 

produce artifactual coherence between channels (Fein, Raz, Brown, and Merrin, 1988; 

Lagerlund, Sharbrough, Busacer, and Cicora, 1995; Nunez et al., 1995). One may argue 

that comparison of artifactual coherence and artifactual synchrony is not warranted since 
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coherence measures mix amplitude and phase information (as discussed near the end of 

the introduction) and the artifact amplitudes observed in the present study are very small. 

However the synchrony measure utilized in the present study is independent of signal 

amplitudes (Lachaux et al., 1999) and is extremely sensitive to phase covariations. Hence 

any period where electrodes across the scalp exhibit waveforms with extremely similar 

time courses (as is the case with the artifacts observed in the present study) should register 

high synchrony among electrodes, even if those waveforms are small in amplitude. 

To fluther address this possibility a second analysis was performed (Analysis 2). 

In this analysis, the raw data were transformed offline to average and laplacian (or scalp 

current density [SCD]) reference schemes, and gamma and synchrony power were 

recalculated for each condition. These reference schemes were chosen because they are 

known to reduce the effects of reference electrode activity, and reduce volume conduction 

effects and in the case of the laplacian reference (Law, Nunez, and Wijesinghe, 1993). 

Additionally these reference schemes can be readily calculated offline from the original 

nose reference data. Two additional reference montages were used so as to determine to 

what degree synchrony would be affected by the choice of reference scheme. Since every 

reference montage emphasizes slightly different aspects of the data, any effects that hold 

up across different reference schemes may be considered to be truly robust. If the 

synchrony calculated using these reference schemes is similar to that found using the nose 

reference then the effects reported in the initial analysis cannot be entirely attributed to the 

saccadic artifact. However if the resultant synchrony patterns are different fi-om that found 
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for the nose reference, then it would suggest that the original results (and possibly those of 

Rodriguez et al., 1999) are most likely due to the presence of saccadic artifacts. 

Analysis 2.1: Average and Laplacian References 

Computation of the average reference. 

As the name suggests, the average reference scheme transforms the data using a reference 

that is the average of all electrodes across the scalp. For each electrode i at each time 

point t, data were transformed according to the following equation: 

= (5) 
^ £ 

where V(i,t) = (potential at electrode i) - (reference electrode potential), and Ne is the total 

number of electrodes. As is apparent from the equation, the reference electrode 

contribution (and associated artifacts) is subtracted from the data. 

Computation of the laplacian reference. 

The laplacian reference scheme transforms the raw EEG potentials into a measure 

of the radial current density at the scalp (hence the alternative name scalp current density 

[SCD]). There are many algorithms available to do this transformation. For this analysis, 

the surface laplacian was computed from the spherical harmonic expansion of the recorded 

scalp potentials (Lagerlund et al., 1995; Pascual-Marqui, Gonzalez-Andino, Valdes-Sosa, 

and Biscay-Lirio, 1988; Shaw, 1991). The electrical potential at the surface of a spherical 
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head (assumed for simplicity to be of radius r = 1) may be expressed in spherical 

coordinates as 

/=0 m=-l 

where the Y,„(0,(^)aiQ orthogonal spherical harmonic functions which consist of 

trigonometric polynomials in 6 and (|>. The Ai^ coefficients represent the spatial frequency 

(Im) contributions, and N is the number of finite terms retained from the infinite series 

expansion. The laplacian of the potential is then computed as 

=V'K = -I; +1)/(^(()!'»,(».«>) (7) 
/=! »!=-/ 

The coefficients Au„ were obtained by minimizing the total squared curvature of the scalp 

potential field 

7SC = |;^/'(/ + l)'M,.|' (8) 
/=! m=-/ 

The zero spatial frequency term AooYoo represents the average potential over the entire 

scalp and is also the only term that is dependent upon the choice of reference electrode 

(Lagerlund et al., 1995; Pascual-Marqui et al., 1988). As is evident from the equations this 

term does not contribute to either the laplacian or the TSC; hence laplacian derived data 

may be considered to be truly reference fi*ee. The coefficients were determined 

following the method of Lagerlund et al. (1995) where the TSC was minimized subject to 

the M equations V(0i,<j)i) - V(0„,({»o) = V; - Vo for i = 1,...,NE, where V; - Vo is the measured 

potential at coordinate (0i,(j>,) relative to the average reference Vo computed as in equation 

(5) above, and V(0o,(j)o) is the average reference computed from the V(0i,(j),) using equation 
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(5). The minimization of the TSC was achieved by use of a singular value decomposition 

(SVD) algorithm using Matlab computing software (The Math Works, Inc., Natick, MA, 

USA) with an expansion order of N = 12. The resulting Ah, coefficients were used to 

construct a weighting matrix Wl that transformed a vector of raw EEG signals [S(t)] to the 

surface laplacians according to the equation 

[SL(t)']=WaS(t)] (9). 

The spherical electrode coordinates for the electrodes in standard 10-20 positions were 

obtained from Pascual-Marqui et al. (1988). The coordinates of all nonstandard electrode 

positions were calculated from the 10-20 positions by interpolation. 

Synchrony assessment. 

All synchrony was computed via the same procedure as in Analysis 1. For 

simplicity of comparison only the time courses of gamma spectral and synchrony global 

power were calculated for both reference schemes. 

Analysis 2.1 - Results 

Figure 7 shows the same data epoch as in Figure 6 transformed to an average and 

laplacian reference. In both cases the saccadic artifact is no longer present in the data, 

consistent with the hypothesis that the artifact in the raw data is due to saccade-related 

reference electrode activity. 

Figure 8 shows the time course of the global spectral and synchrony power for the 

average reference. Gamma- band spectral power (Figure 8A) exhibited one main peak 
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Figure 7. The same data epoch as in flgure 7 after transformation to an average 
reference scheme (A) and after transformation to a laplacian reference scheme (B). 
Arrows show approximate locations of artifact in the untransformed epoch. Notice how 
in both epochs the saccadic artifact is reduced or eliminated and the morphology of the 
individual waveforms is now greatly differentiated from one another. 

over an average frequency of 45 ± 3 Hz. The peak occurred at approximately 275 ms 

post-stimulus onset and was contained within a time period (0 - 563ms) in which the 

Up/Faces response was significantly greater than the response for the inverted condition (p 

< .05). The peak was also contained within another time period (0 - 375 ms) in which the 

Up/Faces response was significantly greater than the response for the scrambled condition 

(p < .05). The gamma response decreased to a lower above-baseline level throughout the 

interval from 500 - 1000 ms. No significant differences were found for time points in this 

interval. 

Gamma-band synchrony power (Figure 8B) exhibited two peaks for the Up/Faces 

conditions that were outside of the 99% confidence interval set by the baseline data. 

Synchrony for the upright presentation condition reached a maximum at approximately 

109 ms, decreased sharply, and then increased to a second maximum at approximately 
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Figure 8. Time courses for average reference spectral power and phase synchrony indicated 
in standard deviations from the 250 ms pre-stimulus baseline. All graphs are grand averages 
over electrodes, trials, and subjects in the Up/No Faces (thick line), Inv/No Faces {thin line), 
and Scr/No Faces {dash-dot line) conditions. A) Spectral power grand averaged across each 
subject's maximum y-band activity. All three conditions follow similar time courses, with 
central peaks at ~275 ms. The horizontal line represents the region of significance (p < .05) 
for the upright vs. inverted comparison (Up/Inv) and upright vs. scrambled comparison 
(Up/Scr). B) Average reference synchrony power grand averaged across each subject's 
maximum y-band activity. The dashed line represents shuffled data; the grey strip indicates 
dispersion of shuffled data ± 3 standard errors. The thin horizontal lines represent the 
regions of significance (p < .05) for the indicated comparison conditions. Thick horizontal 
bars intersecting the data plots represent ± standard error of the reaction time. For both 
spectral and synchrony power graphs, the temporal spread of the wavelet plus expectation 
effects due to the constant interstimulus interval (ISI) account for results that obtain before 
stimulus onset. 

469 ms after stimulus onset. The desynchronization found in the Up/Faces condition was 

not significant; again a result contrary to that reported in the original Rodriguez et al. 

(1999) study, although consistent with the results of Experiment 1 for the nose reference. 

However the synchrony for the average reference inverted condition exhibited a 

morphology different than the inverted condition for the nose reference. Instead of 

demonstrating peaks, the Inv/No Faces time course showed two minima that were outside 

of the 99% confidence interval set by the baseline data: one at 125 ms, the other at 

approximately 500 ms, separated by a non-significant short synchronization to the zero 
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level at approximately 320 ms. Significant differences between the upright and inverted 

conditions occurred over time periods of 78 - 156 ms and 422 - 578 ms. Synchrony power 

for the Scr/No Faces condition remained below the lower 99% confidence limit set by the 

baseline data for the duration of the epoch. Significant differences between the upright 

and scrambled conditions occurred over time periods of 0 - 140 ms and 391 - 547 ms. No 

significant differences were found between the inverted and scrambled conditions. 

Figure 9 shows the time course of gamma-band spectral and synchrony power for 

the laplacian reference scheme. The time course for spectral power across all conditions 

was nearly identical to that found for the average reference. Synchrony power in both the 

upright and inverted conditions did not deviate from the baseline data 99% confidence 

interval during the main perception period. The Up/Faces synchrony power did not 

deviate from the baseline data confidence interval until almost 600ms, at which point it 

increased for the remainder of the observation period. Synchrony power for the Inv/No 

Faces condition went below the lower 99% baseline confidence limit for approximately 

230 - 700 ms, and then increased to a level above the shufHed confidence interval for the 

remainder of the trial. Upon stimulus onset, the synchrony power for the scrambled 

condition decreased below the 99% baseline confidence limit and remained there 

throughout the majority of the observation period. Since synchrony for the Up/Faces and 

Inv/No Faces conditions did not significantly deviate from the baseline during the 

perception condition, no statistical tests of differential activity were performed. 

It is clear from Analysis 2.1 that changing the reference scheme of the data yields 

different results for the computation of phase synchrony. Transformation to the average 



61 

B) 

u 

9M 25f 

A) 

xs 

15* 
Til 

m im 

Figure 9. Time courses for laplacian reference spectral power and phase synchrony 
vindicated in standard deviations from the 250 ms pre-stimulus baseline. All graphs are 
grand averages over electrodes, trials, and subjects in the Up/No Faces (thick line), Inv/No 
Faces (thin line), and Scr/No Faces {dash-dot line) conditions. A) Spectral power grand 
averaged across each subject's maximum y-band activity. All three conditions follow 
similar time courses, with central peaks at ~2S0 ms. The dashed line represents shuffled 
data; the grey strip indicates dispersion of shuffled data ± 3 standard errors. The thin 
horizontal line represents the region of significance (p < .05) for the upright vs. inverted 
comparison (Up/lnv) and upright vs. scrambled comparison (Up/Scr). B) Average 
reference synchrony power grand averaged across each subject's maximum y-band activity. 
The horizontal lines represent the regions of significance (p < .05) for the indicated 
comparison conditions. Thick horizontal bars intersecting the data plots represent ± 
standard error of the reaction time. Note the disappearance of significant synchrony 
during the perception condition for the upright and inverted conditions. 

reference minimally affected the measure of spectral power while mildly reducing the 

overall amplitude of the phase synchrony. Significant differences between conditions 

followed more or less the same time course as those for the nose reference, bi addition, 

the synchrony morphology in the Up/Faces condition was similar to that found using the 

nose reference except that the overall latencies of the maxima and minima were reduced. 

However synchrony morphology for the Inv/No Faces condition was substantially affected 

by the average reference transformation to the point that there was no resemblance to the 

inverted condition synchrony morphology for the nose reference. No above-baseline 
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peaks were evident during the perception period, and the inverted condition synchrony did 

not reach significant above-baseline levels until the very end of the observation period, 

over two hundred milliseconds beyond the average reaction time for this condition. 

Synchrony for the Scr/No Faces condition was less affected by the average reference 

transformation. Nonetheless, a synchrony increase to an above-baseline maximum was 

not present during the response period of the observation window; a result which should 

have obtained if the synchrony during this period was reflective of the motor act of 

responding. 

Synchrony morphology was also substantially affected by transformation to the 

laplacian reference. Neither synchrony for the Up/Faces and Inv/No Faces conditions 

were significantly above-baseline for the perception period, although above-baseline 

significance was achieved during the response period. Synchrony for the scrambled 

condition was significantly below-baseline for the majority of the observation window, but 

did not reach an above-baseline maximum during the response period; again a result which 

should have obtained if the synchrony during this period is reflective of the motor 

response. The extreme morphology changes that resulted from the laplacian and average 

reference transformations suggest that the outcomes of Experiment 1 (and possibly 

Rodriguez et al., 1999) may be at least partially due to the presence of saccadic artifact in 

the raw data.^ 

" This result also calls into question the intepretation of the experiments of Tallon et al. (1995) and Tallon-
Baudry et al. (1996, 1997) discussed in the introduction. These studies also utilized a nose reference 
scheme. Hence the differential gamma-range synchrony that they reported may have also been at least 
partially due to saccadic artifact. However they used an indirect measure of synchrony (spectral power 
changes). Since the spectral power analyses for the Experiment 1 data seem to be very similar across 
reference montages, it is unclear from the present analysis how any saccadic artifacts would affect their 
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Two objections may be made to this counter-proposal. The first objection is that 

even if saccadic eye activity produced artificial synchrony in each condition, then this still 

shouldn't affect interpretations of significant differential responses obtained across 

conditions. Artificial synchrony should be subtracted out when doing a differential 

comparison. However this reply presumes that the same amount of saccadic activity 

should be present across conditions, an assumption that is unwarranted in the face of 

studies that show differential eye activity for objects like faces vs. scenes (Henderson and 

Hollingworth, 1999; Yarbus, 1967). Faces provide robust, salient stimuli that may lead to 

stereotyped saccadic activity during perception. When presented with a face stimulus, 

subjects may follow a pattem of fixating between the major facial features such as the 

eyes, nose and mouth. The pattem of fixation may be such that it produces short sharp 

saccades like those observed in Experiment 1 (due to the close spatial proximity of the 

eyes, nose, and mouth). In contrast, when presented with a non-face stimulus, such as a 

background scene, or in this case a scrambled stimulus or an inverted stimulus that is not 

perceived as a face, the pattem of fixation may be less stereotyped, consisting of larger, 

slower saccades as the subject scans the stimulus in search of facelike features. Thus the 

presence of artifactual synchrony may be greater in the Up/Faces condition then the 

inverted and scrambled conditions, leading to an apparent significantly greater response. 

The second objection to the counter-proposal considers the spatial filtering 

properties of the average and laplacian transformations. These transformations acts as 

filters that emphasize certain spatial frequencies over others, depending upon the 

results. In addition, trials containing stnall saccades were automatically rejected online; thus it is unlikely 
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parameters of the transformation. It is possible that due to the particular parameters 

implemented in Analysis 2.1 that the resulting transformations were overly conservative, 

filtering out true synchrony as well as artifactual synchrony. For example, the average 

reference can eliminate the DC spatial frequency components, yielding zero centered 

potential measures (Bertrand, Perrin, and Pemier, 1985). However this is only for the case 

of electrodes regularly distributed across the entire surface of the head, a case that did not 

obtain in this study since EEG recordings were taken from the top surface of each 

participant's scalp. As a result, the average potential subtracted from all electrodes would 

not be zero valued, and this may have acted to remove other spatial frequencies outside 

those of the DC spectrum. This in turn may have lead to an artificial inflation or deflation 

of synchrony. In the case of the laplacian reference, such parameters as electrode density 

and number of terms retained in the spherical expansion can also influence the spatial 

filtering properties of the transform and degree of spatial aliasing error introduced into the 

data (Shaw, 1991). The number of recording electrodes (Ne = 30) used in this study was 

on the very low end of the accepted range for minimal error produced in the 

transformation (Law, Nunez, and Wijesinghe, 1993). Furthermore, the low row of 

occipital sites included in this study (09,010, P09, POlO, P9, PIO, Ml, M2) are on a 

region of the scalp that may be poorly approximated by the spherical head assumption of 

the spherical harmonic expansion (George et al., 1997). Thus it is possible that the 

laplacian transformation used here may introduce error into the synchrony computation. 

(although possible) that their results contain artifactual synchrony as a result of eye movements. 
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The only way to settle this issue would be to bypass the need for re-

referencing by performing Experiment 1 again using a more neutral reference scheme such 

as digitally linked ears or a monopolar chest-neck reference (Sorel and Ranwez, 1984). 

These references have a greater degree of electrical silence, and thus reference electrode 

contamination of synchrony measures would be minimized. Such a reference was not 

used in this study due the effort to fully replicate Rodriguez et al. (1999) by using the same 

electrode sites and nose reference scheme as in the original study. There were not enough 

recording amplifiers to include a digitally-linked ears reference for comparison. A follow 

up study is planned that will repeat Experiment 1 using a digitally-linked ears reference 

scheme. However the remaining analyses in this study will continue to use the average 

and laplacian references as primary reference schemes due to the likelihood that the 

amount of error introduced via these transformations is minimal compared with the error 

introduced by the common nose reference scheme. 

Problem 2: Inconsistent Frequency-Band Choice Criteria 

Although the question remains unresolved of whether or not the results of 

Experiment 1 are due to artifactual synchrony induced by common reference activity, 

there is still another methodological difficulty with the paradigm of Rodriguez et al. 

(1999). In Analysis 1, following Rodriguez et al., the time course analysis of spectral and 

synchrony global power was based upon the selection of a particular frequency band from 

each subject to be included in the final grand averages. This fi-equency band was chosen 

as the frequency of each subject's maximal spectral power activity in the upright condition 
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(averaged across electrodes) during the center portion of the perception period (ranging 

from ISO - 250 ms). There are two difficulties with this method of analysis. First, the 

originators of the synchrony detection method used here (Lachaux et al., 2000; Rodriguez 

et al., 1999) argue that spectral power and phase synchrony should be de-coupled from one 

another. Neural oscillators can oscillate at the same frequency, yet be out of phase with 

respect to each other at that frequency and in phase at another frequency. This underlies 

the idea that spectral power is only an indirect measure of phase synchrony. Hence 

separate criteria for the appropriate frequency band(s) of interest should be implemented 

for spectral and synchrony power. Selection of an appropriate frequency band for time 

course analyses of spectral and synchrony power should be based upon the maximum 

gamma activity in the spectral and synchrony time-frequency power maps, respectively. 

The second difficulty with this analysis method is that synchrony may be a 

dynamical phenomena across both time and frequency. Phase synchrony that is present at 

one frequency band during face perception may be present at another band during non-

face perception, perhaps reflective of differences in neural processing associated with the 

two different perception conditions. Thus it is not appropriate to base selection of relevant 

frequencies based upon criteria in one condition only. Instead each condition should have 

its own criteria of selection; frequencies of interest for a particular condition should be 

based upon maximum frequencies in that condition. Furthermore, it is no longer clear 

during which time period of the observation window that the selection should be made. 

Synchrony may be present at one frequency during the perception period, but switch 

frequencies during the motor response period. Hence does one choose the frequency band 
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with the maximum synchrony in the perception period or the response period? In 

Experiment 1 the former criterion was chosen, since the central interest of this study was 

synchrony differences associated with perception; it is unclear from the text of Rodriguez 

et al. (1999) which time period was selected in that study. 

To illustrate these two difficulties. Figure 10 shows phase synchrony time courses 

(laplacian reference scheme) for the three presentation conditions based upon different fre-
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Figure 10. A) Synchrony power, upright condition maximum phase frequency criteria. 
B) Synchrony power, inverted condition maximum phase frequency criteria. C) 
Synchrony power, scrambled condition maximum phase frequency criteria. Time 
courses for phase synchrony/desynchrony indicated in standard deviations from the 250 
ms pre-stimulus baseline. All graphs are grand averages over electrodes, trials, and 
subjects in the Up/No Faces (thick line), Inv/No Faces (thin line), and Scr/No Faces 
(dash-dot line) conditions. Thick horizontal bars intersecting the data plots represent ± 
standard error of the reaction time. Sampled baseline synchrony is not plotted. 
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quency selection criteria from those used in Experiment 1. Frequency bands were chosen 

as the frequency of each subject's maximal synchrony power activity during the center 

portion of the perception period. This selection was made for each presentation condition 

and in each case was applied across conditions for comparison. Figure 10 shows that 

differences in synchrony between conditions is a function of which frequency is selected. 

Using the upright condition for frequency selection yielded results in which the Up/Faces 

time course had the greater synchrony than the time courses for the other two conditions. 

Using the inverted condition yielded results in which the Inv/No Faces time course had the 

greatest synchrony; similar results were obtained for the scrambled condition. 

Furthermore, a synchrony increase during the motor response period is absent from 

all three graphs. Presumably this is due to the selection of maximum frequencies during 

the perception period (150 - 250 ms post-stimulus onset). Why, then, was such a 

synchrony increase present in Experiment I? This outcome may have been due to the fact 

that frequency selection was made based on results from the spectral power maps. 

Spectral power maps mix information across time and frequency due to the finite spread of 

the wavelet. Since this spread is both in frequency and time it is possible that the 

maximum frequency power values chosen on the basis of the spectral power maps 

included phase information from frequencies nearby in time, including the time of 

initiation of the motor response. Thus when the time course of synchrony power was 

calculated, the power at the selected frequencies may have been the best compromise of 

power from the perception and motor responses. 
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What the resuhs displayed in Figure 10 clearly demonstrate is that for a completely 

objective comparison of synchrony between conditions, frequency bands must be selected 

from the spectral and synchrony power maps separately. Furthermore, frequencies must 

be selected separately condition by condition. However there is a remaining problem that 

needs to be considered: what about the case in which two or more frequency bands share 

similar maximum power amplitudes? Selecting one frequency over another seems 

arbitrary, while averaging across frequencies excludes important information about the 

amount of synchrony that is present (i.e. that there are two or more bands of significant 

synchrony instead of one). To address this issue, a new method of assessing the time 

course of synchrony was developed and applied (Analysis 2.2) to the average and 

laplacian derivations of the EEC data collected in Experiment 1. 

Analysis 2.2: Non-Exclusive Frequency Selection Procedure 

In the method developed here, the power values of the phase synchrony maps were 

divided into two categories: positive deflections from the pre-stimulus baseline (labeled 

"positive synchrony" or just "synchrony") and negative deflections from the pre-stimulus 

baseline (labeled "negative synchrony" or "desynchrony"). For each time point of the 

global synchrony maps (where synchrony is averaged across electrodes), all synchrony 

and desynchrony values were summed together separately. These summations yielded a 

measure of the total synchrony and desynchrony power for the gamma range at a particular 

time point t. The summations were performed for each condition and subject, which then 
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allowed grand averages across subjects to be computed and statistical tests to be 

performed. 

The statistical tests for comparing time courses for different conditions were the 

same one-tailed Wilcoxon t-tests used in Experiment 1. However a different method was 

used to compute the randomly sampled baselines that is more appropriate for the 

synchrony measures used here. The use of a sampled baseline arises out of cross-

correlation studies of multi-cell recordings. In order to normalize data to be compared 

across conditions and between different laboratories, it is customary to compute a 

correction factor in which individual trials are shuffled and a cross-correlation computed. 

These shuffled cross-correlations are computed for all possible permutations of the trials 

and averaged. This produces a so called "shift predictor" (Palm et al., 1988) that is 

subtracted from the raw cross-correlation across all possible trial orderings. The problem 

with applying a similar sampling method in the present paradigm is that the baseline is a 

measure of pure stimulus effects, i.e. it should represent the average response to the 

stimulus across trials, hi the original analysis method of Experiment 1, the average 

response was more or less zero since both positive and negative deviations from the pre-

stimulus baseline were averaged together. However in the new method introduced here, 

positive and negative deflections are separated from one another before averaging. Hence 

any random sampling of trials should produce curves that are similar to the original data 

curves themselves. This is fine when using the resultant measure as a correction factor, 

but it doesn't give an adequate measure of the baseline context out of which the stimulus 

induced synchrony arises. 
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To circumvent this difficulty, a new sampling method was developed in which 

only the 250 ms pre-stimulus baseline period was sampled across trials and synchrony for 

this period calculated. Thus for each pre-stimulus baseline time point (16 total, see 

Experiment I methods) there were 200 values (yielding a total of 16 * 200 = 3200 values). 

This sampling was performed across the three presentation conditions for each subject. 

The baseline used for comparison with the data was then created by extrapolation; values 

were randomly sampled from each subject's distribution for each time point of the 

observation window. The resulting baselines were then averaged within and across 

subjects time point by time point to create a grand averaged synchrony baseline. The 

mean and 99% confidence limit (± 3 standard errors) of this distribution was plotted along 

with the data fi-om the unshuffled conditions. Data values that fell outside of the 

confidence limits were interpreted as being significantly different from the baseline at the 

p < .01 (two-tailed) level. 

Analysis 2.2 - Results 

Figure 11 shows the phase synchrony/desynchrony results for the average 

reference and the laplacian reference schemes. Both figures exhibit the same qualitative 

features; synchrony across all conditions arises fi-om baseline to reach local maximums 

between 94 - 125 ms, and then after a small decrease rises again to a global maximum at 

approximately 700 - 766 ms during the response period. In contrast, desynchrony 

increased to a maximum absolute value at approximately 250-344 ms for all three 
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conditions, before rising to a stationary level where it remained throughout the remainder 

of the observation window. 

No statistical tests of differential synchrony/desynchrony were significant. The 
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Figure 11. A) Average reference synchrony power. B) Average reference desynchrony 
power. C) Laplacian reference synchrony power. D) Laplacian reference desynchrony 
power. Time courses for phase synchrony/desynchrony indicated in standard deviations from 
the 250 ms pre-stimulus baseline. All graphs are grand averages over electrodes, trials, and 
subjects in the Up/No Faces (thick line), Inv/No Faces (thin line), and Scr/No Faces (dash-
dot line) conditions. The dashed line represents shuffled data; the grey strip indicates 
dispersion of shuffled data ± 3 standard errors. Thick horizontal bars intersecting the data 
plots represent ± standard error of the reaction time. For both spectral and synchrony power 
graphs, the temporal spread of the wavelet plus expectation effects due to the constant 
interstimulus interval (ISI) account for results that obtain before stimulus onset. 
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absolute values of synchrony and desynchrony differed significantly fi-om the pre-stimulus 

baseline because the majority of the values fell outside of the 99% confidence interval set 

by the sampled baseline. Although no significant differences were expected during the 

response period, the lack of significant differences between conditions during the 

perception condition may be due to one of two possibilities. The first possibility is that 

due to the finite temporal spread of the analyzing wavelet function used in the time-

firequency transformation of the data, synchrony in the perception period was 

contaminated with synchrony in the response period. This might have slightly elevated 

synchrony in the perception period across all conditions to a point that no significant 

differences were obtained. However this possibility may be ruled out in light of the results 

of further analyses using the smallest wavelet sizes possible (wavelet parameter a = 5) 

which, although changing the pattern negligibly, failed to change the statistical results. 

The more likely explanation is that the lack of significant differences is due to 

equal activation of decision making processes across conditions during the perception 

period. Recall that in Experiment I participants were asked to respond as quickly as 

possible after making a judgment about their initial perception. It may be that in the effort 

to make a quick decision and response, the neural processes underlying decision making 

were significantly activated along with perceptual processes. Phase synchrony may play a 

role in the creation of the cell assemblies instantiating these neural processes. Assuming 

that the motivation to respond quickly was present to the same degree across conditions, 

then one would expect synchrony associated with decision making processes to be present 

at more or less equal levels across conditions and to swamp out any differences due to 
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perception that may be present. If this is true, then perception related differences should 

exhibit themselves in a paradigm where subjects are given a longer period to examine the 

stimulus and are not pressed to make quick decisions about their perceptions. Such a 

paradigm was used in the second experiment of this study, which is the subject of the next 

section. 

To conclude this section, it is now apparent that when the methodological 

problems present in the first analysis of Experiment 1 are corrected, subsequent analysis 

with the improved methods yields results that are different from those of Experiment I -

Analysis I and Rodriguez et al. (1999). Consequently the interpretation that the 

synchrony observed in the perception period of the latter study represents pure visual 

feature binding is no longer tenable. The results of Analyses 2.1 and 2.2 suggest that the 

differential synchrony found in Experiment 1 and Rodriguez et al. may be due to artifacts 

and improper analysis of the data. Neither of the methods used in Analyses 1 and 2 may 

have been the best. However it is more likely that these methods are subject to less error 

in assessing synchrony than those of Analysis 1. Ultimately the replicability of the results 

obtained using these improved methods will be the true test of their worth. 
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EXPERIMENT 2 - OVERVIEW 

The purpose of Experiment 2 was to investigate the time course of synchronous 

activity over long exposures to stimuli in order to uncover the relationship between 

synchrony and the conscious perception of faces. The reanalysis of the results of 

Experiment 1 raises the possibility that when a quick response to a brief stimulus exposure 

is required, synchrony may reflect the acts of perception, decision-making, and 

responding. Furthermore, it was hypothesized that an experimental paradigm in which 

subjects were given a longer period to examine presented stimuli, and were not expected 

to make quick decisions and responses about their perceptions, would be more likely to 

show perception related differences in synchrony across conditions. How would such 

synchrony manifest over long stimulus presentation times? 

One possibility is that synchrony is equivalent to both the initial organization and 

binding together of a percept, and the maintenance of the percept into consciousness. 

Llinas & Ribary's (1993) fmding that synchronous oscillations are reset by sensory 

stimulation suggest this possibility. Recall from the introductory review that this study 

found evoked patterns of organized 40-Hz electrical brain activity of awake humans in 

response to auditory stimulation. These evoked oscillatory responses then decayed into 

induced responses over time; however the evoked responses were reestablished when 

subjects were exposed to another stimulus. It may be that evoked responses reflect the 

initialization of perceptual processes, while the induced responses represent later 

processes. Thus this possibility would predict that synchrony should be maintained 

throughout the entire period of the percept itself Such a result would also be consistent 
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with the possibility that synchrony mediates attention by enabling the efficient gating and 

subsequent coordination of information processing by increasing the probability that 

individual inputs sum to a value over a neuron's threshold for action potential initiation 

(Salin and Bullier, 1995). 

Another possibility is that synchrony may reflect an initializing of perceptual 

processes. This possibility arises fi-om a study by Revonsuo, Wilenius-Emet, Kuusela, 

and Lehto (1997) in which participants viewed random-dot autostereograms while EEG 

was recorded. The study found an increase in gamma-band spectral power during the -

500 ms to -300 ms period prior to reported stereo fusion, relative to a control condition 

in which an already fused image was constantly viewed over a 60 s interval. 

Interestingly, the only significant synchrony found was during stereo fusion; no notable 

synchrony was observed during the constant viewing condition. The authors interpreted 

the transient gamma-range synchronization as reflecting the formation of neural 

assemblies underlying the global 3-D percept. However the lack of notable synchrony 

during the continuous viewing condition was taken as indicating that synchronization is 

only necessary during the initial construction of a percept, but not for the maintenance of 

the percept once it is created. It may be that synchrony is only necessary to coordinate 

perceptual processes at their inception, perhaps by establishing a temporal marker that is 

carried along with later processing after synchrony has decayed. If this were the case, 

then one would predict that presentation of stimulus over a long time interval should 

cause synchronous activity to initially peak and then decay with a time course 

dissociated fi'om the time course of stimulus presentation. 
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A final possibility is that brain activity may follow a cycle of 

synchronization/desynchronization over longer presentation times. This possibility is 

raised by recent multistable perception research in primates (Logothetis & Schall, 1989; 

Sheinberg & Logothetis, 1997) in which single-cell recordings indicated the existence of 

cells in the visual cortex whose activity is strongly correlated with the animals' reported 

subjective switching between bistable perceptual solutions. These cells did not show 

activity during the percept, only at the time of reversal from one percept to another. 

These results led Leopold & Logethetis (1999) to propose that perceptual reversals may 

arise out of a periodic 'refresh' of the visual system so as to allow for the correction of 

any incorrect or incomplete perceptual 'solutions' that might have been obtained 

erroneously. It is possible that synchronous brain activity reflects these "refresh" cycles. 

An additional factor to consider is attention. Recall that the Tiitinen et al. (1993) 

study reviewed in the introduction found a larger degree of synchronized gamma 

responses to attended auditory stimuli than to unattended stimuli. Since the process of 

selective attention is common to perception, cognition, and conscious awareness 

(LaBerge, 1995), any synchronous behavior exhibited in these processes may be due to 

this shared feature. If attention is not properly controlled for then the possibility is left 

open that differential synchrony may reflect difference in target/non-target processing 

resulting from attentional differences across conditions. Hence the need to include a 

secondary task that ensures that attention remains constant across the entire stimulus 

duration. In addition, evidence exists suggesting that attention is necessary for 

perception (Mack, Tang, Tuma, Kahn, and Rock, 1992); thus the attention task also 
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ensured that the required amount of attention was present to permit perception to occur 

and to continue for the entire exposure duration. 

In Experiment 2 observers where shown Mooney face stimuli for 1000 ms. 

Participants did not have to respond until stimulus offset, and they had an unlimited time 

to make a response about their perception during the trial. Only upright and scrambled 

Mooney face stimuli were utilized, as the behavioral results of Experiment 1 suggested 

that the inverted faces were not as effective neutral stimuli as the scrambled faces. 

Following the discussion of the previous paragraph, all observers also engaged in a task 

that required sustained attention to the stimulus throughout the presentation period. The 

attention task used here consisted of identifying the occurrence of a color reversal between 

neighboring black and white regions of selected Mooney stimuli. The color reversal 

occurred randomly throughout the experiment and at variable points within a particular 

stimulus presentation; hence the task ensured that attention was held constant during the 

course of the experiment. Finally, phase synchrony was assessed by the improved method 

of synchrony calculation used in Analysis 2 of Experiment 1. 

Methods 

Participants 

For Experiment 2, 12 undergraduates (6 males and 6 females) were 

recruited from the University's undergraduate subject pool. The participants had a mean 

age of 19.8 ± 0.8 years, a mean education level of 13.2 ± 0.32 years, and were all right-
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handed. All participants were fully informed of the recording technique, methods, and 

proceedings before their consent to participate was obtained. 

Stimuli and Procedure 

The basic stimuli were the same as in Experiment 1 (40 Mooney faces plus 20 

scrambled stimuli). However a new set of additional stimuli were introduced for the 

attention task (see below). These stimuli consisted of 10 Mooney faces that were not part 

of the original set used in Experiment 1 plus an additional 10 faces chosen from the 

scrambled stimuli. A single area consisting of neighboring black and white regions was 

chosen for each stimulus. In the case of face stimuli these areas were either the eyes, nose, 

or mouth; in the case of scrambled stimuli these areas would appear on selected features 
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Figure 12. A) Example original stimulus before color swap. (B) Eye region color swapped 
stimulus. C) Nose region color swapped stimulus. D) Mouth region color swapped stimulus. E) 
Scrambled version of original stimulus before color swap. F) Scrambled stimulus after color 
swap in selected region. 



80 

within the stimulus (Figure 12). In each of these areas the colors of neighboring black 

and white regions were swapped (i.e. black regions were switched to white, white 

regions were switched to black). The color-swapped stimuli were created in a 

commercial graphics program (Adobe Photoshop, Adobe Systems Inc., San Jose, CA, 

USA). The color- swapped stimuli were used to create "color-reversing" trials in which 

the selected stimuli (the 10 chosen Mooney faces and the 10 chosen scrambled faces) 

appeared to reverse black and white colors in the modified regions. This was achieved 

by presenting the original unmodified stimuli and then replacing them with the color-

swapped versions at some point during stimulus presentation. 

Stimulus presentation followed the same format as in Experiment 1. Since no 

differences were found between stimulus orientation running orders in Experiment 1 (see 

Experiment 1 results section), all subjects received the same orientation running order 

(i.e. within the controlled randomization, each subject was presented with the same 

initial orientation of the stimuli). The stimuli were presented for 1000 ms. The 

participant's primary task was to report whether or not they perceived a face, whatever 

its orientation. Participants withheld their responses until after the stimulus was removed 

from the display, at which point they were queried onscreen as to whether or not they 

saw a face. The participants responded to the stimuli using response buttons mounted on 

joysticks held in each hand; they pressed one button when they saw a face and the other 

button when they did not see a face. The button for face responses was always assigned 

to the subject's dominant hand. Subjects were instructed to report seeing a face only if a 

complete face was perceived and had unlimited time to make their response. 
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The participants were given a secondary selective attention task in order to ensure 

that attention was directed towards the stimulus for the entire presentation period. This 

task consisted of monitoring the stimuli for the occurrence of color-reversing trials in 

which color swaps would occur between neighboring black and white regions of the 

reversing stimuli. The latencies of the reversals were randomized between 200 - 800 ms 

after stimulus onset. After responding to the central task for reversing trials, subjects were 

then queried on screen about whether or not a reversal occurred (reversing-presence 

response). If subjects had reported perceiving a face during the central task and the 

occurrence of a reversal, then they were further queried as towards where on the face the 

reversal occurred (eyes, nose, or mouth; reversing-location response). For the reversing-

location responses, only two alternative responses were available for a given color-

reversing trial (i.e. "Eyes or Mouth?", "Nose or Eyes?", etc.). Participants were instructed 

to respond with the hand corresponding to the side on which their chosen response was 

displayed on screen. Participants had unlimited time to make all reversing-presence and 

reversing-location responses. All reversing-presence responses were balanced across each 

hand. The balancing of reversing-location responses was not possible because queries for 

these responses was contingent upon participants perceiving the reversing stimulus as a 

face; a situation that did not obtain with the same frequency for each subject. 

Following a training block of 10 trials, participants received eight experimental 

blocks of 50 trials (400 total) with the last four blocks being exact repetitions of the first 

four. Each block consisted of 20 Mooney face stimuli and 20 scrambled stimuli, hi 

addition, there were 10 reversing stimuli per block (5 faces, 5 scrambled faces). 
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accounting for 20% of all experimental trials (N = 80). Each Mooney face and reversing 

stimulus was presented in a controlled random order once every other block in one of two 

directions, once in an original facing direction and once in a reflected direction. This 

sequence was repeated so that each stimulus was presented once in each facing direction 

over the first four blocks; the second four blocks were exact repetitions of the first four. 

The scrambled stimuli were also presented in a controlled random order such that each 

Mooney stimulus was presented only once in each block in one of four possible orientation 

and facing direction combinations (upright or inverted, original facing direction or 

mirrored facing direction). Each scrambled stimulus was presented once in each 

combination of orientation and facing direction over the first four blocks; the last four 

blocks were exact repetitions of the first four. In addition, there were 10 catch-trials per 

block in which no reversal occurred yet participants were still queried about the 

occurrence of a reversal. These 10 catch-trials consisted of 5 Mooney faces and 5 

scrambled faces sampled randomly fi-om the 40 non-reversing stimuli. After responding to 

the central and attention tasks, new trials would be initiated 2000ms after response. 

Psvchophysical/Behavioral Data Analvsis 

The proportions of face responses across upright and scrambled conditions were 

calculated for each subject and then averaged across subjects. Statistical differences 

between proportions of face responses were assessed via a within-subjects repeated 

measures t-test. In addition, the proportion of correct reversing presence and reversing 

location responses were calculated for each subject and averaged across subjects. 
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Electrophysiological Recording and Data Analysis 

All EEG recording parameters were the same as in Experiment I. 

Electrophysiological data analysis for spectral and synchrony time courses followed that 

described in Exp 1 subject to the following modifications detailed in Analysis 2 of 

Experiment I: (1) only average and laplacian reference schemes were used (see Analysis 

2.1 methods); and (2) spectral and synchrony power for each time point was calculated by 

separating positive and negative power deflections relative to the pre-stimulus baseline 

and then sunmiing these measures independently across frequencies for each time point 

(see Analysis 2.2 methods). A baseline for the synchrony/desynchrony analyses was 

determined by computing synchrony on randomly sampled pre-stimulus baseline trials and 

then extrapolating these results to the rest of the observation window (following Analysis 

2.2). However a new measure was introduced besides synchrony and desynchrony. This 

measure is the synchrony/desynchrony ratio (SDR), defined as 

SDR=-, — (10) 

This measures the relative proportions of synchrony and desynchrony over the course of 

the observation window. If there is a greater proportion of synchrony to desynchrony 

than the SDR will take on values greater than one, while a greater proportion of 

desynchrony than synchrony will lead to SDR values less than one. All data from color-

reversing trials was discarded due to the likely interference of the feature perturbation 

upon the electrophysiological responses of the participants. 
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Topographical measures of synchrony over individual electrode pairs were 

assessed by computing synchrony and desynchrony (averaged across time bins 

demonstrating significant between-condition differences in the global time course 

analyses) for all electrode pairs for both upright and scrambled conditions. One-tailed 

Wilcoxon t-tests were performed to determine statistically significant differences across 

conditions between each electrode pair. Significant synchrony and desynchrony 

differences were plotted topographically across the head for each time bin. In addition, 

the topography of spectral power was plotted, and statistically significant between-

condition differences for each electrode were assessed via one-tailed Wilcoxon t-tests. 

Experiment 2 - Results 

Behavioral Results 

Participants recognized significantly more faces in the Up/Faces condition than in 

the Scr/No Faces condition (77% ± 4% vs. 2% ± .5%, t (11) = 22.10; p < .01 (two-tailed)). 

Attention task reversal responses are given in Table I. As can be seen from the table, 

subjects were very accurate at recognizing when a reversal occurred, and they made very 

few false alarms (reversal responses to the non-reversing face and scrambled stimuli). 

When the reversing stimulus was a face, participants correctly indicated which part of the 

face reversed on 84% ± 1% of the trials. These results suggest that subjects remained 

attentive to the stimuli for the duration of the presentation period. 

Table 1. 
Face Reversal Scrambled Reversal Face/Scr Non-Reversal (catch-trials) 

% Yes-Reversal 95% ±1% 90% ±2% 2% ± .5% 
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Global Time-Freauencv and Phase Synchrony Results 

Figure 13 shows the grand-averaged time-frequency spectral and synchrony power 

maps for the average reference scheme. Spectral power (Figure 13 A) increases in both 

conditions to a maximum at approximately 200 ms, after which power decreases slightly 

and then increases for the remainder of the observation window. The early maximum is 

strongest for the Up/Faces condition in the frequency range of 25-37 Hz, while the 

strongest portion of the Scr/No Faces early maximum spans the range of 25-55 Hz. The 

second maximum response for the Up/Faces condition occurs in the later part of the 

observation window, and is mostly constrained within the ranges of 20-30 Hz and 45-

55Hz. In the Scr/No Faces condition this response is more broadly distributed across 25-

55 Hz. 
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Figure 13. Time-frequency maps of average spectral and synchrony power averaged 
across electrodes, trials, and subjects. A). Average reference spectral power. B) 
Average reference phase synchrony power. Power values have been normalized with 
respect to a 250 ms pre-stimulus baseline; color scale shows regions of increase (light 
shading) and decrease (dark shading) indicated in standard deviations from the baseline. 
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Summing across the central gamma range (25-55 Hz) for each time point in both 

conditions yields Figure 15 A. 

Average reference synchrony power (Figure 13B) for the upright condition 

exhibited several maximum points of activity throughout the course of the observation 

window. Two large peaks were present in the 45-55 Hz range from approximately 0-125 

ms. A second main area of activity occurred over a 100 ms window centered at 300 ms 

across a frequency range of approximately 25-40 Hz. Synchrony persisted throughout the 

Up/Faces condition at lower amplitudes across a 25-55 Hz range for the remainder of the 

observation period. In contrast, synchrony for the scrambled presentation condition 

exhibited only one major region of activity, narrowly centered on 31 Hz from 

approximately 125-600 ms. 

Figures 14A and B show the grand-averaged time-frequency spectral and 

synchrony power maps for the laplacian reference scheme. Results for the spectral power 

were nearly identical to those for the average reference scheme. This similarity was 

confirmed by summing across the central ganmia range (25-55 Hz) for each time point in 

both conditions (Figure 15B). 

Laplacian reference synchrony power (Figure 14B) for the upright condition 

exhibited a major region of activity across a 25-55 Hz range over 0 - 300 ms. Diffuse 

synchrony persisted at lower amplitudes across the frequency range throughout the 

remainder of the observation window. Syiichrony for the scrambled presentation 

condition also exhibited a major region of activity across the 25-55 Hz range centered at 

300 ms. However the amplitude of the activity was visibly less than for the Up/Faces con-



87 

Figure 14. Time-frequency maps of laplacian spectral and synchrony power averaged 
across electrodes, trials, and subjects. A). Laplacian reference spectral power. B) 
Laplacian reference phase synchrony power. Power values have been normalized with 
respect to a 2S0 ms pre-stimulus baseline; color scale shows regions of increase (light 
shading) and decrease (dark shading) indicated in standard deviations from the baseline. 

Itr-

Figure 15. Time courses for spectral power indicated in standard deviations from the 
250 ms pre-stimulus baseline. All graphs are grand averages over electrodes, trials, and 
subjects in the L'p/'No Faces {thick line) and Scr'No Faces {dash-dot line) conditions. A) 
Average reference spectral power. B) Laplacian reference spectral power. Although 
power in the Scr/No Faces condition was greater than power in the Up/faces condition 
across both reference schemes, no signiflcant differences were found. 
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dition, and substantial synchrony did not persist throughout the remainder of the trial. 

Results for the time course analysis of grand averaged global phase synchrony 

power over the central gamma range (25-55 Hz) are displayed in Figure 16. The time 

courses for both the average and laplacian reference schemes are very similar. For the 

average reference, synchrony rose to an initial peak at 250 ms for the Up/Faces condition 

and 265 ms for the Scr/No Faces condition (Figure 16A). Synchrony in the upright 

condition was significantly greater (p < .05) than synchrony in the scrambled condition 

during the initial increase period (0-219 ms). This was followed by a slight synchrony 

decrease in the Up/Faces condition and then a second increase to another peak at 828 ms. 

Although it was decreasing, synchrony remained elevated above the sampled baseline for 

the remainder of the observation window. The Scr/No Faces condition exhibited no 

secondary increase, but decreased to a stationary level (approximately 4.5 standard 

deviations above pre-stimulus baseline) and remained there for the rest of the trial. 

Synchrony for the upright presentation condition was significantly greater than 

synchrony for the scrambled condition during this period from 578 - 1000ms. 

For the laplacian reference, synchrony increased to an initial maximum at 250 ms 

for both the Up/Faces and Scr/No Faces condition (Figure 16D). Synchrony in the 

upright condition was significantly greater (p < .05) than synchrony in the scrambled 

condition during this period from 0 - 78ms and 125 - 250 ms. Synchrony then decreased 

to quasi-stationary levels for the remainder of the observation period, with synchrony for 

the Up/Faces condition significantly greater (p < .05) than for the Scr/No Faces condition 

over the period from 563 - 1000ms. Desynchrony for the two reference schemes was 
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Figure 16. Time courses for phase synchrony/desynchrony over the central gamma 
range (25-55 Hz). All values are in units of standard deviations from the 250 ms pre-
stimulus baseline. All graphs are grand averages over electrodes, trials, and subjects in 
the Up/No Faces (thick line) and Scr/No Faces (dash-dot line) conditions. The dashed 
line represents randomly sampled baseline data; the grey strip indicates dispersion of 
baseline data ± 3 standard errors. A) Average reference synchrony power. B) Average 
reference desynchrony power. C) Average reference synchrony/desynchrony ratio 
(SDR). D) Laplacian reference synchrony power. E) Laplacian reference desynchrony 
power. F) Laplacian reference SDR. For both spectral and synchrony power graphs, the 
temporal spread of the wavelet plus expectation effects due to the constant interstimulus 
interval (ISI) account for results that obtain before stimulus onset. 
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nearly identical (Figures 16B, E), with both conditions exhibiting a slow increase in 

absolute magnitude for the duration of the observational window. Desynchrony 

oscillated slightly in both conditions across reference schemes, and even decreased in 

absolute magnitude towards the end of the trial for the average reference upright 

condition. Both reference schemes exhibited significant differences (p < .OS) between 

conditions over the period of 578 - 1000 ms, with the desynchrony in the Up/Faces 

condition greater than in the Scr/No Faces condition. 

The synchrony/desynchrony ratio (SDR) showed an initial increase in both 

conditions to reach maximums at approximately 200 - 230 ms (Figures 16C, F). SDR 

was significantly greater (p < .05) in Up/Faces condition during this period, with the 

intervals of significance being 125 - 250 s for the average reference, and 200 - 250 ms 

for the laplacian reference. SDR for the Up/Faces condition oscillated throughout the 

trial for the average reference, but always remained above the sampled baseline and 

above the SDR for the Scr/No Faces condition. For the laplacian reference, SDR 

decreased sharply after the initial peak, slowly increased to a secondary smaller 

maximum, and then decreased for the remainder of the trial. However at all points 

Up/Faces SDR remained above both the sampled baseline and the SDR for the Scr/No 

Faces condition. The Up/Faces SDR was significantly greater (p < .05) in the second 

half of the observation window over an interval of 516 - 1000ms for both the average 

and the laplacizm references. 

In summary, both reference schemes exhibited significant above baseline 

synchrony increases for both conditions. However there was significantly greater 
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synchrony for the Up/Faces condition relative to the Scr/No Faces condition during the 

early and later portions of the observation window across both reference schemes. In 

addition less desynchrony was observed during these periods for the Up/Faces condition. 

These results are reflected in the SDR for both reference schemes. Although both 

conditions demonstrate significant above-baseline SDRs throughout most of the 1000 ms 

observation period (signifying greater synchrony then desynchrony), SDR was 

significantly greater for the Up/Faces condition during the early and late portions of the 

observation window. 

Topographical analysis. 

Figures 17 through 20 display the results of the topographical analyses for the 

average reference condition. Topographical synchrony power is displayed for Up/Faces 

- Scr/No Faces and Scr/No Faces - Up/Faces differential comparisons in Figure 17. The 

Up/Faces - Scr/No Faces comparison displayed large numbers of bilaterally distributed 

electrode pairs with synchrony values that were significantly greater (p < .05) in the 

upright vs. the scrambled condition. The number of significant electrode pairs appeared 

to increase with time, such that by the end of the 1000 ms observation window almost 

every electrode was part of at least one pair that was in greater synchrony during the 

upright vs. the scrambled condition. In contrast, only a small number of electrode pairs 

exhibited significantly greater synchrony in the Scr/No Faces - Up/Faces comparison, 

and this number remained more or less constant with time. Additionally, spectral power 
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slowly increased with time during both conditions, with the greatest increases over 

frontal and fronto-temporal regions. 

Figure 18 displays an alternative representation of topographical synchrony in 

which each electrode is labeled with the number of electrodes with which it participates 

in significant differential synchrony. Significant spectral power differences at each 

electrode site are labeled by a star symbol. This pictorial representation confirms that the 

number of significant electrode pairs increases with time, and also allows a more precise 

estimation of the synchrony topography. Examination of Figure 18 reveals that the 

majority of the electrodes participating in significant differential synchrony within the 

upright presentation condition were located over most of the scalp; however the 

electrodes with the largest number of synchrony-participating partner electrodes are 

located in the frontal, central, and occipitoparietal regions. These are all areas that are 

involved in visual processing and decision making. Furthermore, most of the small 

number of electrodes that expressed significant differential spectral power did so in the 

scrambled condition, and tended to be located in the left hemisphere, although very few 

remained significant across time bins. 

Topographical desynchrony power for the average reference is displayed in 

Figure 19. Significant desynchrony was present between large numbers of bilaterally 

distributed electrode pairs during the Scr/No Faces - Up/Faces comparison. Only a very 

sparse number of electrode pairs exhibited significantly greater desynchrony in the 

Up/Faces - Scr/No Faces comparison. Figiire 20 displays the numerical representation of 

topographical synchrony. This pictorial representation shows that the desynchrony 
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Figure 17. Average reference gamma-band power and synchrony power over the surface 
of the scalp. Spectral and synchrony power was averaged at each electrode/electrode pair 
over post-stimulus time bins in which significant differences were obtained between 
conditions in the global time course comparisons. The color scale indicates the 
magnitude of spectral power averaged across the frequency range 25 - 55 Hz. Lines 
between electrodes indicate significant phase synchrony, where a line is drawn only if 
there is a significant difference in synchrony (Wilcoxon t-test, one-tailed, p < .05) 
between comparison conditions. The thickness of the lines indicates the relative 
synchrony magnitudes, with thicker/thinner lines representing larger/smaller synchrony 
values. Face - Scr = Up/Faces - Scr/No Faces comparison; Scr - Face = Scr/No Faces -
Up/Faces comparison. 
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Figure 18. Alternative representation for the average reference gamma-band spectral 
power and synchrony power over the surface of the scalp. Spectral and synchrony 
power was averaged at each electrode over post-stimulus time bins in which significant 
differences were obtained between conditions in the global time course comparisons. 
The color scale indicates the magnitude of spectral power averaged across the frequency 
range 25 - 55 Hz. Numerical labels represent the number of electrodes with which an 
electrode participates in significant differential synchrony. Stars indicate an electrode 
that expresses significantly greater differential spectral power. Face - Scr = Up/Faces -
Scr/No Faces comparison; Scr - Face = Scr/No Faces - Up/Faces comparison. 
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Figure 19. Average reference ganuna-band power and desynchrony power over the 
surface of the scalp. Spectral and desynchrony power were averaged at each 
electrode/electrode pair over post-stimulus time bins in which significant differences 
were obtained between conditions in the global time course comparisons. The color 
scale indicates the magnitude of spectral power averaged across the frequency range 25 -
55 Hz. Lines between electrodes indicate significant phase desynchrony, where a line is 
drawn only if there is a significant difiference in desynchrony (Wilcoxon t-test, one-
tailed, p < .05) between comparison conditions. The thickness of the lines indicates the 
relative synchrony magnitudes, with thicker/thinner lines representing larger/smaller 
synchrony values. Face - Scr = Up/Faces - Scr/No Faces comparison; Scr - Face = 
Scr/No Faces - Up/Faces comparison. 
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Figure 20. Numerical representation for the average reference gamma-band spectral 
power and desynchrony power over the surface of the scalp. Spectral and desynchrony 
power were averaged at each electrode over post-stimulus time bins in which significant 
differences were obtained between conditions in the global time course comparisons. 
The color scale indicates the magnitude of spectral power averaged across the frequency 
range 25 - 55 Hz. Numerical labels represent the number of electrodes with which an 
electrode participates in significant differential desynchrony. Stars indicate an electrode 
that expresses significantly greater differential spectral power. Face - Scr = Up/Faces 
- Scr/No Faces comparison; Scr - Face = Scr/No Faces - Up/Faces comparison. 
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topography changed over time, with central, and central-parietal sites becoming more 

desynchronized. 

Figures 21 through 24 display the results of the topographical analyses for the 

laplacian reference condition. Topographical synchrony power is displayed for Up/Faces 

- Scr/No Faces and Scr/No Faces - Up/Faces differential comparisons in Figure 21. As 

in the average reference, the laplacian Up/Faces - Scr/No Faces comparison also 

displayed large numbers of bilaterally distributed electrode pairs with synchrony values 

that were significantly greater (p < .05) in the upright vs. scrambled condition. The 

largest number of significant electrode pairs appeared to be in the middle time bin (578-

781 ms). A sparser number of electrode pairs exhibited significantly greater synchrony 

in the Scr/No Faces - Up/Faces comparison, a number that remained more or less 

constant with time. Nonetheless, more electrode pairs showed significant differential 

synchrony for the laplacian scheme than for the average reference. As before, spectral 

power slowly increased with time during both conditions; however the laplacian 

reference also showed large increases over temporal-parietal as well as over the frontal 

and fronto-temporal regions seen in the results for the average reference. 

Figure 22 displays the numerical representation of laplacian topographical 

synchrony. As before, significant spectral power difference differences at each electrode 

site are labeled by a star symbol. This pictorial representation confirms that a larger 

number of significant electrode pairs are present in the 578 - 781 ms time bin. The 

majority of the electrodes participating in significant differential synchrony within the 

upright presentation condition are located over fi'ontal, central, and occipitoparietal 
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Figure 21. Laplacian reference gamma-band power and synchrony power over the 
surface of the scalp. Spectral and synchrony power was averaged at each 
electrode/electrode pair over post-stimulus time bins in which significant differences 
were obtained between conditions in the global time course comparisons. The color 
scale indicates the magnitude of spectral power averaged across the frequency range 2S -
55 Hz. Lines between electrodes indicate significant phase synchrony, where a line is 
drawn only if there is a significant difference in synchrony (Wilcoxon t-test, one-tailed, p 
< .05) between comparison conditions. The thickness of the lines indicates the relative 
synchrony magnitudes, with thicker/thinner lines representing larger/smaller synchrony 
values. Face - Scr = Up/Faces - Scr/No Faces comparison; Scr - Face = Scr/No Faces -
Up/Faces comparison. 
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Figure 22. Numerical representation for the laplacian reference gamma-band spectral 
power and synchrony power over the surface of the scalp. Spectral and synchrony power 
was averaged at each electrode over post-stimulus time bins in which significant 
differences were obtained between conditions in the global time course comparisons. The 
color scale indicates the magnitude of spectral power averaged across the frequency range 
25 - SS Hz. Numerical labels represent the number of electrodes with which an electrode 
participates in significant differential synchrony. Stars indicate an electrode that expresses 
significantly greater differential spectral power. Face - Scr = Up/Faces - Scr/No Faces 
comparison; Scr - Face = Scr/No Faces - Up/Faces comparison. 
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Figure 23. Lapiacian reference ganuna-band power and desynchrony power over the 
surface of the scalp. Spectral and desynchrony power were averaged at each 
electrode/electrode pair over post-stimulus time bins in which significant differences 
were obtained between conditions in the global time course comparisons. The color 
scale indicates the magnitude of spectral power averaged across the frequency range 25 -
55 Hz. Lines between electrodes indicate significant phase desynchrony, where a line is 
drawn only if there is a significant difference in desynchrony (Wilcoxon t-test, one-
tailed, p < .05) between comparison conditions. The thickness of the lines indicates the 
relative synchrony magnitudes, with thicker/thiimer lines representing larger/smaller 
synchrony values. Face - Scr = Up/Faces - Scr/No Faces comparison; Scr - Face = 
Scr/No Faces - Up/Faces comparison. 
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Figure 24. Numerical representation for the laplacian reference ganuna-band spectral 
power and desynchrony power over the surface of the scalp. Spectral and desynchrony 
power were averaged at each electrode over post-stimulus time bins in which significant 
differences were obtained between conditions in the global time course comparisons. 
The color scale indicates the magnitude of spectral power averaged across the frequency 
range 25 - 55 Hz. Numerical labels represent the number of electrodes with which an 
electrode participates in significant differential desynchrony. Stars indicate an electrode 
that expresses significantly greater differential spectral power. Face - Scr = Up/Faces -
Scr/No Faces comparison; Scr - Face = Scr/No Faces - Up/Faces comparison. 
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regions; however the topographical placement of these electrodes is slightly different 

from those found for the average reference. Furthermore, most of the small number of 

electrodes that express significant differential spectral power do so in the scrambled 

condition and tend to be located in the right hemisphere; an outcome that is consistent 

with the results for the average reference. 

Topographical desynchrony power for the laplacian reference is displayed in 

Figure 23. As for the average reference, the Scr/No Faces - Up/Faces comparison for 

desynchrony power displayed large numbers of bilaterally distributed electrode pairs 

with desynchrony values that were significantly greater (p < .05) in the scrambled vs. 

upright condition. Only a very sparse number of electrode pairs exhibited significantly 

greater desynchrony in the Up/Faces - Scr/No Faces comparison. Figure 24 displays the 

numerical representation of topographical synchrony. This pictorial representation 

shows that the number of desynchronous electrode pairs decreased with time, but that a 

few increased in absolute amplitude. As was the case for the average reference, 

desynchrony was most prevalent over central and central-parietal scalp sites. 

In summary, the results of Experiment 2 indicate differential gamma-range phase 

synchrony during the perception of face vs. non-face stimuli over long (1000 ms) 

presentation times, under conditions of sustained attention. Although both conditions 

exhibited significant neural synchrony relative to a pre-stimulus baseline, positive 

synchrony was greater when stimuli were perceived as faces than non-faces during the 

early and late portions of the stimulus presentation. Conversely, greater desynchrony 

was obtained when stimuli were not perceived as faces rather than when they were 
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perceived as faces; this difference was also found during the early and late portions of the 

stimulus presentation. Both synchrony and desynchrony were found to be widespread 

across the scalp, with some bias towards frontal, central, occipitoparietal, and occipital 

regions; all areas implicated in decision making and the processing of visual stimuli. 
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GENERAL DISCUSSION 

The purpose of this study was to uncover the relationship between neural 

synchrony and conscious perception while simultaneously accounting for the possible 

influence of attention upon synchronous behavior. Although the present study has 

contributed an advance in our understanding of the synchrony/perception relationship, 

several important theoretical and methodological issues were raised in the process 

The results of Experiment I replicated those of Rodriguez et al. (1999), but in the 

course of doing so two methodological problems were discovered that call into question 

the interpretation of Rodriguez et al.'s findings. First, the data collected during 

Experiment I was contaminated with common nose reference activity that may have 

produced artifactual synchrony. Second, there was an inconsistency in the analysis of 

Rodriguez et al. in assessing the criteria by which frequency bands are considered relevant 

to be included in the grand average analysis of both the spectral power and synchrony 

global power measures. When the data was re-referenced over two different reference 

schemes (average and laplacian; see Analysis 2.1 section) and an improved method of 

assessing relevant synchrony bands was used (see Analysis 2.2 section), significant 

differential synchrony between the conditions of Experiment I disappeared. This calls into 

question the initial interpretation of Experiment I (and Rodriguez et al.) because it 

suggests that the differences obtained between conditions are artifacts of the methods of 

recording (use of a common nose reference scheme) and analysis, and are not due to 

differences in neural processing. However applying these new analytical methods to the 

data of Experiment 2 produced a different result. Synchrony was present across both 
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upright and scrambled conditions, but more synchrony was found in the upright than 

scrambled case for most of the observation window. 

Although the presence of significant synchrony (relative to baseline) in the 

scrambled condition may be disconcerting at first (especially in light of Rodriguez et al.'s 

(1999) failure to find synchrony in their analog condition), it in fact leads to a more 

theoretically satisfying view of how synchrony may be related to perception. If synchrony 

is truly related to binding, then it does not make sense to predict no synchrony during the 

scrambled conditions because conscious perception was still going ongoing during these 

conditions. Even though these stimuli were perceived as meaningless on a global scale, 

some local feature binding must have obtained in order for subjects to perceive the 

features of the scrambled stimuli and make judgements based upon those perceptions. 

Thus significant synchronous neural activity should be present during conscious 

perception of both face and non-face stimuli. Although synchrony should be expected 

across all conditions, more synchrony might be expected in the upright condition as 

opposed to the other conditions due to the need to further bind together local object 

features into a unitary face representation.^ This would also include the binding of object 

features to face memory representations. The hypothesis that synchrony should be present 

only in the case of global object perception is too simplistic; synchrony should most likely 

be present across all cases of perception to varying degrees. 

This interpretation is confounded by the use of an attention task in Experiment 2. 

Recall that the purpose of this task was to keep subjects highly attentive throughout 
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stimulus presentation in order to equate attention across conditions. Given the results of 

the Fries et al. (2001) study reviewed earlier in which increased attention in macaque 

monkeys was associated with an increase in neural synchrony, it is plausible that the 

presence of significant synchrony in the scrambled condition may have been due to the 

high activation of the attention processes of the participants. The synchrony in this case 

may have enabled the efficient gating and subsequent coordination of information 

processing that would be associated with attention (Fries et al., 2001). Nonetheless, 

Experiment 2 still resulted in significant synchrony differences between conditions. This 

difference may have been due to differences in binding; alternatively the difference may 

have been due to differences in attention for face versus non-face stimuli. It is possible 

that meaningful face stimuli may also be associated with increased attention relative to a 

non-meaningful stimulus like the scrambled stimuli used in this study. The results of 

Experiment 2 caimot differentiate between these interpretations. However future 

experiments, in which the perceptual task is to differentiate between two types of 

meaningless non-face stimuli, may be able to disentangle these two possibilities. 

In regards to the time course of the neural synchrony demonstrated in Experiment 

2, no major evidence was found for a cycle of synchronization/desynchronization that 

might implement some form of "perceptual refiresh" as discussed by Leopold & Logethetis 

(1999). Small oscillations were detected for average reference synchrony and 

desynchrony, but none were of the magnitude of the first initial synchrony increase that 

was present across both montages. This suggests that synchrony does not mediate such a 

^ This is also consistent with the results of Analysis 2.2 in that synchrony across conditions was 
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refresh mechanism, or alternatively no such refresh mechanism was active during the 

viewing of the Mooney face stimuli. It may be that perceptual refresh occurs only in the 

context of rivalrous or ambiguous stimuli. Mooney faces are not generally considered to 

fall in this latter category, as once a perceptual solution is achieved for these stimuli, it 

generally remains "locked-in". However the possibility remains that the scale of variation 

at which such a refresh process occurs may be outside the range of sensitivity for scalp 

recordings, and thus can not be detected by the methods used in the present study. 

Another prospect is that such a refresh mechanism may occur only over a selected subset 

of brain regions. The time courses calculated in Experiment 2 summed across all 

electrodes across the scalp, thus possibly swamping out any refresh behavior in the 

process. 

The time course results of Experiment 2 are consistent with the interpretation that 

synchrony may reflect an initialization of perceptual processes. Presumably this 

initialization would include the construction of a percept by the integration of the local 

features present in the stimulus. This process would also Include the binding of the 

integrated features to object memory representations, perhaps localized in higher brain 

regions. As discussed earlier, such a process should obtain in both the upright and 

scrambled conditions if binding truly reflects conscious perception. The data of 

Experiment 2 conform to this possibility; the strongest period of synchrony was during the 

first 200 ms of stimulus presentation for both conditions. Furthermore, absolute 

synchrony (relative to the shuflled baseline) spanned multiple brain regions during this 

significantly greater than the shuflled baseline comparison, although decision making effects may have 
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period; yet there was a lesser amount of significantly greater differential synchrony in the 

scrambled condition relative to the upright condition. This may have been due to a failure 

in object memory access in the scrambled condition; or alternatively to a less efficient 

gating and coordination of information due to attentional differences. 

The fact that synchrony was sustained throughout stimulus presentation indicates 

that the phenomenon may be responsible for more than just an initial coordination of 

perceptual processing. The data suggest that neural synchrony is involved both in the 

initialization and maintenance of perceptual processes, although in what capacity still 

remains unclear. Synchrony may mediate binding at both the local level (i.e. binding 

together the parts of a feature) and at the global level (binding together the individual 

features into a unitary percept). This mediation may be very robust at the beginning of a 

perceptual event, as the synchronized activity creates transient synaptic changes reflective 

of the creation of a stimulus representation and its binding to an object memory 

representation. However once the initial representation is created, synchrony may help to 

sustain the synaptic connections created by the initial wave of processing. This would 

account for the secondary period of elevated synchrony that obtained in the later portion of 

stimulus presentation. 

This interpretation is inconsistent with the conclusions of Revonsuo et al. (1997) 

reviewed earlier, in which significant synchrony was found only during the initial period 

of a perceptual event (i.e. during stereo fusion of a random dot autostereogram). No 

notable synchrony was observed in this study during a period of constant viewing of the 

also contributed to this result. 
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stimulus after fusion had taken place. The authors interpreted this result as indicating that 

synchronization is only necessary during the initial construction of a percept, but not for 

the maintenance of the percept once it is created. There may be several reasons for the 

difference in results between Experiment 2 and the Revensuo et al. study. First, the latter 

study assessed neural synchrony by examining spectral power differences across 

conditions. This method is an indirect measure of synchrony that can only assess the 

phase-locking of neuronal populations localized to an electrode of interest. Second, the 

physical nature of Revonsuo et al.'s stimuli (random dot autostereograms binocularly 

fused into a three-dimensional image) was somewhat different from that of Experiment 2, 

which used two-dimensional images. Finally, the stimuli used in Experiment 2 were 

highly meaningful and were relevant to the task. It has been suggested (Engel, Fries, 

Konig, Brecht, and Singer, 1999) that synchrony might be observed in a condition where 

participants had to attentively discriminate features across the viewing period. This was 

exactly the type of situation in Experiment 2 because participants had to discriminate local 

color changes within the stimulus for the attention task. However this fmal possibility 

underscores the point that Experiment 2 cannot differentiate between the possibility that 

the observed neural synchrony was attention-related rather than reflecting feature binding. 

There still remains an additional possible confound for the results of Experiment 2. 

It is possible that the differential resuhs observed here might be due to differences in 

neural activity associated with different patterns of eye movements for face as opposed to 

scrambled stimuli. This is eye movement activity that is intrinsic to the data. In 

Experiment 2 trials containing eye movements were not removed, but instead were 
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corrected via an automatic computer algorithm and by transformation to the average and 

laplacian reference montages. While these corrections and transformations can remove the 

physical contribution of the eyeblink to the EEG signal, they cannot remove the 

contribution associated with the intrinsic neural processing of the eyeblink. This can only 

be accounted for by removing trials containing eye movement artifact from the analyses. 

Hence the possibility that these results reflect eye movements can not be ruled out. 

In a theoretical article surveying both the animal and human literature on 

synchronization, Sewards and Sewards (1999) pointed out that many of the studies that 

demonstrated the presence of gamma-range synchronization used moving stimuli rather 

than static ones. Significant alpha-range (8-12 Hz) synchrony and alpha-gamma phase 

correlations were also observed in several of these studies. However for studies that used 

static stimuli, only alpha-band synchrony was present and gamma-band synchrony was 

absent (or at best minimal). Sewards and Sewards (1999) hypothesized that unitary 

representations of moving objects are mediated by gamma and alpha range synchrony, 

while representations of static objects may be mediated by alpha range synchrony, under 

circumstances in which eye movements are prevented. This latter prescription is 

important in that a stimulus viewed under relative motion of the retina due to an eye 

movement may be equivalent, neurally speaking, to a moving object (at least for certain 

portions of the visual system). 

The fact that our perception of the world remains stable when we move our head or 

eyes does not contradict this possibility, because such stability arises out of the 

environmental context within which the perceiver is placed. Key motion detection 
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neurons would still respond to this relative motion, although other neural areas involved 

with processing the context of the environmental scene may mediate their outputs. 

However relative motion of the retina in the absence of a stabilizing context, perhaps by 

viewing a bright stimulus in a darkened room that does not allow visual information about 

the surrounding environment to reach the retina, should produce some perception of 

motion of the object. There is already some experimental evidence for Sewards and 

Seward's argument. Tovee and Rolle (1992) found an absence of gamma-range 

synchronization in the temporal cortex of monkeys in response to static facial stimuli. 

Furthermore, in an analysis that did not include eye movement contaminated trials, Mima 

et al. (2000) demonstrated a significant increase in EEG alpha-band coherence, but not 

gamma-band coherence, when subjects passively viewed pictures of real objects versus 

scrambled versions of the same objects. 

The consequences of this argument for Experiment 2 is that a differential neural 

response to saccades and eye blinks may indeed account for the instances of gamma-range 

synchronization observed in Experiment 2. To correct for this would require a reanalysis 

of the EEG data in which all eye movement contaminated trials are removed from the data. 

However given the objection that use of the average and laplacian references may filter out 

relevant synchronous activity (see Analysis 2.1 section), it is best to perform this type of 

analysis on new data gathered using a digitally-linked ears or monopolar chest reference 

montage. In the interim it is best to view the interpretations of the results for Experiment 2 

with caution. 



121 

REFERENCES 

Alais, D., Blake, R., and Lee, S-H. (1998). Visual features that vary together over time 
group together over space. Nature Neuroscience. 1 (2). 160-164. 

Bertrand, O., Perrin, F., and Pemier, J. (1985). A theoretical justification of the average 
reference in topographic evoked potential studies. Electroencephalography and 
Clinical Neurophysiology. 62.462-464. 

Crick, F. & Koch, C. (1990), Towards a neurobiology of consciousness. Seminars in 
Neuroscience. 2.263-275. 

Eckhom, R., Bauer, R., Jordan, W., Brosch, M., Kruse, W., Mxmk, M., & Reitbock, H. J. 
(1988), Coherent oscillations: A mechanism of feature linking in the visual 
cortex? Biological Cybernetics. 60.121-130. 

Eckhom, R., Frien, A., Bauer, R., Woelbem, T., and Kehr, H. (1993). High frequency 
60-90 Hz oscillations in primary visual cortex of awake monkey. NeuroReport. 
4,243-46. 

Eckhom, R., Schanze, T., Brosch, M., Salem, W., and Bauer, R. (1991). Stimulus-
specific synchronizations in cat visual cortex; multiple microelectrode and 
correlation studies from several cortical areas. In Basar, E. & Bullock, T.H. 
(Eds.), Induced Rhythms in the Brain (pp. 47-82). Boston: Birkhauser. 

Elliott, M. A., and Muller, H. J. (1998). Synchronous information presented in 40-hz 
flicker enhances visual feature binding. Psychological Science. 9 (4). 277-283. 

Engel, A. K., Fries, P., Konig, P., Brecht, M., and Singer, W. (1999). Does time help to 
understand consciousness? Consciousness and Cognition. 8. 260-168. 

Engel, A. K., Konig, P., Gray, C. M. and Singer, W. (1990). Stimulus-dependent 
neuronal oscillations in cat visual cortex: inter-columnar interaction as 
determined by cross-correlational analysis. European Journal of Neuroscience. 2. 
588-606. 



122 

Engel, A. K., Konig, P., Kreiter, A. K., Schillen, T. B., and Singer, W. (1992). Temporal 
coding in the visual cortex; new vistas on integration in the nervous system. 
Trends in Neuroscence. 15.218-226. 

Engel, A. K., Konig, P., Kreiter, A. K., and Singer, W. (1991a). Interhemispheric 
synchronization of oscillatory neuronal responses in cat visual cortex. Science. 
252. 177-79. 

Engel, A. K., Konig, P., and Singer, W. (1991b). Direct physiological evidence for scene 
segmentation by temporal coding. Protocols of the National Academv of 
Sciences USA. 88. 9136-40. 

Engel, A. K., Kreiter, A. K., Konig, P., and Singer, W. (1991c). Synchronization of 
oscillatory neuronal responses between striate and extrastriate visual cortical 
areas of the cat. Protocols of the National Academv of Sciences USA. 88. 6048-
52. 

Engel, A. K., Kreiter, A. K. and Singer, W. (1992). Oscillatory responses in the superior 
temporal sulcus of anesthetized macaque monkeys. Societv of Neuroscience 
Abstracts. 18. 11.10. 

Fein, G., Raz, J., Brown, F. F., and Merrin, E. L. (1988). Common reference coherence 
data are confounded by power and phase effects. Electroencephalography and 
Clinical Neurophysiology. 69. 581-584. 

Fries, P., Reynolds, J. H., Rorie, A.E., and Desimone, R. (2001). Modulation of 
oscillatory neuronal synchronization by selective attention. Science. 291. 1560-
1563. 

Fries, P., Roelfsema, P. R., Engel, A. K., Konig, P., and Singer, W. (1997). 
Synchronization of oscillatory responses in visual cortex correlates with 
perception ininterocular rivalry. Protocols of the National Academy of Sciences 
USA. 94. 12699-12707. 



123 

George, N., Jemel, B., Fieri, N., and Renault, B. (1997). Face and shape repetition 
efTects in humans: a spatio-temporal ERP study. NeuroReoort. 8. 1417-1423. 

Gray, C. M. and Di Prisco, G. V. (1997). Stimulus-dependent neuronal oscillations and 
local synchronization in striate cortex of the alert cat. Journal of Neuroscience. 
17 (9). 3239-3253. 

Gray, C. M., Konig, P., Engel, A. K. & Singer, W. (1989), Oscillatory responses in cat 
visual cortex exhibit intercolumnar synchronization which reflects global 
stimulus properties. Nature. 338.334-337. 

Grossman, A., Kronland-Martinet, R., and Morlet, J. (1989), Reading and understanding 
continuous wavelet transforms. In Combes, J. M. , Groomsman, A. and 
Tchamitchian, P. (Eds.). Wavelets. Time-freauencv Methods, and Phase Space 
(pp.2-20). Springer-Verlag: Berlin. 

Hebb, D. O. (1949). The Organization of Behavior. (New York: John Wiley & Sons). 

Henderson, J. M., and Hollingworth, A. (1999). High-level scene perception. Annual 
Review of Psychology. 50.243-271. 

Joliot, M., Ribary, U., & Llinas, R. (1994), Human oscillatory brain activity near 40 Hz 
coexists with cognitive temporal binding. Protocols of the National Academy of 
Sciences USA. 91.11748-11751. 

Kiper, D. C., Gegenfurtner, K. R., and Movshon, J. A. (1996). Cortical oscillatory 
responses do not affect visual segmentation. Vision Research. 36 (4). 539-544. 

Kreiter, A. K., & Singer, W. (1994), Global stimulus arrangement determines 
synchronization of neuronal activity in the awake macaque monkey. European 
Journal of Neuroscience. 7 fSuppl. I), 153. 

Kreiter, A. K., & Singer, W. (1996), Stimulus dependent synchronization of neuronal 
responses in the visual cortex of the awake macaque monkey. Journal of 
Neuroscience. 16.2381-2396. 



124 

Laberge, D. (1995), Attentional Processing: The Brain's Art of Mindfulness 
(Cambridge, MA: Harvard University Press). 

Lachaux, J-P., Rodriguez, E., Le Van Quyen, M., Lutz, A., Martinerie, J., and Varela, F. 
J. (2000). Studying single-trials of phase-synchronous activity in the brain. 
International Journal of Bifurcation and Chaos in Applied Sciences and 
Engineering. 10.2429-2441. 

Lachaux, J-P., Rodriguez, E., Martinerie, J., and Varela, F. J. (1999), Measuring phase 
synchrony in brain signals. Human Brain Mapping. 8.194-208. 

Lagerlund, T. D., Sharbrough, F. W., Busacer, N, E., and Cicora, K. M. (1995). 
Interelectrode coherences from nearest-neighbor and spherical harmonic 
expansion computation of laplacian of scalp potential. Electroencephalography 
and Clinical Neurophvsiologv. 95.178-188. 

Lamme, V. A. F., and Spekreijse, H. (1998). Neuronal synchrony does not represent 
texture segregation. Nature. 396. 362-366. 

Law, S. K., Nunez, P. L., Wijesinghe, R. S. (1993). High resolution EEG using spline 
generated surface laplacians on spherical and ellipsoidal surfaces. IEEE 
Transactions on Biomedical Engineering. BME40. 145-153. 

Leonards, U., Singer, W., and Fahle, M. (1996). The influence of temporal phase 
differences on texture segmentation. Vision Research. 36 (17V 2689-2697. 

Leopold, D.A., & Logothetis, N.K. (1999), Multistable phenomena: changing views in 
perception. Trends in Cognitive Sciences. 3 (7). 254-64. 

Llinas, R. and Ribary, U. (1993). Coherent 40-Hz oscillation characterizes dream state 
in humans. Protocols of the National Academy of Sciences USA. 90. 2078-
2081. 



125 

Llinas, R., Ribary, U., Joliet, M., and Wang, XJ. (1994). Content and context in 
temporal thalamocortical binding. In G. Busaki (Ed.), Temporal Coding in the 
Brain (pp. 251-272). Heidleberg: Springer-Verlag. 

Logothetis, N. K. & Schall, J. D. (1989), Neuronal correlates of subjective visual 
perception. Science. 245. 761-763. 

Mack, A., Tang, B., Tuma, R., Kahn, S., and Rock, I. (1992), Perceptual organization 
and attention. Cognitive Psychology. 24.475-501. 

Malenka, R.C., and Nicoll, R. A. (1999). Long-term potentiation - a decade of 
progress? Science. 285.1870-1874. 

Mallat, Stephane (1999). A wavelet tour of signal processing. London: Academic 
Press. 

McNaughton, B.L. (1982). Long-term synaptic enhancement and short-term 
potentiation in rat fascia dentata act through different mechanisms. Journal of 
Physiology. 324.249-262. 

McNaughton, B.L., Douglas, R.M., and Godard, C.V. (1978). Synaptic enhancement in 
fascia dentata: cooperativity among coactive afferents. Brain Research. 157. 
277-293. 

Mima, T., Oluwatimilehin, T., Hiraoka, T., and Hallet, M. (2001). Transient 
interhemispheric neuronal synchrony correlates with object recognition. The 
Journal ofNeuroscience, 21 (II). 3942-3948. 

Mooney, C. M. (1956), Closure with negative after-images under flickering light. 
Canadian Journal of Psychology. 10 (4). 191-199. 

Mooney, C. M. (1957), Closure as affected by viewing time and multiple visual 
fixations. Canadian Journal of Psychology. 11 (H. 21-28. 



126 

Nunez, P. L., Srinivasan, R., Westdorp, A. F., Wijesinghe, R. S., Tucker, D. M., 
Silberstein, R. B., and Cadusch, P. J. (1997). EEG coherency I: statistics, 
reference electrode, volume conduction, laplacians, cortical imaging, and 
interpretation at multiple scales. Electroencephalography and Clinical 
Neurophysiology. 103.499-515. 

Palm, G., Aertsen, A. M. H. J., and Gerstein, G. L. (1988). On the significance of 
correlations among neuronal spike trains. Biological Cybernetics. 59. 1-11. 

Pantev, C. (1995), Evoked and induced gamma band activity of the human cortex. 
Brain Topogrophv 7. 321-330. 

Pascual-Marqui, R. D., Gonzalez-Andino, S. L., Valdes-Sosa, P.A., and Biscay-Lirio, 
R. (1988). Current source density estimation and interpolation based on the 
spherical harmonic fourier expansion. International Journal of Neuroscience. 
43, 237-249. 

Revonsuo, A., Wilenius-Emet, M., Kuusela, J., and Lehto, M. (1997). The neural 
generation of a unified illusion in human vision. NeuroReport. 8. 3867-3870. 

Ribary, U., loannides, A. A., Singh, K. D., Hasson, R., Bolton, J. P. R., Lado, F., 
Mogilner, A., and Llinas, R. (1991). Magnetic field tomography of coherent 
thalamocortical 40-Hz oscillations in humans. Protocols of the National 
Academy of Sciences USA. 88.11037-11041. 

Rodriguez, E., George, N., Lachaux, J-P., Martinerie, J., Renault, B., & Varela, F.J. 
(1999), Perception's shadow: long-distance synchronization of human brain 
activity. Nature. 397.430-433. 

Salin, P-A., Bullier, J. (1995). Corticocortical connections in the visual system: 
structure and function. Physiological Reviews. 75 (1). 107-154. 

Schanze, T. And Eckhom, R. (1997). Phase correlations among rhythms present 
different frequencies: spectral methods, application to microelectrode 
recordings from visual cortex and functional implications. International Journal 
of Psvchophvsiology. 26. 171-189. 



127 

Shadlen, M. N., and Movshon, J, A. (1999). Synchrony unbound; a critical evaluation 
of the temporal binding hypothesis. Neuron. 24 (1). 67-77. 

Shaw, G. R. (1993). Spherical harmonic analysis of the electroencephalogram. 
Dissertation Abstracts International. 53 (10). 760B. 

Schwarz, C. and Bolz, J. (1991). Functional specificity of the long-range horizontal 
connections in cat visual cortex: a cross-correlation study. Journal of 
Neuroscience. 11. 2995-3007. 

Sewards, T.V., and Sewards, M. A. (1999). Alpha-band oscillations in visual cortex: 
part of the neural correlate of visual awareness? International Journal of 
Psvchophvsiologv. 32.35-45. 

Sheinberg, D. L. and Logothetis, N. K. (1997), The role of temporal cortical areas in 
perceptual organization. Protocol of the National Academy of Science USA. 94. 
3408-3413. 

Singer, W. (1994). Time as Coding Space in Neocortical Processing: A Hypothesis. In 
Gazzaniga, M. S. (Ed.). The Cognitive Neurosciences (pp.91-164). Cambridge, 
MA: MIT Press. 

Singer, W. (1999). Neural synchrony: a versitile code for the definition of relations? 
Neuron. 26 (H. 49-65. 

Singer, W. & Gray, C. M. (1995), Visual feature integration and the temporal 
correlation hypothesis. Annual Review of Neuroscience. 18. 555-586. 

Sorel, L., and Ranwez, R. (1984). Basis and use of a true monpolar derivation: the neo-
electroencephalography (N.E.E.G.). Clinical Electroencephalography. 15 (2). 
71-82. 

Srinivasan, R., Russell, D. P., Edelman, G. M., and Tononi, G. (1999). Increased 
synchronization of neuromagnetic responses during conscious perception. The 
Journal of Neuroscience. 19(13). 5435-5448. 



128 

Tallon, C., Bertrand, O., Bouchet, P., and Pemier, J. (1995), Gamma-range activity 
evoked by coherent visual stimuli in humans. Eur. J. Neurosci. 7,1285-91. 

Tallon-Baudry, C., Bertrand, O., Delpuech, C. & Pemier, J. (1996), Stimulus specificity 
of phase-locked and non-phase-locked 40 hz visual responses in human. 
Journal ofNeuroscience. 16 (13). 4240-49. 

Tallon-Baudry, C., Bertrand, O., Delpuech, C. & Pemier, J. (1997), Oscillatory 
gamma band (30-70 Hz) activity induced by visual search task in 
human. Journal ofNeuroscience. 17 (2). 722-734. 

Tiitinen, H., Sinkkonen, J., Reinikainen, K., Alho, K., Lavikainen, J., & Naatanen, R. 
(1993), Selective attention enhances the auditory 40-hz transient response in 
humans. Nature. 364. 59-60. 

Tovee, M.J., and Rolls, E.T. (1992). Oscillatory activity is not evident in the primate 
temporal visual cortex with static stimuli. NeuroReport. 3. 369-372. 

Usher, M., and Donnelly, N. (1998). Visual synchrony affects binding and 
segmentation in perception. Nature. 394. 179-182. 

Varela, F.J. (1995), Resonant cell assemblies: a new approach to cognitive function and 
neural synchrony. Biological Research. 28. 81-95. 

von der Malsburg, C. (1985). Nervous structures with dynamical links. Bericht der 
Bunsen-Gessellschaft fur Phvsikalische Chemie. 89. 703-10. 

vonderMalsburg, C. (1986). Am I thinking assemblies? In Palm, G. & Aertsen, A. 
(Eds.). Proceedings of the Trieste Meeting on Brain Theory (PP. 161-176). 
Berlin: Springer. 



129 

von der Malsburg, C. & Singer, W. (1988), Principles of cortical network organization. 
In Rakic, P. & Singer, W. (Eds.). Neurobiology of the neocortex: proceedings 
of the Dahlem conference (pp.69-99). Chichester: Wiley. 

Yarbus, A.L. (1967). Eve Movements and Vision. New York:Plenuni. 

Yordanova, J., Kolev, V. and Demiralp, T. (1997). The phase-locking of auditory 
gamma band responses in humans is sensitive to task processing. NeuroReport. 
8, 3999-4004. 


