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Abstract
Background—Phase synchronization of neural activity preceding a motor act may reflect an
“efference copy” of the motor plan and its expected sensory consequences (“corollary discharge”),
which is sent to sensory cortex to herald the arrival of self-generated sensations and dampen the
resulting sensory experience. We performed time-frequency decomposition of response-locked EEG
to examine phase synchronization of oscillations across trials (phase-locking factor, PLF) to self-
paced button-presses. If pre-press PLF reflects the activity in motor cortex, it should be contra-
lateralized. If it reflects the action of the efference copy, it should be related to subsequent sensory
suppression. If efference copy/corollary discharge mechanisms are abnormal in schizophrenia, it
should be reduced in patients with schizophrenia.

Method—EEG was collected while 23 patients (20 schizophrenia; 3 schizoaffective) and 25 age-
matched controls pressed a button, at will, every 1–2s. PLF preceding and following button-presses
was calculated from single-trial EEG; averaging single trials yielded response-locked event-related
potentials (ERPs) to the tactile response associated with button-pressing.

Results—Consistent with its hypothesized reflection of efference copy/corollary discharge signals,
pre-press gamma band neural synchrony was 1) maximal over the contra-lateral sensory-motor cortex
in healthy subjects, 2) correlated with the ipsi-lateralized somatosensory ERP amplitude evoked by
the press, and 3) reduced in patients. Pre-press neural synchrony in the beta band was also reduced
in patients, especially those with avolition/apathy.

Conclusions—These data are consistent with dysfunction of forward model circuitry in
schizophrenia and suggest that the specific motor-sensory system affected is selectively linked to
symptoms involving that system.
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Introduction
A forward model system involving transmission of an “efference copy” of motor commands
to sensory cortex to generate ”corollary discharges” that prepare it for impending sensory
consequences of self-initiated motor acts has been described as a mechanism that helps us
unconsciously disregard sensations resulting from our own actions as we maneuver through
our environment. Helmholtz first described a forward model mechanism that allows us to
discriminate between moving objects and movements on the retina resulting from eye
movements(1). Von Holst and Mittelstadt(2) and Sperry(3) later suggested that a motor action
is accompanied by an “efference copy” of the action that produces a “corollary discharge”
representation of its expected sensory consequences in sensory cortex.

Although not always couched in terms of a forward model, evidence is emerging that perception
is accomplished by a dynamic matching of sensory expectations with sensory input in a
combined top-down/bottom-up fashion(4). Coordination between neural populations or
cortical regions may be “self-organizing”(5), with temporal synchronization between firing
rates of spatially segregated and distributed neuronal assemblies being an “emergent property”
of neural networks. Thus, top-down processes such as selective attention(6) enhance the phase
locking of neural oscillations at specific frequency bands to incoming stimuli, promoting
enhanced perception.

Similarly, the forward model may involve a dynamic matching of incoming sensory signals
with experience-shaped “libraries” of percepts. It has been suggested that the synchronization
of ongoing neural oscillations by the stimulus may reflect “binding” of separately processed,
and neuro-anatomically segregated, stimulus features with each other and with expectations
(e.g., 7). Perceptual enhancement associated with attention is adaptive, whereby organisms can
quickly evaluate and categorize potentially important environmental events. However, unlike
the post-stimulus synchronization of neural oscillations that occur in response to
environmentally-generated sensory input, the sensory expectancies or corollary discharges
associated with motor acts precede the self-generated re-afferent inputs to sensory cortex and
are “subtracted” from them once they arrive(8).

Because the forward model mechanism involves coordinated motor-sensory communication,
enhancement of neural synchrony might be evident prior to execution of motor acts. In fact,
local field potential recordings from somatosensory cells in rats showed neural synchrony
preceding exploratory whisking in the 7–12Hz(9) and 30–35Hz(10) bands, perhaps triggered
by the transfer of an efference copy of motor preparation to somatosensory cortex, seen as
oscillations occurring several hundred milliseconds before the action.

Failures of the corollary discharge(11) or forward model mechanism(12) may contribute to
self-monitoring deficits and some symptoms of schizophrenia. If efference copies of willed
intentions do not produce corollary discharges of their expected sensory consequences, patients
with schizophrenia may fail to recognize that they are the source of their own actions, resulting
in feelings of being controlled by outside forces. On a more basic level, this failure could also
result in poor on-line, millisecond-to-millisecond correction of movements, and motor
awkwardness typical of the illness might result(e.g., 13). Ultimately, abnormal kinesthetic
experiences may diminish the motivation for action.

Behavioral and electrophysiological evidence for corollary discharge dysfunction in
schizophrenia is growing. Using the N1 component of the event-related potential (ERP), we
showed that auditory cortical response dampening observed in controls during talking was not
evident in patients with schizophrenia (14). Deficits in self-monitoring of action may also
underlie the failure of schizophrenic patients to correct action errors when only proprioceptive
feedback is available(15). The normal attenuation of sensation from self-produced touch was
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not as evident in patients with hallucinations and/or passivity experiences(16), patients with
negative symptoms who had failures of willed actions(17), and patients demonstrating sensory
prediction deficits during movements(18). All could result from a dysfunction of the corollary
discharge system and/or associated insufficient suppression of the sensory re-afference.

Given the close temporal proximity of corollary discharge signals and the subsequent sensory
re-afference, real-time measures of neural signals, such as EEG and ERPs, are needed to
examine neural activity preceding, during, and following the action. Recently, time-frequency
decomposition of event-locked single-trial EEG epochs has been developed for finer-grained
examination of neural oscillations across both frequency and time domains. Phase-locking
factor (PLF) (19) estimates phase synchronization of neural oscillations across individual
event-locked EEG epochs, at specific frequencies, independent of power. It reflects “temporal
phase coherence” of oscillations with respect to an event, across trials, and is different from
“spatial EEG coherence” (see 20), or spatial phase coherence(21), which are calculated
between different electrode sites. Neural synchrony may be involved in mechanisms of
sensorimotor integration and provide voluntary motor systems with continually updated
feedback on performance(22).

Also of interest in studies of the corollary discharge is suppression of the neural response to
the sensory re-afference following a self-initiated action. While phase resetting to the onset of
an external stimulus may reflect sensation(23), early components of the averaged ERP are
traditionally used to assess “gating” of sensation preceding and during motor movements
(24–31). For example, Rosini et al noted that early (<50ms) somatosensory ERPs to median
nerve shocks are reduced contra-laterally, but not ipsi-laterally, during motor movement
conditions compared to conditions with no-motor movement, suggesting that the gating of
sensation is specific to the contra-lateral hemisphere. Thus, ample evidence shows that the
somatosensory ERP is relatively ipsi-lateralized when a somatosensory stimulus is delivered
to a limb during self-generated movement, compared to the contra-lateralized response
observed when the stimulus is delivered to a stationary limb. On the basis of this literature and
the theoretical argument that contra-lateral suppression of the somatosensory ERP during
movement reflects the action of an efference copy/corollary discharge mechanism, we
subtracted the post-button press somatosensory ERP measured over sites contra-lateral to the
response hand from the ERP measured ipsi-lateral to the response hand and reasoned that the
degree of ipsi-lateralization (i.e., reduced contra-lateralization) reflects the degree of corollary
discharge-mediated somatosensory suppression. If true, we hypothesized that this relative ipsi-
lateralization would be less evident in schizophrenia (due to their presumed corollary discharge
dysfunction) and would be directly related to the strength of pre-press measures of the efference
copy, at least in normal subjects. Thus, by positing on theoretical grounds that a pre-press
efference copy signal should be directly related to the ipsi-lateralization of the post-press ERP,
we set criteria for evaluating our hypothesis that pre-press neural synchrony reflects the
efference copy signal that is instrumental in predicting and dampening the (somato)sensory
consequences of our own motor acts.

Current Approach
Our first goal in this study was to quantify the synchrony of neural events associated with the
hypothesized efference copy during initiating a button-press. Because of the contralateral
organization of the sensorimotor system, we hypothesized that an efference copy of a planned
action should arise in contra-lateral, but not ipsi-lateral, motor cortex, and be apparent before
but not after an action. Accordingly, we compared trial-to-trial synchronous neural activity
preceding and following a button-press, from contra- and ipsi-lateral sites.

Our second goal was to relate possible measures of the efference copy to subsequent
suppression of sensory re-afference. If the contra-lateralized pre-press neural synchrony were
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a reflection of the efference copy, it should be related to post-press suppression of the tactile
experience associated with pressing the button. Accordingly, we related pre-press synchrony
to post-press ERP suppression.

Our third goal was to assess deficits in the efference copy in patients with schizophrenia. To
the extent that pre-press neural synchrony reflects the efference copy, and to the extent that
patients have abnormalities in the efference copy, we hypothesized that they would have
deficits in pre-press neural synchrony. We compared pre- and post-press synchrony, from
contra- and ipsi-lateral sites in controls and patients with schizophrenia.

Our fourth goal was to relate motor system efference copy abnormalities to symptoms in the
motor domain. To the extent that pre-press neural synchrony reflects the efference copy in the
motor system, we hypothesized that pre-press neural synchrony would be especially reduced
in patients with deficits in the initiation of actions, such as avolition and apathy, and delusions
that their motor actions were not their own, such as delusions of control.

Methods and Materials
Participants

EEG data were acquired from 24 patients and 26 healthy comparison subjects. All gave written
informed consent after procedures had been fully described. Data from one patient and one
control contained high frequency noise and were dropped from the analysis. Demographic and
clinical data for the remaining subjects are summarized in Table 1.

Patients were recruited from community mental health centers and inpatient and outpatient
services of the Veterans Affairs Healthcare System in Palo Alto and San Francisco, CA. All
were on stable doses of antipsychotic medications and met DSM-IV (32) criteria for
schizophrenia (n=20) or schizoaffective disorder (n=3) based on a Structured Clinical
Interview for DSM-IV (SCID; (33)) conducted by a clinical psychologist, or a SCID conducted
by a clinically trained research assistant followed by a clinical interview with a clinical
psychologist. Patients meeting DSM-IV criteria for alcohol or drug abuse within 30 days prior
to study were excluded. In addition, patient and control participants were excluded for
significant head injury, neurological disorders, or other medical illnesses compromising the
central nervous system. Hallucinatory Behavior was rated using the Brief Psychiatric Rating
Scale (BPRS)(34), Avolition/Apathy with the Scale for Assessment of Negative Symptoms
(SANS)(35), and Delusions of Control with the Scale for Assessment of Positive Symptoms
(36). For correlations reported here, symptom ratings were derived from the mean of two
independent raters, for all but one of the patients. There were reasonably high intra-class
correlations for Hallucinatory Behavior (.95), Avolition/Apathy (.77), and Delusions of
Control (.93).

Comparison subjects were recruited by newspaper advertisements and word-of-mouth,
screened by telephone using questions from the SCID(33) non-patient screening module, and
excluded for history of Axis I psychiatric illness.

Task
Subjects were asked to press a button with the index finger of their right hand, at will, every
1–2 seconds. They were stopped after about 2 minutes of pressing, or after about 50–60 presses.
This was a control task for auditory experiments described elsewhere(37). The button was
fabricated to minimize clicking, and subjects wore sound-occluding headphones.
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EEG / ERP Acquisition
EEG data were acquired (0.05–100Hz bandpass filter, 1000Hz analog-to-digital conversion
rate) from 42 scalp sites (including mastoids) referenced to the nose, and re-referenced to linked
mastoids. Vertical and horizontal electro-oculograms (VEOG, HEOG) were recorded from the
outer canthi of both eyes and above and below the right eye. Button-presses inserted event
codes into the data. Following correction for eye movements and blinks using VEOG and
HEOG(38), trials containing voltages > ± 100µV in ventral (FC5, FC6) and dorsal (FC3, FC4)
frontal-central sites were rejected. EEG epochs spanned 1060ms centered on the button-press,
as there were some very short inter-press intervals (<500ms), due to the self-paced nature of
the experiment. In controls, an average of 52.2 trials remained after artifact rejection, and 60.6
remained for the patients.

EEG Analysis
The time-frequency analysis was done with a Morlet wavelet decomposition using FieldTrip
software(39). Its Gaussian shape was defined by a constant ratio (σf = f/7) and wavelet duration
(4σt), where f is the center frequency and σt = 1/(2πσf). At 40Hz, the wavelet duration is over
four cycles (4σt = 111.4ms) with a spectral bandwidth of 4σf = 22.8179Hz. Typical wavelet
decompositions convolve the EEG signal with complex wavelets for all frequencies of interest,
moving sample-by-sample in the time domain. FieldTrip achieves the same result by
multiplying the Fast Fourier Transform (FFT) of the wavelet by the FFT of the EEG signal.
The inverse FFT of the resultant is then adjusted so that the time course of the data corresponds
to the time course of the original signal. This series of calculations progresses in 1Hz steps in
the frequency domain and is equivalent (40) and computationally more efficient than
convolution in the time domain.

After applying this method to every trial for the frequencies between 8–80Hz at FC3, FC4,
FC5, and FC6, the PLF was calculated, as 1 minus the phase variance. This calculation is
identical to that used by others(39). High phase locking at a specific frequency and within a
specific time window indicates that oscillations have become phase-synchronized across trials
with respect to event onset. Although slow activity is of theoretical interest to us, our major
focus was on distinguishing pre- and post-press activity, best done at higher frequencies where
the mother wavelets have a shorter duration.

EEG measures of efference copy—As can be seen in Figure 1, controls had increased
synchrony between −150 and −75ms preceding the (right-handed) button-press over
contralateral (i.e., left hemisphere) sites around 40Hz (gamma band: 36–45Hz) and 20Hz (beta
band: 16–24Hz). PLF values within these frequency bands were averaged into three 25ms time
bins between −150 and −75ms (pre-press) and a comparable post-press interval (75 to 150ms).
This was done for two contra-lateral (FC3, FC5) and two ipsi-lateral sites (FC4, FC6). Data
were subjected to a 6-way analysis of variance (ANOVA) for Group (2), Band (2), Pre-Post
Press (2), Dorsal/Ventral Area (2), Hemisphere (2), and Time (3).

Other features of PLF—As can also be seen in Figure 1, there were bursts of synchronous
activity that spanned the moment of button pressing in both groups, at different sites and
frequencies. Because the activity in these regions did not significantly distinguish pre- from
post-press activity, blurring the distinction between efference copy and re-afference signals, it
is not discussed here. Not apparent in our (short-epoch, high frequency) analysis is the possible
desynchronization of the mu rhythm (8–14Hz), typically seen 1500ms before movements in
human subjects(41).
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ERP Analysis
As can be seen in Figure 2, the evoked activity following the button press has a contralateral
distribution over somatosensory areas in the patients (CP3>CP4; C3>C4), as if a tactile
stimulus had been externally applied. In the controls, the contra-lateral distribution is
minimized, perhaps due to the suppressing effects on sensation of the efference copy during
the self-initiated motor action. After filtering the data (2–50Hz) to remove the slowest pre-
motor potentials, ERP area was quantified between button press onset and 50ms, post-press,
relative to a pre-press (−10 to 0ms) baseline. Data were subjected to a 3-way ANOVA for
Group (2), Area (2), and Hemisphere (2).

Relationships between Variables
Pre-press neural synchrony and sensory re-afference—Because the contra-
lateralization of the somatosensory ERP elicited by index finger stimulation is suppressed
during self-generated compared to externally-generated button-pressing(42), we presumed that
contralateral suppression of the somatosensory ERP would be reflected in its relative ipsi-
lateral distribution. To quantify this, we subtracted the voltage measured over left
somatosensory cortex from that measured over the right (a larger value reflects suppression,
or relative ipsi-lateralization). To assess relationships between pre-press neural synchrony and
subsequent suppression of the post-press somatosensory re-afference, pre-press (−150 to
−75ms) neural synchrony in both the gamma (36–45Hz) and beta bands (16–24Hz), averaged
across the three 25ms time bins, were regressed on this right minus left area measure. To reduce
the number of correlations, we averaged across C3/4 and CP3/4 for the somatosensory ERP
area measure and FC3 and FC5 for the synchrony measure. Thus, one correlation analysis was
done for gamma and one for beta. Overall amplitude of the somatosensory response was not
correlated with the difference score for controls (r=.16, p=.45) or patients (r=.28, p=.21).

Pre-press neural synchrony and symptoms—Correlations were calculated to address
the relationship between pre-press beta and gamma neural synchrony and Avolition/Apathy,
Delusions of Control, and Hallucinatory Behavior. To reduce the number of tests, and because
patients had greater synchrony at FC5 than FC3, we used only pre-press synchrony measures
at FC5, collapsed across the three 25ms time bins in which this activity was evident. Because
Delusions of Control were not normally distributed, we also used Spearman rank-order
correlations.

Results
Number of Button Presses

Three patients pressed the button more than twice as fast as all the other subjects, affecting
group differences on this variable. When these 3 were dropped from the behavioral analysis,
schizophrenia patients did not press more often than controls, F(1, 43)=2.34, p=.13. Pressing
the button quickly (inter-press interval) was not related to Apathy/Avolition (r=0.17, p=.48).

Neural Synchrony (PLF)
As seen in Figure 3, the predicted Hemisphere × Pre-post × Group interaction was significant
(F(1,46)=9.18, p=.004), and this interaction was not affected by Area (p=.25) or Time (p=.34).
We parsed this interaction by looking for a Group × Pre-post interaction separately for each
hemisphere. The Group × Pre-post interaction was significant for the left (F(1,46)=7.65, p=.
008) but not right (F(1,46)=.36, p=.55) hemisphere. Within the left hemisphere, we parsed the
Group × Pre-post interaction by assessing the Pre-post effect in each group separately. In
controls, left hemisphere pre-press synchrony was significantly greater than post-press (F(1,24)
=5.53, p=.03), whereas in patients, a tendency for post-press synchrony to be greater than pre-
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press synchrony was not significant (F(1,22)=2.96, p=.09). This interaction was also parsed
by looking for the Group × Hemisphere interaction in the pre-press and post-press epochs
separately. It was significant in the pre-press epoch (F(1,14)=11.34, p<.001), but not in the
post-press (F(1,46)=.72, p=.40). The Band × Group interaction (F(1,46)=4.04, p=.05) revealed
controls had greater synchrony than patients in the gamma (F(1,46)=4.65, p=.036), but not in
beta band (F(1,46)=0.01, p=.94). A Hemisphere × Area × Band × Group interaction (F(1,46)
=5.66, p=.022) was parsed revealing an Area × Band × Group interaction over the right (F
(1,46)=8.04, p=.007), but not left hemisphere (F(1,46)=1.17, p=.29). This was due to patients
having more beta than gamma synchrony, at right dorsal sites (Area × Band: (F(1,22)=5.39,
p=.03).i

Sensory Re-afference: Somatosensory ERP
The somatosensory ERP was affected by a Hemisphere × Group interaction (F(1,46)=4.06, p=.
05), being larger over left than right hemisphere in patients (F(1,22)=7.30, p=.013), but not in
controls (F(1,24)=.103, p=.75).

Relationships between pre-press synchrony and re-afference
Pre-press gamma synchrony (−150 and −75ms) was directly related to the ipsi-lateralization
of the somatosensory ERP area (Figure 4), in controls (r=.40, p<.05), but not patients (r=.05,
p=.81). This was not seen for pre-press beta synchrony,

Pre-press neural synchrony and symptoms
Pre-press beta band synchrony over the left hemisphere (FC5), between −150 and −75ms, was
significantly related to Avolition/Apathy (r=−.44, p<.04; rho=−0.49, p=.02) (Figure 5), but not
Hallucinations (r=−.11, p=.6; rho=−.13, p=.55), or Delusions of Control (r=−.25, p=.25; rho=
−.22, p=.30).

Gamma band synchrony was not related to Avolition/Apathy (r = −.15, p=.50; rho=−.12, p=.
57), Hallucinations (r = −.04, p=.85; rho=−.13, p=.55), or Delusions of Control (r=−.39, p<.
07; rho=−.25, p=.24).

Relationships between pre-press synchrony and medication dose
Because medications may have extra-pyramidal side effects affecting motor performance, we
correlated chlorpromazine equivalents(43) and pre-press synchrony in the beta and gamma
bands recorded from FC3 and FC5, averaged across the 3 time bins. Because there were 3
outliers on the medication variable, we used a non-parametric analysis. Antipsychotic dose
was not related to pre-press synchrony in either the gamma (FC3: rho=0.21, p=.33; FC5: rho=.
23, p=.29) or beta bands (FC3: rho=−0.012, p=.96; FC5: rho=−0.24, p=.27).

Discussion
Locally specialized brain functions must be coordinated with each other, and this coordination
could be accomplished by synchronization of oscillatory activity among distributed neuronal
assemblies(e.g., 44). The specific frequency of synchronous oscillations may identify neural

iEvoked power and phase locking factor both reflect synchrony of activity across trials, but phase locking factor is independent of the
amplitude of the signal, while evoked power depends on it. We calculated the evoked power surrounding the button press, and found a
Group × Hemisphere × Pre-Post × Band interaction (F(1,46)=4.35, p=.04). We parsed this 4-way interaction, by looking for the Group
× Hemisphere × Pre-Post interaction separately for beta and gamma band power. It was significant for beta power (F(1,46)=6.40, p=.
015), but not for gamma. Although the pattern of means for PLF and power was similar, the Pre-Post × Group interaction for beta power
over the left hemisphere, which we saw for PLF, was weaker and failed to reach significance for power (F(1,46)=3.28, p<.08). Failures
to find significant effects for evoked power, which we were able to detect in the PLF, may be due to the fact that signals can be synchronized
across trials, even if the power of that signal is too small to be detected in an analysis of evoked power.
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populations as belonging to the same functional network(45). An emerging theoretical model
of schizophrenia suggests dysfunctional regional coordination, communication, or
connectivity(46), possibly associated with deficient synchronization of neuronal oscillations
(e.g., 5,47), may be responsible for a wide-range of functional impairments, from psychotic
experiences to cognitive deficits(47,48). Time-frequency analyses of EEG, time-locked to
specific events, allow us to resolve changes in phase synchrony on a millisecond timescale to
investigate integrated neural systems and their compromise in complex neuropsychiatric
disorders.

Using time-frequency decomposition of EEG recorded during a simple self-paced button-
pressing task, we examined phase synchrony of neural oscillations preceding the press. We
found that healthy subjects showed an increase phase synchrony over the left hemisphere that
was larger before a press than after it. This is consistent with the rodent literature, suggesting
that this burst of synchronous pre-movement neural activity reflects the corollary discharge,
preparing an organism’s central nervous system for the sensory consequences of its own actions
(10). Based on the contra-lateral organization of the motor system, cortical reflections of motor
acts should be contra-lateral to the movement, as seen in controls prior to the button-press.

Recently, we showed a strong negative correlation in healthy subjects between pre-speech
neural synchrony in the beta band and suppression of the subsequent auditory ERP during
talking, with listening as the control condition(14). We interpreted this as the efference copy
suppressing the sensory re-afference. To the extent that pre-press synchrony reflects the
efference copy of the action, we predicted a similar negative relationship with self-paced
button-pressing. As described in the Introduction, the degree of ipsi-lateralization (i.e., reduced
contra-lateralization) of the ERP during the button press was considered to reflect the degree
of corollary discharge-mediated somatosensory suppression. Consistent with its reflecting an
efference copy-related signal, pre-press gamma, but not beta, band synchrony was correlated
with the degree of ipsi-lateralization of the post-press somatosensory ERP in healthy controls.

Consistent with the efference copy/corollary discharge mechanism being dysfunctional in
patients(11,17), pre-press gamma synchrony was reduced in patients and was unrelated to ipsi-
lateralization of the somatosensory ERP. Although we could not support pre-press beta
synchrony as evidence of an efference copy in healthy controls, it was nevertheless reduced in
patients especially those with avolition and apathy. We can only guess about the mechanism
linking asynchrony in the beta band preceding motor acts to avolition, but we suggest that
abnormal kinesthetic and proprioceptive experiences may ultimately diminish the motivation
for action. Patients with schizophrenia show motor abnormalities in both brain imaging (49)
and brain stimulation(50) studies. Furthermore, overt motor symptoms have been observed in
neuroleptic naïve patients with schizophrenia(51), as well as during the premorbid and
prodromal phases of the illness(13,52). Whether pre-movement asynchrony is related to
rigorously assessed motor awkwardness and neurological soft signs remains to be addressed.

Notwithstanding the findings of others(16), our failure to find a relationship between auditory
hallucinations and forward model-related signals in the sensorimotor system, coupled with our
recent findings of such relationships when measures were obtained during talking(14), suggests
that there may be some modality-specificity in the linkage of corollary discharge dysfunction
to auditory hallucinations.

There are both limitations and benefits to using scalp recorded EEG measures of neural
synchrony. Among the limitations is the lack of current understanding about what the different
frequencies mean. For example, why does beta, but not gamma, synchrony correlate with
avolition/apathy, and why does gamma synchrony, but not beta synchrony, correlate with
subsequent somatosensory ERP amplitudes? Similarly, it is not immediately clear whether
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synchrony or de-synchrony of neural activity should reflect the sending of an efference copy
from motor to sensory cortex. Among the advantages is the ease of translating human EEG
data to animal research, and even to bench neuroscience. As basic neuroscience and clinical
neuroscience converge, these questions can be addressed.

In conclusion, we propose that pre-movement asynchrony may reflect an elemental deficit in
patients with schizophrenia, seen in both pre-speech and pre-button press data, reflecting
dysfunction in the efference copy/corollary discharge mechanism across modalities.
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Figure 1.
Phase-locking factor plots from healthy comparison subjects are shown for FC5, FC3 (contra-
lateral to the press) on the upper left and for FC6, FC4 (ipsi-lateral to the press) on the upper
right. The same is shown for patients with schizophrenia, below. EEG frequency is indicated
on the y-axis and spans 16–50Hz. Time is indicated on the x-axis and spans −150 to 150ms.
The button-press occurred at 0ms. Greater trial-to-trial PLF, reflecting phase synchronization
with respect to the button-press onset, is shown in hot colors, as indicated on the color scale
located at the far right of the plots. Boxes indicate regions subjected to statistical analysis.
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Figure 2.
Somatosensory ERPs to the onset of the button press (arrow), with ERPs from C3 and C4 (top)
and CP3 and CP4 (bottom) overlaid. Area from 0 to 50ms was analyzed. Time is indicated on
the x-axis and spans −10 to 150ms. Amplitude is indicated on the y-axis, with negative voltages
relative to mastoids, going down. Amplitude calibration bar is seen in center.
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Figure 3.
Means and standard error bars are plotted for the Hemisphere × Pre-Post × Group interaction
for PLF. Area and Time are collapsed.
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Figure 4.
Scatter plots showing the relationship between pre-press neural synchrony (PLF) in the gamma
band (−150 to −75ms) at FC3 + FC5 and post-press somatosensory ERP area between 0 and
50ms [right (C4, CP4) – left (C3, CP3]. Regression lines are drawn separately for controls and
patients.
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Figure 5.
Scatter plots showing the relationship between avolition/apathy and neural synchrony (PLF)
in the beta band over contra-lateral hemisphere (FC5) between −150 and −75ms before the
press.
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