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Motor actions are preceded by an efference copy of the motor
command, resulting in a corollary discharge of the expected
sensation in sensory cortex. These mechanisms allow animals
to predict sensations, suppress responses to self-generated
sensations, and thereby process sensations efficiently and
economically. During talking, patients with schizophrenia
show less evidence of pretalking activity and less suppression
of the speech sound, consistent with dysfunction of efference
copy and corollary discharge, respectively. We asked if pat-
terns seen in talking would generalize to pressing a button to
hear a tone, a paradigm translatable to less vocal animals.
In 26 patients [23 schizophrenia, 3 schizoaffective (SZ)] and
22 healthy controls (HC), suppression of the N1 component
of the auditory event-related potential was estimated by
comparing N1 to tones delivered by button presses and N1
to those tones played back. The lateralized readiness poten-
tial (LRP) associated with the motor plan preceding presses
to deliver tones was estimated by comparing right and left
hemispheres’ neural activity. The relationship between N1
suppression and LRP amplitude was assessed. LRP preced-
ing button presses to deliver tones was larger in HC than SZ,
as was N1 suppression. LRP amplitude and N1 suppression
were correlated in both groups, suggesting stronger efference
copies are associated with stronger corollary discharges. SZ
have reduced N1 suppression, reflecting corollary discharge
action, and smaller LRPs preceding button presses to deliver
tones, reflecting the efference copy of the motor plan. Effects
seen during vocalization largely extend to other motor acts
more translatable to lab animals.

Key words: predictive coding/efference copy/corollary
discharge/ERPs

Introduction

People with schizophrenia often misperceive sensations
and misinterpret experiences, perhaps contributing to

the psychotic symptoms that characterize the illness.
These misperceptions and misinterpretations might
result from a basic inability to make valid predictions
about expected sensations and experiences. Healthy
normal people take advantage of neural mechanisms
that allow them to make predictions unconsciously,
facilitating processing of sensations and distinguishing
the expected from the unexpected. If predictive mecha-
nisms are dysfunctional, sensations that should have
been predicted but were not might take on inappropri-
ate salience.!?

Abnormalities of predictive coding in schizophrenia
have been reported across a broad range of experimen-
tal paradigms, from those aimed at assessing failures to
extract rules from environmental patterns of events’ to
those aimed at understanding failures of efference copy
and corollary discharge mechanisms.*! Studies of rule
extraction typically involve patients passively receiv-
ing input from external sources and making predictions
about patterns or breaks in patterns. Studies of effer-
ence copy and corollary discharge mechanisms involve
patients actively generating their own sensory experiences
and adjusting actions and predictions appropriately.
The latter represents a paradigm shift from the tradi-
tional stimulus-response approach, for studying normal
and pathological brain function, to the more interactive
response-stimulus approach.

While many investigators use “efference copy” and
“corollary discharge” interchangeably, or choose one
term to describe both mechanisms, some groups'>? find
it useful to distinguish between them in the following
way. Every move an animal makes is preceded by an
efference copy of the plan to move. The efference copy
of the motor plan is sent to sensory cortex, generating a
corollary discharge of the expected sensory consequence
of the motor act. During the movement, expected
sensations resulting from the movement are effectively
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subtracted from the real sensations, resulting in net
suppression. The greater the match between the expected
and experienced sensations, the greater the suppression
of the response. Thus, the efference copy and corollary
discharge form the working parts of a motor-sensory
prediction system, whereby the consequences of motor
actions are processed efficiently and economically.
These systems are critical to survival because errors in
prediction are costly.

These systems have been studied across the animal
kingdom.?! They have been studied during vocaliza-
tion in a variety of species, from crickets*? and bats*
to human?? and nonhuman primates,? using invasive
techniques. In all cases, auditory responsiveness is sup-
pressed when the animal is producing the sounds. This
is consistent with noninvasive, human electrophysi-
ological studies employing electroencephalographic
(EEG) or magnetoencephalographic (MEG) responses
synchronized to vocalization onset.!'!12141517.19.27-29 N |
of EEG-based event-related potentials (ERP) and
M100 of MEG-based responses reveal increased activ-
ity in auditory areas during speaking, but the level of
activity is lower during speaking than when recorded
sounds are played back to the speaker. Reduction of
N1 during talking may reflect the action of the cor-
ollary discharge mechanism. Importantly, we have
found that N1 suppression during talking is reduced in
schizophrenia patients,!l12141517.19 congistent with dys-
function of this predictive mechanism.

While suppression of auditory cortex may reflect the
neural consequence of the corollary discharge mecha-
nism, to observe the neural reflection of the efference
copy of the motor plan to speak, we need to assess neu-
ral activity before, or at the initiation of, the action and
its relationship to ultimate suppression. Using invasive
recording techniques in human? and nonhuman® pri-
mates, suppression of auditory cortical responsiveness
has been observed a split second before vocalization
onset. However, relating prevocalization activity in motor
areas to subsequent suppression in auditory cortex has
not been attempted.

The notion that sensory suppression is triggered by
efferent signals from motor planning areas is supported
by Voss and colleagues,* who used pulses of transcranial
magnetic stimulation (TMS) over left primary motor cor-
tex to delay planned finger movements in the right hand.
During the motor delay, shocks were delivered to both
hands. Although TMS pulses delayed finger movements,
the efference copy of the motor plan to move the finger
was not delayed, as evidenced by suppression of cutane-
ous sensations to the right hand at the intended time of
movement.

Because of the millisecond timing information available
in EEG data, we have been able to observe neural activity
~100 ms preceding a motor act, which we have related to
the efference copy of the motor plan.'>!* In one instance,
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we quantified the neural activity ~100 ms before speech
onset and found that intertrial phase coherence of the
EEG was correlated with N1 suppression to the speech
sound." That is, healthy control (HC) subjects who had
greater prespeech synchrony were better at suppressing
responses to speech sounds. Because of this association,
we suggested that this prespeech neural activity was the
instantiation of the motor plan to talk, or the efference
copy. Importantly, there was less prespeech neural syn-
chrony in schizophrenia patients, especially those who
hallucinated. Furthermore, prespeech neural synchrony
was not related to subsequent suppression of N1 to the
speech sound in patients. That is, the efference copy and
corollary discharge signals were decoupled in patients
with schizophrenia.

There is a small but growing literature indicating that
auditory cortical responses to sounds are also suppressed
when they are self-delivered via a button press. That is,
it appears that advance warning that a particular sound
is about to occur by virtue of a button press is enough
to dampen sensory cortical response to that sound even
though the sound does not result from a direct motor
act, as it does during talking. This can be seen both for
N13'-%5 and subsequent P2%* components. This supports
the notion that an efference copy transmits information
about one’s agency in bringing about sensory stimula-
tion and that the efference copy signal prepares sensory
cortex for sensations that result from self-initiated acts
even when the causal chain between the act and its sen-
sory consequence is indirect and dependent on external
devices. It is important to note that N1 suppression is
also seen when button presses are coincidently related to
tones although suppression due to coincidence and cau-
sality were not directly compared.*’

While we previously assessed premovement neural
activity using time-frequency analyses of EEG,'>!* pre-
movement neural activity has traditionally been assessed
in the time-voltage domain as readiness potentials (RP).
RPs can be decomposed into various subcomponents,
with an early component being bilaterally symmetric
and a late component being contralateral to the move-
ment.*® To our knowledge, premovement activity associ-
ated with the delivery of a tone has not been studied, and
consequently, its association with suppression of cortical
responses to sensations resulting from this movement is
unknown.

We aimed to extend our studies of the efference copy
and corollary discharge beyond the motor act of talking
by asking if we can find the same pattern of findings
when subjects press a button to deliver a pure tone. We
predicted that we would see suppression of auditory
cortical responses to self-delivered tones, as reported by
others, that this suppression will be reduced in patients
with schizophrenia, and that the prepress neural activity, as
measured by the late RP, would be reduced in patients and
be associated with suppression in HCs but not in patients.
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Method

Participants

We describe data from 26 patients with DSM-IV schizo-
phrenia (N = 23) and schizoaffective disorder (N = 3),
hereinafter referred to as schizophrenia (SZ) patients.
Diagnoses were based on the Structured Clinical
Interview for DSM-IV (SCID).’® Diagnostic subtypes
were as follows: 1 undifferentiated schizophrenia, 18
paranoid schizophrenia, 1 residual schizophrenia, 2
disorganized schizophrenia, 3 schizoaffective disorder,
and 1 schizophrenia unknown subtype. Data from SZ
were compared with those from 22 HC, age and gender
matched to SZ. Only right-handed subjects are included
in this analysis. Clinical and demographic data for both
groups are presented in table 1. Community outpatient
clinicians referred SZ patients to us; both groups were
recruited by advertisements and word of mouth.
Exclusion criteria for HC included a past or current
DSM-1V Axis I disorder based on a SCID interview or
having a first-degree relative with a psychotic disorder.
Exclusion criteria for both groups included a history
of a significant medical or neurological illness or a his-
tory of head injury resulting in loss of consciousness.
Additionally, exclusion criteria included no substance
abuse in the past 3 months for both groups and no history
of substance dependence (except caffeine or nicotine) for
HC, while SZ group included no substance dependence in
the past year. A trained research assistant, psychiatrist, or
clinical psychologist conducted all interviews. University

of California at San Francisco Institutional Review Board
and San Francisco Veterans Affairs Medical Center
approved the study, and all participants provided written
informed consent.

Clinical Ratings

Within 2 weeks of ERP assessment, a clinically trained
research assistant, along with a psychiatrist or clini-
cal psychologist, rated schizophrenia symptoms using
Positive and Negative Syndrome Scale (PANSS),* Scale
for Positive Symptoms (SAPS),* and Scale for Negative
Symptoms (SANS).* One patient had a clinical assess-
ment within 19 days.

Task

Subjects pressed a button, every 1-2 seconds, to deliver
1000 Hz, 80 dB sound pressure level, tones with zero
delay between press and tone onset (Button Tone). The
task was stopped after 100 tones had been delivered.
The temporal sequence of tones was preserved for play
back (Play Tone). In addition, subjects pressed a button
at approximately the same pace, and no sound occurred
(Button Alone).

Data Acquisition and Preprocessing

EEG data were recorded from 64 scalp sites and 8 exter-
nal sites using a BioSemi ActiveTwo system (Www.
biosemi.com). EEG data were continuously digitized at

Table 1. Demographics of Healthy Controls (HC) and Schizophrenia Patients

HC Subjects, N =22

Schizophrenia Patients, N = 26

Variable Mean SD Minimum Maximum Mean SD Minimum Maximum
Age (y)* 42.82 13.12 20.65 61.04 44.51 12.26 19.72 60.64
Education (y)** 16.39 1.99 12.50 20.00 13.19 1.67 9.00 16.00
Socioeconomic 25.5 8.8 11.0 44.0 46.3 10.3 33.0 65.0
status—subject®**
Socioeconomic 25.6 15.8 11.0 58.0 34.8 15.5 11.0 63.0
status—parent****
PANSS
Positive — — — — 15.0 4.5 7.0 26.0
Negative — — — — 15.1 4.4 8.0 23.0
General — — — — 29.2 5.2 22.0 45.0
SAPS
Auditory Hallucinations — — — — 2.0 1.9 0.0 5.0
SANS
Global avolition and apathy — — — — 2.3 0.7 1.0 4.0
Handedness 22 Right 0 Left 26 Right 0 Left
Ambidextrous — 0 Ambidextrous —
Gender 15 Men 7 Women 20 Men 6 Women
Antipsychotic type — — — — 20 Second generation

— 6
— 0

First generation
None

Note: PANSS, Positive and Negative Syndrome Scale; SAPS, Scale for Positive Symptoms; SANS, Scale for Negative Symptoms. *HC vs
patients, P = .65; **HC vs patients, P < .001; ***HC vs patients, P < .001; ****HC vs patients, P = .05.
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1024 Hz and referenced off-line to averaged earlobe elec-
trodes. After EEG was re-referenced, they were digitally
bandpass filtered between 0.5 and 15 Hz. Then, EEG
data were separated into 3000-ms epochs time-locked
to button presses (coincident with tone onset) and were
baseline corrected at —600 to —500 ms.

Electrodes placed at outer canthi of both eyes and
above and below the right eye recorded vertical and
horizontal electrooculogram data, which were used in a
regression-based algorithm*' to correct EEG epochs for
eye movements and blinks at all scalp sites. After ocular
correction, data were baseline corrected again at —600
to —500 ms. Outlier electrodes were interpolated within
single-trial epochs based on previously established crite-
ria.'>4 EEG epochs were artifact rejected for voltages
exceeding +100 pV at all scalp sites.

Data Analysis

NI and P2 Amplitude. To remove button press activity
from tone activity, Button Alone ERPs were subtracted
from Button Tone ERPs, as is typical.>'=** N1 and P2 were
measured between 80 and 100 ms and 150 and 190 ms,
respectively, after tone onset, relative to baseline (—100 to
0 ms) at frontal (Fz), frontal-central (FCz), and central
(Cz). They were subjected to a 3-way ANOVA for group
(SZ vs HC), condition (Button Tone vs Play Tone), and
region (Fz, FCz, and Cz).

For correlation analyses, N1 and P2 suppression were
calculated by subtracting the value obtained during Play
Tone from the value obtained during Button Tone, with
greater suppression seen as a more positive value for N1
and negative value for P2.

RP Amplitude. RP was measured as the average volt-
age between the button press and the 100 ms preceding
it, relative to a —600 to —500 ms baseline at FC3, FC4,
C3, C4, CP3, and CP4. RP amplitudes were subjected to
a 4-way ANOVA for group, condition (Button Tone vs
Button Alone), region [FC, C, and central-parietal (CP)],
and hemisphere (left vs right).

For correlation analyses, the lateralized readiness poten-
tial (LRP) during Button Tone was calculated by subtract-
ing the amplitude at right from left hemisphere sites, with
larger prepress LRPs having more negative values.

Clinical Correlations. We tested the relationship between
SANS avolition/apathy and prepress negativity recorded
from left frontal-central sites’* and between SAPS
Auditory Hallucinations measure and prespeech negativ-
ity recorded from FCz.!?

Behavioral Data. We assessed button pressing pace in
button alone and button tone conditions using repeated
measures ANOVA for group and condition.

Predictive Coding Failures in Schizophrenia

Results

NI Amplitude

In figure 1, we show ERPs to the 1000 Hz tone for Button
Tone and Play Tone conditions, scalp distributions of N1
suppression, and means.

N1 was suppressed during Button Tone compared with
Play Tone in HC but not SZ. This was reflected in the sig-
nificant condition X group interaction detailed in table 2.
This was parsed by inspecting the condition effect for
each group; it was significant for HC but not SZ. The
interaction was also parsed by inspecting the group effect
in each condition, but group was not significant in either
condition. There was also a significant effect of Region,
with N1 being largest at FCz.

P2 Amplitude

Although it appears that P2 was suppressed during but-
ton tone compared with play tone, it was not (¥, , = 1.78,
P = .19), nor was there a condition X group interaction
(F , =120, P=.28).

1.46

LRP Amplitude

In figure 2, we show the scalp topography maps and
means for button tone and button alone for HC and SZ.

There was a 2-way interaction of condition X group, as
detailed in table 3. The interaction was parsed by inspecting
the condition effect for HC and SZ separately. Condition
was significant for HC, with RP being larger in Button Tone
than in Button Alone. That is, in HC, pressing a button to
deliver a tone was associated with a larger response than
simple button pressing. Condition was not significant in SZ.

As can be seen in table 3, there was a 5-way interaction
involving all factors. It was parsed by inspecting the 4-way
interaction separately for Button Alone and Button Tone. For
Button Alone, group did not interact with other variables, and
no further analyses were conducted for Button Alone. For
Button Tone, there was a 4-way interaction of hemisphere X
area X site X group. The systematic parsing of this interaction
can be seen in table 3, revealing that in HC, the RP was larger
at FC3 than FC4 in the Button Tone condition.

Because this prepress period was also used as the base-
line for N1, we asked whether the group X condition
effects for N1 could be due effects in the baseline. The
group X condition (button tone vs play tone) at midline
sites for the RP was not significant (P = .94).

N1 Suppression vs LRP Amplitude

To test the association between N1 suppression and LRP
amplitude, we regressed N1 suppression at FCz on LRP
amplitude at C3—C4, where each was largest, with group
and group X LRP as factors in the regression model.
Because group X LRP was not significant (P = .87), it was
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Fig. 1. (A) Event-related potentials to tone onset are overlaid for Button Tone (blue) and Play Tone (magenta) for healthy controls (HCs)
and SZ. (B) Scalp topography maps for suppression of N1 amplitude (80-100 ms) for HC and SZ. (C) Mean N1 amplitudes, averaged
across frontal, frontal-central, and central, during Button Tone and Play Tone for HC (black) and SZ (red).

Table 2. ANOVA for N1 Amplitude at Frontal, Frontal-Central, and Central Regions

Source df F Significance Level
Group (HC vs SZ) 1,46 0.17 0.68
Condition (Button Tone vs Play Tone) 1,46 5.12 0.03
Condition X group 1,46 5.20 0.027
HC: condition 1,21 21.28 0.0001
SZ: condition 1,25 0.00 0.99
Button tone: group 1,46 1.46 0.232
Play tone: group 1,46 0.286 0.595
Region (frontal, frontal-central, central) 2,92 3.75 0.03
Region x group 2,92 0.22 0.73
Condition x region 2,92 0.72 0.49
Condition x region x group 2,92 2.19 0.12

Note: Ttems in bold are significant effects at a P value of .05 or less.

dropped from the model, and a common slope assumed
(figure 3). Regardless of group membership, subjects with
greater N1 suppression had larger LRPs preceding the
press that delivered the tones (P = .004).

Relationship Between Clinical Symptoms and
ERP Measures

There were no significant relationships.

Button Pressing Pace

The mean button pressing pace was not different (P =
.45) during Button Alone (2157 ms) and Button Tone
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(2082 ms). SZ (2343 ms) tended (P = .10) to press more
slowly than HC (1896 ms). HC pressed faster in Button
Tone than Button Alone (P = .003), but SZ did not
(P =.53).

Discussion

We confirmed our prediction of suppression of auditory
cortical responses to tones delivered via a button press.
This prediction was based on the literature, rather than
our own previous work, as we previously!! failed to find
robust cortical suppression with self-delivery of the pre-
recorded personal speech sound “ah.” However, in this
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Fig. 2. (A) Scalp topography maps for readiness potential (RP) between —100 and 0 ms before the button press during Button Tone and
Button Alone for healthy controls (HCs) and SZ. (B) Mean RP amplitudes averaged across frontal-central, central, and central-parietal
regions for Button Tone (blue) and Button Alone (green) for HC and SZ.

study, by using a pure tone, we did find suppression, as
reported by others.’'** Because we did not directly com-
pare suppression during talking and pressing a button
to deliver a tone, we cannot know whether the apparent
difference is due to the different sounds or the sample.
Counter to our suggestions that talking is special in its
ability to produce suppression of responses to the speech
sound,'! it appears that pressing a button to deliver a tone
also produces robust suppression.

It is important to note that N1 is not a unitary peak,*
reflecting activity from sensory-specific and sensory-non-
specific cortical regions. Using EEG-based methods, it is
difficult to tease the contributions from the different brain
regions apart. However, both MEG*3# and EEG® stud-
ies have localized M100 and N1 suppression to auditory
cortex, suggesting that the suppression we see in N1 dur-
ing self-delivery of tones reflects auditory cortical suppres-
sion although the contribution of auditory cortex may be
indirect.* fMRI studies that could help confirm the ana-
tomical generators of suppressed responses are lacking.
Nevertheless, we suggest that N1 suppression during self-
delivery of tones involves auditory cortex.

To assess the specificity of the prepress neural activity
to tone delivery, we compared the final phase of the RP
preceding button presses associated with the delivery
of a tone (Button Tone) to the RP not associated with
the delivery of a tone (Button Alone). The RP in both
conditions were larger at sites contralateral to the button
press, suggesting it reflects motor cortex activation
preceding the button press. Importantly, neural activity
immediately preceding a button press was larger and more

contralateralized when the button press resulted in the
delivery of a tone than when it did not. This suggested that
it carried additional information, perhaps related to tone
delivery.

This contralateral activity was related to suppres-
sion of cortical responses to those tones that the button
press delivered. That is, people with larger LRPs preced-
ing the press had greater suppression of the response
to the tone. Importantly, this was not simply related
to a person’s general RP, as RP associated with simple
button pressing was not related to N1 suppression. We
suggest that the LRP associated with stimulus delivery
reflects the action of the motor plan to deliver a tone,
or efference copy of that plan. This is consistent with
our suggestions that neural activity preceding talking'?
or self-paced button pressing'® is the instantiation of the
efference copy.

We confirmed our prediction that patients with schizo-
phrenia have less suppression than HCs and less activity
preceding the button press when the press delivers a tone.
This is consistent with our data showing that patients
have less suppression to speech sounds during talk-
ing!LI24ISITY and less neural activity preceding speech
onset.'> We have interpreted these data as reflecting fail-
ures of the corollary discharge and efference copy, respec-
tively. Thus, we suggest the same interpretation holds
here: even when the efference copy is indirectly related
to the sound associated with it and even when the sound
does not strictly come from “self,” patients with schizo-
phrenia have failures of both the efference copy and cor-
ollary discharge.
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Table 3. ANOVA for Readiness Potential (RP) Amplitude at Frontal-Central (FC), Central (C), and Central-Parietal (CP) Lateral Sites

Source df F Significance Level
Group (HC vs SZ) 1,46 4.59 0.04
Condition (Button Tone vs Button Alone) 1,46 1.546 0.22
Condition x group 1,46 6.463 0.01
SZ: condition 1,25 2.5 0.10
HC: condition 1,21 4.43 0.02
Button Tone: group 1,46 9.97 <0.01
Button Alone: group 1,46 0.34 0.56
Site (FC, C, and CP) 2,92 3.288 0.05
Site X group 2,92 0.637 0.51

Hemisphere (left vs right) 1,46 12.56 0.001
Hemisphere x group 1,46 0.031 0.86
Condition x site 2,92 1.747 0.19
Condition x site x group 2,92 0.935 0.39
Condition x hemisphere 1,46 0.214 0.65
Condition x hemisphere x group 1,46 0.719 0.40
Hemisphere x site 2,92 2.501 0.10
Hemisphere x site x group 2,92 1.7 0.19
Condition x hemisphere x site 2,92 0.435 0.64
Condition x hemisphere x site x group 2,92 7.038 <0.01
SZ: condition x hemisphere x site 1,25 2.5 0.10
HC: condition x hemisphere x site 1,21 443 0.02
C: condition X hemisphere 1,21 0.36 0.56
CP: condition X hemisphere 1,21 0.00 0.95
FC: condition x hemisphere 1,21 5.3 0.03
Hemisphere: button tone 1,21 16.22 0.001

Hemisphere: button 1,21 1.82 0.19

Note: HC, healthy controls; SZ, schizophrenia patients. Greenhouse-Geisser corrections were used for nonsphericity in all ANOVAs. Items in

bold are significant effects at a P value of .05 or less.
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Fig. 3. Relationship between lateralized readiness potential (LRP)
derived by subtracting readiness potential (RP) at C4 from C3,
and N1 suppression derived by subtracting N1 at frontal-central
(FC) during Play Tone from Button Tone.
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We confirmed our prediction that premovement activ-
ity would be associated with the degree of suppression
of the sensations associated with the movement, sug-
gesting the premovement activity reflects the efference
copy. However, we did not find that the relationship was
stronger in controls than in patients, as we had seen with
prespeech synchrony and N1 suppression to the spoken
sound.!? Thus, while patients have deficits in both the
efference copy and corollary discharge, the connection
between them is not abnormal.

It is worth noting that, in an earlier article, we also
included a visual warning, heralding the delivery of the
speech sound “ah.” With this foreknowledge, N1 was mod-
estly reduced at midline sites in controls but not in patients.
Thus, there may be a general failure of predictive coding
in patients with schizophrenia when predictions are based
on talking to hear an “ah,” when pressing a button to get
a tone or an “ah,” and when getting a visual warning of
an impending “ah.” Although not involving self-delivered
stimuli, predictive coding failures in schizophrenia patients
can also be observed during passive listening to predict-
able sequences of tones. In these paradigms, patients have
reduced mismatch negativities*” and P3a responses elicited
by task-irrelevant deviations in predictable sequences.*®



Previously, we found relationships between premove-
ment activity and clinical symptoms. Specifically, reduc-
tions in neural synchrony preceding speech onset during
talking was associated with more severe auditory verbal
hallucinations,'? and reductions in lateralized prebutton
press neural synchrony (not associated with the delivery
of a stimulus) was associated with greater avolition and
apathy.!* We were unable to demonstrate any relation-
ships using ERP data that would have been consistent
with these previous findings. We have had mixed success
relating neurobiological assays of the efference copy and
corollary discharge mechanisms to auditory verbal hal-
lucinations. Perhaps a more exacting assessment of the
nature of voices (eg, voices coming from inside the head
vs voices coming from outside the head) than can be
extracted from the SAPS and PANSS may improve the
success of relating symptoms to neurobiology. Or, per-
haps deficits in corollary discharge and efference copy
mechanisms are persistent features in patients with a his-
tory of psychosis. For a full discussion of relating neuro-
biology and symptoms see Mathalon and Ford.®

Among the limitations of this study is the fact that all
patients were medicated, leaving open the possibility that
these effects are due to antipsychotic medications and
not to the illness itself. Data collected during our talking
paradigm argue against this. First, we reported deficits in
cortical suppression in clinical high-risk patients, not on
medications,'® and second, we see intermediate deficits in
unmedicated first-degree relatives of psychotic patients."”
While medications may not be responsible for our
findings, medications may have undermined our ability
to relate symptoms to our neurobiological measures. For
example, medications can affect the symptoms without
affecting the underlying neurobiology, they can affect
the neurobiology without affecting symptoms, and not
every patient’s symptoms or underlying neurobiology
responds similarly to medication. Another limitation is
the possibility that group differences in attention may
have driven the group effects on N1 suppression. Arguing
against this are data showing that suppression of N1 to
self-initiated tones is independent of attention.®

In conclusion, we provided evidence that pressing a
button to deliver a tone produces a similar pattern of
findings that we see in our talking paradigms. That is,
compared with tones that are played back passively, self-
delivered tones result in suppression of auditory corti-
cal responses. The lateralized neural activity preceding
that button press is related to the degree of suppression
of the cortical response to that tone. Perhaps the effer-
ence copy and corollary discharge mechanisms that are
invoked during vocalization are also invoked during a
button press task. This suggests that these mechanisms
can be studied with lab animals who do not vocalize but
who can be trained to press a lever, trip a light switch, or
nose-poke to deliver a tone. Moreover, neurophysiologi-
cal recordings used with lab animals are similar to those

Predictive Coding Failures in Schizophrenia

used with humans, making both the paradigm and the
physiological assay translatable across species. In addi-
tion, it can be argued that these paradigms have ecologi-
cal validity. By involving active participation in sensory
stimulation, these paradigms more closely reproduce the
experience of all animals. Instead of approaching brain
imaging only from the sensory side, in which animals
react to input in a bottom-up fashion, these paradigms
approach it from the motor side, in which animals initiate
actions and interact with the environment, in a top-down
manner. This is an aspect of the human experience that
appears to be abnormal in schizophrenia.
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