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Abstract
People with schizophrenia often misperceive sensations and misinterpret experiences, perhaps
contributing to psychotic symptoms. These misperceptions and misinterpretations might result
from an 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 expected sensations and distinguishing the expected from
the unexpected. In this paper, we focus on two types of automatic, unconscious mechanisms that
allow us to predict our perceptions. The first involves predictions made via innate mechanisms
basic to all species in the animal kingdom—the efference copy and corollary discharge
mechanisms. They accompany our voluntary movements and allow us to suppress sensations
resulting from our actions. We study this during talking, and show that auditory cortical response
to the speech sounds during talking is reduced compared to when they are played back. This
suppression is reduced in schizophrenia, suggesting a failure to predict the sensations resulting
from talking. The second mechanism involves implicitly learning what to expect from the current
context of events. We study this by observing the brain's response to an unexpected repetition of
an event, when a change would have been predicted. That patients have a reduced response
suggests they failed to predict that it was time for a change. Both types of predictions should
happen automatically and effortlessly, allowing for economic processing of expected events and
orientation to unexpected ones. These prediction failures characterize the diagnosis of
schizophrenia rather than reflecting specific symptoms.
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1. Introduction
People with schizophrenia often misperceive sensations and misinterpret experiences,
perhaps contributing to the cardinal symptoms of the illness, such as auditory hallucinations
and delusions. 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
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unexpected. If predictive mechanisms are dysfunctional, sensations that should have been
predicted, but were not, might take on inappropriate salience (Kapur, 2003).

Predictions can be made strategically, via conscious, executive mechanisms such as
selective attention, or they can be made automatically, via unconscious and innate
mechanisms. At an elemental level, restrictions on sensations happen at the peripheral
sensory organs themselves: We cannot see in the infrared spectrum, nor can we hear
frequencies above 20,000 Hz. In a sense, we could “predict” that we will not experience the
50,000 Hz giggles of rodents at play (Knutson, Burgdorf, & Panksepp, 1998). Other
elemental, automatic, and unconscious mechanisms that provide predictions about
sensations, resulting from our own actions, are the efference copy and corollary discharge
systems. They allow all species in the animal kingdom to predict, and thereby suppress
sensations that result from voluntary motor actions and tag these sensations as coming from
“self” (see review by Crapse & Sommer, 2008). In so doing, perceptions are filtered and
processed economically. Another automatic process that allows us to make predictions
unconsciously is implicit contextual learning; we predict future events based on what we
have learned about the past and present context.

In this paper, we discuss the roles of the efference copy and corollary discharge systems, as
well as context processing, in prediction. Specifically, we discuss ERP and EEG evidence of
prediction deficits in these systems in patients with schizophrenia.

2. Innate Predictions of Sensation: Efference Copy and Corollary Discharge
Systems

The efference copy (Von Holst & Mittelstaedt, 1950) and corollary discharge (Sperry, 1950)
systems may provide basic bottom-up restrictions on what we perceive by tagging the
experiences that result from our own actions as coming from “self” and suppressing our
responses to these sensations (see review by Crapse & Sommer, 2008). Although these
terms are often used interchangeably or jointly as “efference copy/corollary discharge”
(Feinberg, 1978), we (Ford, Roach, Faustman, & Mathalon, 2007) and others (Miall &
Wolpert, 1996)(Crapse & Sommer, 2008) have distinguished between them. We use
“efference copy” to refer to a copy of the motor command and the “corollary discharge” to
refer to the expected sensation resulting from the action, as illustrated in Figure 1.

Though these mechanisms are ubiquitous, and their putative actions are seen in animals
from the 302 cell nematodes to humans, their neural basis has only recently been described
(see review by Crapse & Sommer, 2008). Poulet and Hedwig explained how these
mechanisms allow the cricket to sing at deafening intensities without deafening itself (Poulet
& Hedwig, 2006). In monkeys, Sommer and Wurtz showed how these mechanisms permit
the perception of a stable visual scene despite self-initiated eye movements (Sommer &
Wurtz, 2006). By studying how an animal's brain adjusts perceptions according to its
movements, we can see the animal as integral to its environment as it interacts with it.

Wolpert and colleagues proposed that an efference copy of the motor command is used to
anticipate and cancel the sensory effects of movement (Miall, Weir, Wolpert, & Stein, 1993;
Wolpert, Ghahramani, & Jordan, 1995; Wolpert, Miall, & Kawato, 1998). Transmitting an
efference copy of the motor command may be an emergent property of a self-organizing
system, accomplished by synchronization of oscillatory activity preceding the action
(Singer, 1999). In fact, local field potential recordings from rodent somatosensory cells
showed synchrony in the 7 to 12 Hz (Nicolelis, Baccala, Lin, & Chapin, 1995) and 30 to 35
Hz (Hamada, Miyashita, & Tanaka, 1999) bands preceding exploratory whisking. Hamada
and colleagues suggested that the neural synchrony they observed was triggered by the
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transfer of an efference copy of motor preparation to somatosensory cortex, peaking 100ms
before the movement.

While the efference copy and corollary discharge mechanisms are generally considered to be
innate and hard-wired in lower animals, they can be affected by attention and intentions in
higher animals (see review by Crapse & Sommer, 2008). Chapin and Woodward (1982) note
that sensory suppression can interact with intention; when rats are walking, sensation on the
paw is suppressed, but when the paw is used for exploration, it is not. That is, these
mechanisms may go “off line” when needed for focusing on the sensations, as in reading
Braille, learning a new language, or hitting the right note when learning a song.

2.1. Efference copy and corollary discharge actions during vocalizations
2.1.1. Invasive studies in human and non-human primates—During vocalization
in human and non-human primates, efference copies from vocalization regions in frontal
lobes may prepare auditory cortex for the almost simultaneous arrival of the vocalized
sounds, minimizing the auditory cortical response and providing a mechanism for
recognizing these sounds as self-generated. Early support for suppression during
vocalization came from studies of non-human primates showing that about half of call-
responsive neurons are inhibited during vocalization compared to when those sounds are
recorded and played back (Muller-Preuss & Ploog, 1981). Later, Eliades and Wang recorded
from single units in primary auditory cortex in marmoset monkeys and reported
vocalization-induced suppression beginning before vocalization (Eliades & Wang, 2003;
Eliades & Wang, 2005), with excitation of different units beginning after vocal onset
(Eliades & Wang, 2003).

These findings are consistent with studies from human patients under-going pre-surgical
planning for resection of epileptogenic neural tissue. Creutzfeldt and colleagues recorded
from the exposed surface of the right and left temporal cortices while patients talked and
listened to others talking; suppression of activity in auditory cortex was noted during talking
compared to listening (Creutzfeldt, Ojeman, & Lettich, 1989). We subsequently replicated
and extended this finding in a similar group of patients (Chen, et al., 2011).

2.1.2. Non-invasive studies in human and non-human primates—Data from
vocalization studies in healthy human volunteers are consistent with the data described
above: All report suppression of auditory cortex during vocalization in healthy controls, as
seen in a reduction of the N1 amplitude of the auditory event-related brain potential (ERP),
or the M100 of the event-related field, to the onset of the spoken sound as it is being spoken
(Behroozmand, Karvelis, Liu, & Larson, 2009; Curio, Neuloh, Numminen, Jousmaki, &
Hari, 2000; Ford, Gray, Faustman, Roach, & Mathalon, 2007; Ford, Mathalon, Heinks,
Kalba, & Roth, 2001; Ford, Roach, Faustman, & Mathalon, 2007; Heinks-Maldonado,
Mathalon, Gray, & Ford, 2005; Heinks-Maldonado, et al., 2007; Houde, Nagarajan,
Sekihara, & Merzenich, 2002). This provides a direct test of the mechanism and is similar to
methods used in non-human primates (Eliades & Wang, 2003; Eliades & Wang, 2005). The
basics of our Talk/Listen paradigm are presented in Figure 1 (Ford, Gray, Faustman, Roach,
& Mathalon, 2007; Ford, Mathalon, Heinks, Kalba, & Roth, 2001; Ford, Roach, Faustman,
& Mathalon, 2007; Ford, Roach, & Mathalon, 2010), and typical ERPs elicited by the onset
of speech sound during both the Talking and Listening conditions are shown.

Also illustrated in Figure 1 is the putative action of the efference copy of the motor
command preceding the onset of speech. We found that from one trial to the next, at about
100ms before speech-sound onset, the phase of neural activity in the beta band (~16Hz)
synchronized significantly more during talking than during listening. Because it was related
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to subsequent N1 suppression during talking, we suggested this might be a biological
reflection of the efference copy (Ford, Gray, Faustman, Roach, & Mathalon, 2007).

2.2. When predictions fail
In Figure 1, we also illustrate the putative “corollary discharge”, representing the predicted
sensory consequences of an action, and the “sensory reafference”, representing the actual
sensory feedback. Detection of discrepancies between predicted and actual sensory
consequences of self-generated acts is key to rapid recognition and correction of actions. It
may underlie our ability to correct a golf swing in action and adjust voice timbre to match
our culture. It may work via a subtractive comparison of the predicted with the actual
sensory feedback (Angel, 1976; Jeannerod, 2003; Wolpert & Kawato, 1988), with larger
mismatches being more salient. Eliades and Wang (Eliades & Wang, 2008) pointed out that
this comparison process may be useful for vocal convergence, allowing monkeys to match
their vocalizations to their cage-mate's (Snowdon & Elowson, 1999).

In non-human primates, Eliades and Wang found auditory neurons, which were suppressed
during normal vocal feedback, showed a larger increase in firing rate to pitch-altered
feedback than those neurons that were excited during normal vocal feedback (Eliades &
Wang, 2008). They suggested that the vocalization-induced suppression enhanced neural
sensitivity to feedback perturbation. A similar pattern has been observed in songbirds
(Keller & Hahnloser, 2009).

Our data (Heinks-Maldonado, Mathalon, Gray, & Ford, 2005) and data of others
(Behroozmand, Karvelis, Liu, & Larson, 2009; Curio, Neuloh, Numminen, Jousmaki, &
Hari, 2000; Eliades & Wang, 2003; Eliades & Wang, 2005; Heinks-Maldonado, Nagarajan,
& Houde, 2006; Houde, Nagarajan, Sekihara, & Merzenich, 2002) suggest that the closer
the match between the predicted and experienced sensation, the greater the suppression of
auditory cortex responsiveness in human subjects. These studies highlight the importance of
valid predictions on efficient economic perception.

2.3. Manipulations of prediction
In the context of our Talk/Listen paradigm, we asked whether innate predictions are superior
to learned predictions (Ford, Gray, Faustman, Roach, & Mathalon, 2007), and asked
whether predictive information resulting from expectancy (i.e., warning) and from agency
(i.e., self-stimulation) modulates auditory cortex in the same way and to the same degree as
talking (which involves both expectancy and agency). First, we recorded N1 to the onset of a
speech sound as it was being spoken, as described above and shown in Figure 1. Second, we
recorded N1 to the onset of the subject's own previously recorded speech sound when it was
delivered via a self-paced button press. Third, we recorded N1 to the onset of the subject's
pre-recorded speech sound when its impending delivery was heralded by a count-down
visual warning.

The resulting data are shown in Figure 2.

In brief, our earlier work with the Talk/Listen paradigm was confirmed. Further, we found
that talking produces more suppression of cortical responses to speech sounds than simple
expectancy effects based on visual warning, or simple agency effects based on self-delivery
of those sounds. To better understand the contributions of cognitive expectancy to the
Talking effect, the N1 suppression effect due to talking was assessed by controlling for N1
suppression effects due to expectancy and agency with multiple regression analysis. The
talking effects were only slightly reduced when expectancy and agency were controlled for.
Details of the analysis appear in the original report (Ford, Gray, Faustman, Roach, &
Mathalon, 2007).
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Why does talking suppress auditory cortex responsiveness more than other manipulations of
prediction? Is it due to superior predictions about content and timing during talking, or to the
natural connections between the act and the resulting sensation? In the expectancy and
agency experiments, the “ah” sounds were not produced in the moment as they were in the
talking experiment, and thus exact knowledge about sound quality and timing was not as
perfect as during the talking experiment. Indeed, we know that shifting the pitch of the
spoken sound during talking will reduce the amount of cortical suppression of the spoken
sound (Heinks-Maldonado, Mathalon, Gray, & Ford, 2005), and we know that subtle delays
in timing between pressing a button and delivering a pre-recorded “ah” will reduce the
amount of suppression (Whitford, et al., 2011). Perhaps superior knowledge about timing
and content produces stronger suppression of auditory cortical responsiveness to the spoken
sound during talking. An anonymous reviewer suggested that this could be tested by
comparing the talking and self-delivery suppression effects early in the session to effects
seen later in the session. If superior suppression during talking is due to natural associations,
then they will not change during the session. However, if the association between pressing a
button and hearing an “ah” is learned during the session, the effects would be stronger later
in the session.

It is important to add that the effect of agency in our experiment was smaller than the effects
reported in the literature when subjects press a button to hear a tone (Baess, Horvath,
Jacobsen, & Schroger, 2011; Martikainen, Kaneko, & Hari, 2005; McCarthy & Donchin,
1976; Schafer & Marcus, 1973). To understand why the suppression we reported with self-
delivery of speech sounds is not as large as suppression others have reported with self-
delivery of tones, we need to directly compare cortical responses to self-delivered tones and
speech sounds.

2.4. Dysfunction of the efference copy and corollary discharge mechanisms in
schizophrenia

Feinberg suggested that dysfunction of the efference copy/corollary discharge mechanism
may underlie the positive symptoms of schizophrenia, in particular auditory verbal
hallucinations (Feinberg, 1978). This was based on the writings of Hughlings Jackson
(1958) who proposed that thinking is our most complex motor act and, as such, it might
conserve and utilize the computational and integrative mechanisms evolved for physical
movement, in particular the efference copy and corollary discharge mechanisms. Feinberg
reasoned that in the motor systems of thought, these mechanisms would act to distinguish
self-produced from externally generated events. Dysfunction of these systems could explain
auditory hallucinations and disruptions of the sense of self and will. Frith expanded this
concept (Frith, 1987) and prompted a series of behavioral experiments confirming corollary
discharge dysfunction in schizophrenia (Brebion, et al., 2000; Frith, Blakemore, & Wolpert,
2000; Lindner, Thier, Kircher, Haarmeier, & Leube, 2005; Shergill, Samson, Bays, Frith, &
Wolpert, 2005; Stirling, Hellewell, & Quraishi, 1998; Turken, Vuilleumier, Mathalon,
Swick, & Ford, 2003).

2.4.1. The auditory system—Subsequently, we garnered neurophysiological evidence
for dysfunction of the efference copy and corollary discharge systems in schizophrenia in
the auditory (Ford, Gray, Faustman, Roach, & Mathalon, 2007; Ford, Mathalon, Heinks,
Kalba, & Roth, 2001; Ford, et al., 2001a; Ford, et al., 2001b; Ford, Roach, Faustman, &
Mathalon, 2007; Heinks-Maldonado, et al., 2007). Using the N1 component of the ERP in
our Talk/Listen paradigm, we found that the normal dampening of the auditory cortical
response during talking or inner speech is less evident in patients with schizophrenia (Ford,
Gray, Faustman, Roach, & Mathalon, 2007; Ford, Mathalon, Heinks, Kalba, & Roth, 2001;
Ford, et al., 2001a; Ford, et al., 2001b; Ford, Roach, Faustman, & Mathalon, 2007; Heinks-
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Maldonado, et al., 2007). We illustrate this in Figure 1b with data taken from our Talk/
Listen paradigm (Ford, Gray, Faustman, Roach, & Mathalon, 2007).

2.4.2. Auditory verbal hallucinations—In accordance with the theories laid out by both
Feinberg and Frith, we hypothesized that the relative lack of suppression of N1 during
talking would be related to the severity of auditory hallucinations, in a “trait-like” manner.
(We use “trait-like” to convey that we did not try to assess the hallucinatory state during the
EEG session, but assessed the tendency to hallucinate in the week preceding or following
EEG data collection.) We were not able to find a significant relationship with hallucination
severity, that is, the patients who tend to hallucinate did not have less suppression of N1 to
the speech sound during talking (Ford, Gray, Faustman, Roach, & Mathalon, 2007).

In the analysis of pre-speech synchrony described above, we found that patients with
schizophrenia had significantly less phase synchrony than controls, consistent with the
notion of a deficient “warning” sent to auditory cortex, predicting the arrival of the sound
they were about to utter. We also found a moderate, but significant, relationship between the
lack of pre-speech phase synchrony and the tendency to hallucinate (Ford, Gray, Faustman,
Roach, & Mathalon, 2007).

In another analysis of a different experiment and sample (Ford, Mathalon, Whitfield,
Faustman, & Roth, 2002), we assessed the coherence between EEG recorded over left
frontal and left temporal areas during overt sentence reading. We found that controls had
greater coherence during talking than listening to a playback of it; this effect was reduced in
patients with schizophrenia, especially those who tended hallucinate.

2.4.3. The somatosensory system—In order to determine whether the reduced pre-
action neural synchrony observed in patients was specific to talking, we subjected EEG data
recorded during a self-paced button press task to a similar time-frequency and ERP analysis
(Ford, Roach, Faustman, & Mathalon, 2008). We found evidence of deficient neural
synchrony, which we interpreted as deficient efference copy, preceding button presses in
patients. The degree of pre-press synchrony was associated with the degree of post-press
suppression of the ERP to the tactile sensation associated with the button press in controls
but not in patients. Finally, deficient pre-press synchrony was associated with greater
avolition and apathy in the patients, a characteristic set of symptoms that likely contribute to
low functioning. This suggests that dysfunctions of the efference copy and corollary
discharge mechanisms in schizophrenia are not limited to the speech-auditory system, but
may affect other motor-sensory systems as well, and map onto system-specific symptoms.

3. Implicitly Learned Predictions
In the preceding section, we described ERP data recorded to sounds that were predictable by
virtue of subjects actively producing them by either talking or pressing a button. Those data
suggested that patients were relatively deficient in unconsciously predicting the impending
result (a speech sound) of their own actions (talking). We further mentioned that this
deficiency extends to other motor-sensory systems. In this section, we will discuss “passive”
ERPs to experimenter-delivered sounds where predictability develops implicitly out of
experience with the regularity of the sequence. Like the data described above, these data
also show that patients are relatively deficient in making unconscious predictions about what
is about to happen.

3.1. ERPs to deviant stimuli
There is a rich literature on ERPs to deviant sounds in a sequence of frequent, standard
sounds—the oddball paradigm. If the subject is asked to respond to the deviant, it becomes a
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target and elicits an N2b and P300 (or P3b). If the subject is not asked to respond to the
deviant, it elicits a P3a (e.g., Squires, Squires, & Hillyard, 1975) and a MMN (mismatch
negativity). Näätänen and colleagues divided the N2 complex into MMN and N2b
components (Naatanen, Simpson, & Loveless, 1982), distinguished on the basis of their
dependence on attention and scalp topography. N2b is sensitive to attention and MMN is
not. While it is difficult to rule out attention from most paradigms, these two components
can also be distinguished by their scalp topographies; MMN reverses polarity below the
Sylvian fissure and N2b does not. Regardless of attention, N2b/MMN and P3a elicitation are
prima facie evidence that a context was learned and violated.

3.1.1. Schizophrenia and ERPs to oddball events—Roth and Cannon (1972)
reported P300 amplitude reductions in patients with schizophrenia 40 years ago, and since
then, more than a hundred replications and extensions of that finding have been published
(see reviews by Bramon, Rabe-Hesketh, Sham, Murray, & Frangou, 2004; Ford, 1999; Jeon
& Polich, 2003). As P300 elicitation may reflect the updating of context (Donchin & Coles,
1988), abnormalities in context processing may contribute to P300 reduction in
schizophrenia. There are also numerous reports of schizophrenia-related reductions of MMN
(see meta-analysis, Umbricht & Krljes, 2005) and a growing number of papers are reporting
reductions in P3a in schizophrenia (Alain, Bernstein, Cortese, Yu, & Zipursky, 2002;
Hermens, et al., 2010; Jahshan, et al., 2011; Kiang, Braff, Sprock, & Light, 2009; Mathalon,
Ford, & Pfefferbaum, 2000; Merrin & Floyd, 1994; O'Donnell, et al., 1996; Turetsky,
Bilker, Siegel, Kohler, & Gur, 2009).

3.2. ERPs to standard stimuli
Using ERPs to deviant events to study pure prediction is flawed because traditional deviant
tones are typically defined by both improbability and physical difference from the standard
tone (e.g., pitch, intensity, duration), both of which affect N2b/MMN and P3a independent
of their improbability (Polich & Kok, 1995). Alternatively, a deviant can be physically
identical to the standard but be deviant by virtue of its local sequential probability. Thus,
examination of otherwise identical stimuli, that derive their deviance solely from local
sequential probabilities, may provide a purer means for examining prediction. Accordingly,
disabilities in processing physical features often seen in schizophrenia (e.g., (Dias, Butler,
Hoptman, & Javitt, 2011; Rosburg, Boutros, & Ford, 2008) will not affect the assessment of
their abilities to make predictions.

While it is common to average together brain responses to all standards in an oddball
paradigm, information about context processing can be derived from the brain's response to
standards based on their specific position in a sequence. P3a-like responses to standard
stimuli are larger when they appear later in a sequence of consecutive standards (Gilmore,
Clementz, & Buckley, 2005; Stadler, Klimesch, Pouthas, & Ragot, 2006). Gilmore et al
suggested that after a long series of standard tones in an oddball paradigm, subjects expect
an oddball, and when it does not occur, they are surprised.

To the extent expectancies for a deviant develop with increasing number of standards, a
contingent negative variation (CNV) should develop. The anticipatory component,
sometimes referred to as the stimulus-preceding negativity (SPN), can be isolated from the
CNV in tasks where a warning cue signals an impending stimulus to which no response is
required, thereby eliminating response preparation processes (Brunia & van Boxtel, 2001).
Indeed, Stadler et al. observed a CNV or SPN preceding standard stimuli when the local
sequential probability indicated that a target was possible.

Thus, to the extent a standard tone can acquire “deviance” status based on its unlikely
position in a sequence, a series of ERP components might be elicited by the deviant
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standard, including N2b/MMN and P3a, with a CNV/SPN developing in anticipation of a
deviant standard.

3.2.1. Schizophrenia and ERPs to standard events—In a recent paper, we focused
on ERPs associated with standard tones, as a function of expectancies generated by trial-to-
trial probabilities (Ford, et al., 2011). Based on the hypothesis that patients with
schizophrenia do not use context to make predictions (Barch, et al., 2001; Carter,
MacDonald, Ross, & Stenger, 2001; Ford, et al., 2004; Henik, et al., 2002; Servan-
Schreiber, Cohen, & Steingard, 1996; Shelley, Grochowski, Lieberman, & Javitt, 1996), we
predicted that patients with schizophrenia would be less surprised by an unlikely standard in
a consecutive series of standards, and would show a markedly reduced or absent P3a and
N2b/MMN to the unexpected standard, and a reduced CNV/SPN preceding it.

We analyzed the ERPs to standards in a 3-stimulus auditory oddball paradigm, with
infrequently occurring target tones (p=.15) and novel sounds (p=.15). Although the global
probability of a standard tone was p=.70, the sequential probability of a standard varied from
p=1.0 (for the 1st standard) to .16 (for the 4th standard in row).

As can be seen in Figure 3a, following the 3rd standard in a row, a CNV/SPN developed in
healthy controls. This negativity suggests that healthy controls were processing the
sequential probabilities of standards and saying, “It's time for a change. Get ready for
something interesting or important.” A significantly smaller CNV/SPN developed in the
patients, suggesting they were not anticipating a change as strongly as the controls.

As can be seen in Figure 3b, when the change did not happen, the 4th standard in a row
elicited a P3a in healthy controls. This positivity suggests that controls made a prediction
and that the prediction was violated. The small P3a in the patients was consistent with their
failure to predict that it was “time for a change”.

Finally, as can be seen in Figure 3c, an N2b/MMN component was extracted by subtracting
the ERP to the first standard from the ERP to the 4th standard. This negativity suggests a
preconscious registration of a prediction error in the healthy controls. Again, the small N2b/
MMN in the patients is consistent with their failure to register a prediction error.

It is critical to emphasize that no other features of the 4th standard made it deviant or salient
other than the violation of the prediction that it was time for a change after 3 standards in a
row. Thus, while the salience of targets is typically based on their different pitch, task
relevance, and global probability, the salience of the 4th standard in a row is based only on
the low local probability of this pattern occurring.

The failure of patients with schizophrenia to generate a large ERP to the fourth standard in a
row could result from at least two abnormalities: Patients may not orient to unexpected
events, or they may be unable to predict from the context that an event is unexpected. That
the late positive component to the 4th standard in a row had the same scalp distribution as
the P3a to a novel sound supports the contribution of orienting to the positivity elicited by
Standard #4. However, arguing against a failure of the orienting response in schizophrenia
are reports of normal P300s in patients to isolated targets (Roth, Goodale, & Pfefferbaum,
1991; Shelley, Grochowski, Lieberman, & Javitt, 1996) and startling noises (Ford, Roth,
Menon, & Pfefferbaum, 1999) that occur at very long inter-target intervals with no
intervening standards, a situation likely to elicit orienting. Instead, we suggest that patients
with schizophrenia fail to use context to form predictions about pattern violations, which is
consistent with their reduced CNV/SPN.
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It is important to add that reaction times also reflect expectations; however, unlike the CNV/
SPN preceding Standard #4, and the N2b/MMN and P3a elicited by Standard #4, the RT
data suggested that patients formed normal expectancies. If we had not recorded EEG, we
would conclude that patients and controls form expectancies in the same way. However, the
ERP data suggest that more direct neural reflections of predictions are abnormal in
schizophrenia. It is possible that the RT effects are normalized by clinical treatment and
medications, while ERPs are sensitive to the underlying enduring pathophysiology of the
illness.

We were unable to find any relationships between these ERP abnormalities and clinical
symptoms.

4. Discussion
We constantly make predictions about future events to economically process those that
match our expectations and to draw attention to those that do not. We arrive at these
predictions via a variety of routes, both conscious and unconscious. In this paper, we
discussed two unconscious mechanisms. Coupling the concepts of “predictions” and
“unconscious” requires a loosening of how we typically think predictions. In the two
instances that we discussed, predictions happen through innate systems and implicit
learning. Through these systems, we become aware that we made a prediction when our
prediction fails.

As discussed here, the innate, hard-wired efference copy and corollary discharge
mechanisms are some of the most basic mechanisms by which we make predictions of the
sensations that will result from our actions. Through the action of these mechanisms, when
predictions are confirmed, sensation is suppressed. When sensation is not suppressed
through a dysfunction of these mechanisms, the origin of the sensation could be ambiguous.
We showed that during talking, the brain dampens its response to the sounds it produces, as
reflected in a smaller auditory cortical response during talking than during listening. We
showed that patients show a diminished suppression of this response during talking. In a
recent essay, “Schizophrenia, Myelination, and Delayed Corollary Discharges: A
Hypothesis”, together with Whitford and colleagues, we suggested that the efference copy
and corollary discharge “prediction error” might lead to an increase in midbrain dopamine,
causing insignificant events to become salient. This in turn could exacerbate nascent
perceptual anomalies and ultimately trigger cardinal symptoms such as hallucinations and
delusions (Whitford, Ford, Mathalon, Kubicki, & Shenton, 2011).

Another mechanism for narrowing our perception is implicit experience-based learning. For
example, if we learn that a particular sound (e.g., a middle C on the musical scale) happens
most of the time but that a different sound (e.g., C#) happens occasionally, we predict
implicitly that a C is most likely to occur. But after a lot of Cs, we begin to think it is time
for a change, or time for a C#. We showed that if a C# fails to occur when predicted, the
brain generates a large ERP to the frequently repeated, but unexpected repetition of C.
Because patients fail to generate a large brain response to the repeated stimulus, we argued
that they failed to learn the context implicitly and predict that it was time for a change. In a
review and synthesis of the literature “Perceiving is believing: a Bayesian approach to
explaining the positive symptoms of schizophrenia”, Fletcher and Frith suggest that patients
have deficits in probabilistic reasoning that affect their beliefs (Fletcher & Frith, 2009).
They suggested that a normally functioning mechanism that updates context with new
information is critical for accurate perception and inference. Disruption of this mechanism
may result in the persistence of false beliefs in the face of incontrovertible evidence to the
contrary (delusions).
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Based on the writings of Whitford et al and Fletcher and Frith, we might predict that the
degree of abnormality in these brain signals would map onto specific symptoms.
Specifically, a failure to suppress auditory cortical responsiveness during talking might be
related to a misperception of the source of self-generated inner experiences and thoughts
resulting in the experience of auditory hallucinations. Further, a failure to update
expectations based on context might be related to delusions. While there were some
significant relationships between neurophysiological measures and symptoms, there were
consistent group differences in our ERP indices of prediction. There are several reasons why
we might have difficulty finding relationships with symptoms. First, our success can only be
as good as our abilities to understand and quantify the patients' symptoms. Second, the
preponderance of schizophrenia patients are medicated, and medication may decouple any
potential relationship between symptoms and neurobiology by attenuating symptoms, while
not affecting the ERP sensitivity to the propensity to experience those symptoms. Thus, we
may be more successful at finding relationships with enduring features of the disease (the
diagnosis itself, or its subtypes) than with current symptoms.

Thus, we suggest that patients with schizophrenia fail to correctly predict the future: They
fail to predict, and thereby suppress, sensations resulting from their own actions and
thoughts, and they fail to predict future events based on the current context of events. Both
predictions should happen effortlessly, allowing for economic processing of expected events
and orientation to unexpected ones. Although these prediction failures do not map neatly
onto the expected symptoms, they do more generally reflect a propensity for psychosis, or
simply the diagnosis of schizophrenia itself. As such, these same prediction failures may be
seen in other diagnoses involving psychosis, like psychotic depression, mania, and some
forms of dementia.
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Highlights

• There are behavioral data showing that patients with schizophrenia do not
develop normal expectations for future events.

• We provide ERP evidence from two very different paradigms indicating failures
to predict the future in patients with schizophrenia.

• These paradigms tap predictions that are both innate and implicitly acquired.
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Figure 1.
(Left) We show a cartoon profile of a healthy control subject talking (saying “ah”) and
listening to a playback of “ah”. Above the heads, we show ERPs recorded from the vertex
(Cz) elicited by the onset of the speech sound (dotted vertical line) during talking (red lines)
and listening (blue lines). During talking, N1 to the speech sound is suppressed relative to
N1 to the same sound during listening. Amplitude (microvolts) is on the y-axis and time
(milliseconds) is on the x-axis. Vertex negativity is plotted down.
The N1 of the ERP is generated in auditory cortex (colored orange during Talk, and blue
during Listen). Intensity of the color in the auditory cortex denotes the strength of the
response to the speech sound. The intention to say “ah” is indicated as an orange “thought
bubble” over Broca's area. The orange curved arrow pointing from Broca's area to auditory
cortex indicates the transmission of the efference copy of the motor plan, which produces a
corollary discharge (orange burst) of the expected sensation in auditory cortex. When the
expected sensation (corollary discharge) matches the actual sensation (sensory reafference)
in auditory cortex (green burst), perception is suppressed.
(Right). The same is shown for schizophrenia patients, with a relative failure of the
efference copy and corollary discharge being shown as faded orange. The slightly more
intense orange color in auditory cortex during talking indicates relatively less suppression of
the auditory cortical response to the spoken sound. The slightly less intense blue color
during listening indicates an overall tendency of patients to generate a smaller N1 to sounds
during passive listening.
(Permission from Schizophrenia Bulletin to reproduce elements of this figure is pending.)
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Figure 2.
ERPs from Fz, FCz, Cz, CPz, and Pz, locked to speech sound onset (0ms, dotted vertical
line) are shown for each of the three experiments: Talking, Expectancy, and Agency, for the
healthy controls. ERPs elicited during the two conditions for each experiment are overlaid.
Amplitude (microvolts) is on the y-axis and time (milliseconds) is on the x-axis. Negativity
is plotted down.
(Permission from Psychophysiology to reproduce elements of this figure is pending.)
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Figure 3a.
Grand average ERPs from Cz following Standard #3, regardless of whether the next
stimulus was Standard #4, a Target or a Novel. Data from controls and patients are overlaid.
This analysis allows the visualization and quantification of the Stimulus Preceding
Negativity (SPN) or the contingent negative variation (CNV). Here and throughout Figure 3,
amplitude (microvolts) is on the y-axis and time (milliseconds) is on the x-axis. Dotted lines
indicate onset of Standard #3 at 0ms, 300ms, and onset of the next stimulus at 1250ms.
Positivity relative to the reference electrodes is plotted up.
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Figure 3b.
Grand average ERPs for 4 consecutive standards following a deviant stimulus in healthy
controls (left) and patients with schizophrenia (right) for frontal, central, and parietal
midline sites, Fz, Cz and Pz. ERPs are time-locked to the onset of each of the four
consecutive standards, Standard #1, #2, #3, and #4, baseline corrected to the preceding
100ms. Vertical lines are at 0ms (stimulus onset), 100ms and 300ms. Note that only
Standard #4 evokes a P3a.

Ford and Mathalon Page 19

Int J Psychophysiol. Author manuscript; available in PMC 2013 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3c.
Grand average ERPs from vertex (Cz) resulting from the subtraction of the ERP to Standard
#1 from Standard #4 (S4–S1), overlaid for controls and patients, filtered with a 1Hz filter to
remove the slow neural activity seen in Figure 3a. This subtraction allows the visualization
and quantification of the N2b/MMN component elicited by Standard #4. Amplitude
(microvolts) is on the y-axis and time (milliseconds) is on the x-axis. Negativity is plotted
down. Dotted line indicates onset of Standard #4.
(Permission from the International Journal of Psychophysiology to reproduce elements of
this figure is pending.)
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