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Mismatch negativity (MMN) is a widely used biological marker for schizophrenia research.
Previous studies reported that MMN amplitude was reduced in schizophrenia and that
reduced MMN amplitude was associated with cognitive impairments and poor functional
outcome in schizophrenia. However, the neurobiological mechanisms underlying the
reduced MMN amplitude remain unclear. Recent studies suggest that reduced MMN
amplitude may reflect altered predictive coding in schizophrenia. In this paper, we reviewed
MMN studies that used new paradigms and computational modeling to investigate altered
predictive coding in schizophrenia. Studies using the roving oddball paradigm andmodified
oddball paradigm revealed that the effects of conditional probability were impaired in
schizophrenia. Studies using omission paradigms and many-standards paradigms
revealed that prediction error, but not adaptation, was impaired in schizophrenia. A
study using a local-global paradigm revealed that hierarchical structures were impaired
at both local and global levels in schizophrenia. Furthermore, studies using dynamic causal
modeling revealed that neural networks with hierarchical structures were impaired in
schizophrenia. These findings indicate that altered predictive coding underlies the
reduced MMN amplitude in schizophrenia. However, there are several unsolved
questions about optimal procedures, association among paradigms, and heterogeneity
of schizophrenia. Future studies using several paradigms and computational modeling may
solve these questions, and may lead to clarifying the pathophysiology of schizophrenia and
to the development of individualized treatments for schizophrenia.

Keywords: mismatch negativity, schizophrenia, electroencephalography, predictive coding, computational modeling
INTRODUCTION

Schizophrenia is a psychiatric disorder characterized by positive symptoms such as delusion and
hallucination, and negative symptoms such as impaired motivation and social withdrawal, and cognitive
impairment. The onset of schizophrenia is usually in adolescence and early adulthood, and many
patients experience long-term impairments in social and occupational functions (1, 2).
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Mismatch negativity (MMN) is a widely used biological
marker in schizophrenia research. MMN amplitude is reduced
in schizophrenia, first-episode schizophrenia, and ultra-high risk
(3). MMN latency is also altered in schizophrenia and ultra-high
risk (4). Small MMN amplitude found in individuals at ultra-
high-risk predicts the future onset of psychosis (5) and future
remission (6). Reduced MMN amplitude is associated with
cognitive impairments and poor functional outcomes (7), but not
associated with genetic vulnerability (8). Therefore, the investigation
of mechanisms underlying reduced MMN in schizophrenia may
lead to an understanding of the pathophysiology of schizophrenia
and the development of more effective treatments.

MMN is measured by electroencephalography (EEG) or
magnetoencephalography (MEG) recorded during a passive
auditory oddball paradigm (Figure 1). In the oddball paradigm,
deviant and standard stimuli are randomly presented. Deviant
stimuli are rare (e.g., 10%), while standard stimuli are frequently
presented (e.g., 90%). In the figures of this article, deviant and
standard stimuli differ in frequency. However, other features, such
as duration, can be used to differentiate between deviant and
standard stimuli. MMN is obtained as a negative deflection of the
difference waveform between the event-related potentials (ERPs)
elicited by deviant and standard stimuli. MMN was originally
thought to reflect sensory memory (9). In the sensory memory
hypothesis, the memory of auditory stimuli is formed in the
auditory cortex, and MMN is elicited by comparison between
standard and deviant stimuli. Another explanation for the MMN
is the adaptation hypothesis (10). In the adaptation hypothesis, as
neuronal responses to standard stimuli decline after repetitive
presentation of standard stimuli (11), MMN is thought to
represent the difference between intact neural responses to
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deviant stimuli and attenuated neural responses to standard
stimuli. Recently, MMN was thought to reflect the prediction
error based on predictive coding theory (12).
PREDICTIVE CODING ACCOUNT FOR
MMN IN SCHIZOPHRENIA

In predictive coding theory, the brain generates a model to infer
the causes of sensory inputs, predicts sensory inputs based on the
model, calculates the differences between prediction and sensory
inputs, and updates the model based on prediction error (13).
Alterations in these processes generate a maladaptive model and
make a false inference that leads to hallucination and delusion.
Several studies reported that patients with auditory hallucinations
put more weight on predictions than on sensory evidence
when compared with healthy individuals (14, 15). Relying more
on prediction rather than on sensory evidence may create
false beliefs that lead to psychosis (16). In fact, enhanced
prediction correlated with positive symptoms in patients with
schizophrenia (17). However, other studies reported that patients
with schizophrenia put little weight on prediction and much
weight on sensory evidence (18, 19). Too much weight on sensory
evidence may contribute to aberrant salience, which also leads to
psychosis (20). Because many studies have reported altered
predictive coding in schizophrenia (21), it is important to
investigate neurobiological mechanisms underlying altered
predictive coding in schizophrenia.

MMN is a candidate biomarker for investigating neurobiological
mechanisms underlying altered predictive coding in schizophrenia.
FIGURE 1 | Classical oddball paradigm and mismatch negativity.
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Several studies have shown that the predictive coding theory not
only explains MMN (22) but also provides a more plausible model
than the sensory memory hypothesis or the adaptation hypothesis
(23). Because MMN can serve as a translational biomarker (24),
animal studies measuring MMN can be used to investigate
neurobiological mechanisms underlying altered predictive coding
in schizophrenia.

Based on these findings, recent studies have explained
reduced MMN as altered predictive coding in schizophrenia
(12, 24). Furthermore, several studies have developed new
paradigms to investigate whether reduced MMN amplitudes
reflect altered predictive coding in schizophrenia (25–27). In
this paper, we reviewed MMN studies that used new paradigms
to investigate altered predictive coding in schizophrenia.
PARADIGMS TO INVESTIGATE THE
PREDICTIVE CODING ACCOUNT OF MMN
IN SCHIZOPHRENIA

Mismatch Negativity and Probability
MMN is considered to reflect the prediction error in predictive
coding theory because MMN is elicited by deviant stimuli that
are presented with low probability. As the brain usually predicts
stimuli with high probability, stimuli with low probability do not
match prediction and cause prediction errors. In the classical oddball
paradigm, stimuli are randomly presented. If the probability of the
next stimuli depends on previously presented stimuli, previously
presented stimuli form predictions about what stimuli come next.
Therefore, paradigms that have different conditional probabilities
canmanipulate prediction and prediction errors. Such paradigms are
appropriate for investigating the association between prediction error
and MMN. Several researchers have used paradigms with different
conditional probabilities to investigate the effects of conditional
probability on MMN.

Roving Oddball Paradigm
In the roving oddball paradigm, auditory stimuli are presented as
trains (Figure 2A). Each train consists of repetitions of the same
auditory stimuli. Usually, the first tone of a train is used as a
deviant, and the last tone of the train is used as a standard. As the
roving oddball paradigm uses the same tones as deviant and
standard stimuli, tone differences between deviant and standard
stimuli do not affect MMN in this paradigm. Another important
point of the roving oddball paradigm is that the prediction of
deviant stimuli depends on the length of the repetitions. Long
repetitions of standard stimuli increase the conditional
probability of standard stimuli (conditional probability that a
standard stimulus comes next after a standard stimulus is
presented) and make a strong prediction that the next stimuli
will be a standard stimulus. Therefore, deviant stimuli after long
repetitions are thought to cause a strong prediction error.

Baldeweg and colleagues measured MMN using a modified
version of the roving oddball paradigm (28). In their paradigm,
the last tones of trains differ in duration compared to other
stimuli and are used as deviant stimuli. They found that healthy
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controls showed larger MMN amplitudes under longer repetition
conditions, while repetition showed no effect on MMN for
patients with schizophrenia. Although the authors called
repetition effects “memory trace effect” in this paper, they
interpreted the repetition effects as evidence for predictive
coding (29). They also reported that impairments in repetition
effects were observed in patients with schizophrenia, but not with
bipolar disorder or Alzheimer’s disease (30).

In the usual roving oddball paradigm, Schmidt and colleagues
showed that S-ketamine reduced repetition effects (31).
McCleery and colleagues investigated repetition effects on not
only MMN but also ERPs for both standard and deviant stimuli
(26, 32). They found reduced repetition effects in schizophrenia
patients with recent auditory hallucinations when compared to
schizophrenia patients without recent auditory hallucinations
(32). However, they also found relatively intact repetition effects
in all schizophrenia patients (26).

Modified Oddball Paradigm
The roving oddball paradigm uses the length of repetitions to
generate different conditional probabilities of stimuli. However, this
can be applied to the classical oddball paradigm. Ford and
colleagues used a modified oddball paradigm that had different
conditional probabilities according to the length of repetitions (33)
(Figure 2B). In this paradigm, longer repetitions of standard stimuli
correspond to a lower conditional probability that the next stimulus
is a standard stimulus. Healthy control participants showed MMN
to the 4th consecutive standard. The MMN to the 4th consecutive
standard was reduced in patients with schizophrenia.
A

B

C

FIGURE 2 | Oddball paradigms in which conditional probability of stimuli
depend on the length of repetitive standard stimuli. (A) Roving oddball
paradigm. (B) Modified oddball paradigm. The numbers above standard
stimuli represent conditional probability. The conditional probability that
standard stimuli come after a deviant stimulus is 1.00, the conditional
probability that 2 consecutive standard stimuli come after a deviant stimulus
is 0.71, and so on. (C) Predictable oddball paradigms. In the predictable
condition, auditory stimuli are repetitions of a series of “SSSDSSSS.”.
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Horacek et al. investigated MMN in predictable and
unpredictable conditions (Figure 2C) (34). In the predictable
condition, deviant stimuli always came after 7 consecutive
standard stimuli. The unpredictable condition is the same as a
classical oddball paradigm in which deviant stimuli are randomly
presented. Patients with schizophrenia showed a reduction in
MMN amplitude in the unpredictable condition but no
reduction in MMN amplitude in the predictable condition.

Summary of the Findings
All studies listed above showed significant effects of conditional
probability on MMN in healthy individuals. These findings suggest
that predictive coding can explainMMN.Many studies have shown
reduced effects of conditional probability on MMN in patients with
schizophrenia. These findings suggest that reduced MMN
amplitude may reflect altered predictive coding in schizophrenia.
While several studies have shown no difference in repetition effects
between healthy individuals and patients with schizophrenia, others
reported an association of repetition effects with cognitive
impairments (28) and hallucinations (32). These results suggest
that heterogeneity of schizophrenia may affect findings among
studies. Patients with schizophrenia have an intact MMN in the
predictable condition. Therefore, altered predictive coding in
schizophrenia may become clear in uncertain environments.

Prediction Error and Adaptation
All studies listed in 3.1. used repetitions to investigate the effects of
conditional probability. However, repetitions of stimuli have been
found to cause a reduced response to the stimuli (11). This is called
adaptation which can explain repetition effects. Although adaptation
and predictive coding are not mutually exclusive, the adaptation
hypothesis is simple. If simple hypotheses such as adaptation can
explain MMN sufficiently, more complex hypotheses such as
predictive coding are unnecessary. Therefore, it is important to
investigate MMN in paradigms that remove adaptation.

Omission Paradigm
In omission paradigms, the same tones are repeatedly presented,
but sometimes not presented (Figure 3A). Because deviants are no
stimuli in omission paradigms, omission MMN is not affected by
sensory processing including adaptation. Kreitschmann-
Andermahr et al. showed reduced amplitude of omission MMN
in schizophrenia (35). Rudolph and colleagues used more complex
omission paradigms (36). In their paradigm, 6 consecutive tones
constituted one train, and many trains were presented repeatedly.
In the deviant trains, the 4th or 6th tones are omitted. They also
found a reduced amplitude of omission MMN in early psychosis.
However, Kirino et al. showed no significant reduction in
omission MMN amplitude in schizophrenia (37).

Many-Standards Paradigm
Omission paradigms can remove adaptation effects on MMN.
However, several studies have shown that patients with
schizophrenia have impairments in neural adaptation (38).
Therefore, investigating both prediction error and adaptation may
be better than removing adaptation. Koshiyama and colleagues
used a many-standards paradigm to disentangle MMN into
Frontiers in Psychiatry | www.frontiersin.org 4
adaptation and deviance detection (Figure 3B) (25). They
recorded EEG during a classical oddball paradigm and a many-
standards paradigm. In the many-standards paradigm, several
different tones are randomly presented. In the classical oddball
paradigm, one of the tones is the same as the deviant stimuli, while
the other one is the same as the standard stimuli. Each tone in the
many-standards paradigm is presented with equal probability,
which is the same as the probability of deviant stimuli in the
classical oddball paradigm. While standard stimuli are repetitively
presented in the classical oddball paradigm, control stimuli are not
repetitively presented in the many-standards paradigm. Therefore,
the authors investigated adaptation by comparing ERP to standard
stimuli in the classical oddball paradigm with ERP to control
stimuli in the many-standards paradigm. Since deviant stimuli are
detected as deviant in the classical oddball paradigm, but there is
no deviance in the many-standards paradigm, they investigated
deviance detection by comparing ERP to deviant stimuli in the
classical oddball paradigm with ERP to control stimuli in the
many-standards paradigm. They found that both adaptation and
deviance detection affected MMN. Patients with schizophrenia
showed impairments in deviance detection but not in adaptation.
Summary of Findings
Several studies have shown a reduction in the omission MMN
amplitude in schizophrenia. As omission MMN reflects
prediction error but not adaptation, these findings indicate that
patients with schizophrenia have altered predictive processing.
Another study that used the many-standards paradigm showed
that both deviance detection and adaptation contributed to
MMN while the reduction of MMN amplitude was mainly due
to impairments of deviance detection in schizophrenia.
Therefore, altered predictive coding rather than adaptation can
explain the reduction of MMN amplitude in schizophrenia.
A

B

FIGURE 3 | Paradigms that remove or disentangle adaptation effect on
MMN. (A) Omission paradigm. (B) Many-standards paradigm (left). ERP to
control is compared with the same tone in the classical oddball paradigm
(right), and calculated as deviance detection and adaptation.
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Hierarchical Structure of Predictive Coding
In predictive coding theory, higher-level neurons send predictions to
lower-level neurons. Lower-level neurons receive sensory inputs,
compare prediction with sensory inputs, calculate prediction error,
and send prediction error to higher-level neurons. Higher-level
neurons modify prediction based on prediction error. Therefore,
predictive coding is thought to depend on the hierarchical structure
of neurons (39). Several paradigms and analysis methods have been
developed to investigate the hierarchical structure of predictive coding.

Local-Global Paradigm
In local-global paradigms, a series of several tones are presented
as trains (Figure 4). A train of identical tones is a local standard.
A train in which the last tone is different from other tones is the
local deviant. Local standards and local deviants are presented
randomly. If a local standard is presented with a high probability,
the local standard is the global standard and the local deviant is
the global deviant. On the other hand, if a local deviant is
presented with a high probability, the local deviant is the
global standard, and the local standard is the global deviant.

Sauer et al. investigated MMN in a local-global paradigm
(27). Patients with schizophrenia showed a reduction in MMN
amplitude to both local deviants and global deviants. These
findings suggest that patients with schizophrenia may have
altered predictive coding at both local and global levels.
COMPUTATIONAL MODELING OF
MISMATCH NEGATIVITY IN
SCHIZOPHRENIA

Dynamic Causal Modeling
Dynamic causal modeling (DCM) is a network model initially
developed for functional MRI data (40). The aim of DCM is to
make inferences about coupling among brain regions and how that
coupling is influenced by experimental factors. DCM calculates
Frontiers in Psychiatry | www.frontiersin.org 5
effective connectivity, defined as the influence that one brain region
exerts over another brain region. DCM can be used for EEG data
(41). Garrido and colleagues applied DCM to MMN and found that
the hierarchical structure of cortical regions and connectivity among
them could explain MMN (Figure 5) (42). From the perspective of
predictive coding theory, forward connections from the low-level
cortex to high-level cortex may convey prediction error, and
backward connections from the high-level cortex to the low-level
cortex may convey prediction. Intrinsic connections may reflect
precision that determines the relative weight of prediction error to
prediction. However, it remains unclear whether each connectivity
corresponds to each process of predictive coding.

Dima and colleagues applied DCM to MEG data during the
roving oddball paradigm (43). They found significant differences in
the intrinsic connection of the right primary auditory cortex (A1)
and backward connection from the right inferior frontal gyrus (IFG)
to the right superior temporal gyrus (STG) between schizophrenia
and healthy controls. Ranlund and colleagues applied DCM to EEG
data during the classical oddball paradigm (44). They found
significant differences in the intrinsic connections of the right IFG
among patients with psychosis, unaffected relatives, and healthy
individuals. Braeutigam and colleagues applied DCM to MEG data
during the roving oddball paradigm (45). DCM selected different
models among schizophrenia, bipolar disorder, and healthy controls.

All the DCM studies listed above supported complex models
with hierarchical structures. These findings suggest that neural
networks with hierarchical structures, but not single neurons or
single neural circuits, underlie MMN. Patients with schizophrenia
showed impairments of the neural network in most studies using
DCM. However, neural network impairments in schizophrenia are
inconsistent among studies.
DISCUSSION

Previous studies showed that conditional probability affected
MMN, that neural adaptation could not explain MMN, and that
FIGURE 4 | Local-global paradigm.

FIGURE 5 | Dynamic causal modeling A1: Primary auditory cortex STG,
Superior temporal gyrus IFG; Inferior frontal gyrus.
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neural networks with hierarchical structures underlay MMN.
Patients with schizophrenia showed impairments in the effects of
conditional probability, prediction error but not adaptation, both
at local and global levels in the hierarchical structure, and neural
networks in hierarchical structure. All these findings support the
predictive coding account of MMN. However, there are several
questions that remain unanswered.

One of these unsolved questions is the optimal procedure for
each paradigm. For example, in the roving oddball paradigm,
several studies used the last tone (different from standard stimuli)
as deviant, but other studies used the first tone (same as standard
stimuli) as deviant. Studies also reported that MMN in the classical
oddball paradigm depends on stimulus, probability, and
interstimulus interval (46, 47), so slight differences in procedures
may lead to inconsistent findings among studies. For example,
Koshiyama and colleagues investigated both duration-deviant
MMN (dMMN) and frequency-deviant MMN (fMMN) to
disentangle MMN into adaptation and deviance detection (25).
Patients with schizophrenia showed significant impairments in
deviance detection in dMMN but not in fMMN. Future studies
like this one are necessary to investigate how differences in
procedures affect MMN in various paradigms.

The second question is the association among various
paradigms. Repetition effects in the roving oddball paradigm,
omission MMN in omission paradigm, and deviance detection in
many-standards paradigm are thought to reflect prediction error.
However, it is unclear whether MMN in different paradigms
reflects a common process of predictive coding or different
processes of predictive coding. Because predictive coding
assumes a complex and hierarchical structure, MMN in
different paradigms may reflect different processes of predictive
coding. All of the repetition effects, omission MMN, and deviance
detection are thought to reflect prediction error. Adaptation
affects repetition effects, but not omission MMN or deviance
detection. Therefore, repetition effects may reflect the activity of
lower-level neurons. Because there is no sensory input, omission
MMN may reflect the activity of higher-level neurons. However,
few studies have investigated the commonalities and differences
among repetition effects, omissionMMN, and deviance detection.
Future studies are necessary to investigate the commonalities and
differences of MMN in various paradigms.

The third question is the heterogeneity of schizophrenia (48).
From the perspective of predictive coding theory, the neural
mechanisms underlying MMN have a complex and hierarchical
structure. Therefore, various kinds of impairments can cause
altered predictive coding that leads to a reduction in MMN
amplitude in schizophrenia. It is unlikely that all patients with
schizophrenia have impairments in the same neural circuit.
Rather, it is likely that impaired processes differ among
patients with schizophrenia. Therefore, it is important not to
detect single specific neural impairments in schizophrenia,
but to identify individually different impairments. However,
researchers can investigate only one aspect of predictive coding
in one paradigm (e.g., repetition effect in the roving
oddball paradigm).
Frontiers in Psychiatry | www.frontiersin.org 6
Computational modeling may be useful for answering these
questions. Computational modeling can extract information about
various aspects of predictive coding fromoneparadigm(e.g., forward
connections, backward connections, and intrinsic connections for
dynamic causalmodeling). Therefore, computationalmodelingmay
be useful for identifying individually different impairments in
patients with schizophrenia. Computational modeling may also
become a common framework for comparing different
paradigms because computational modeling can be applied to
various paradigms and can be compared statistically. In addition,
computational modeling can be applied to the classic oddball
paradigm, and many studies have already investigated the effects
of the procedure. The most often used computational model of
MMN in schizophrenia is dynamic causal modeling. Previous
studies using DCM investigated which connections are impaired
in schizophrenia. However, the heterogeneity of schizophrenia
leads to inconsistent findings among studies. Previous studies
reported impairments of intrinsic connections within the right
A1, intrinsic connections within the right IFG, and backward
connections from the right IFG to the right STG. For example,
patients with impaired intrinsic connections of the right A1,
patients with impaired intrinsic connections of the right IFG,
and patients with impaired backward connections from the right
IFG to the right STG may have different clinical characteristics
associated with different neurobiological mechanisms. Therefore,
DCM can serve as a biomarker for classifying subtypes of
schizophrenia. Although previous studies have shown the
utility of dynamic causal modeling, other computational
models have not yet been applied to MMN in schizophrenia.
Future studies using various computational models may be
useful for identifying individual differences in predictive coding
in schizophrenia.

MMN is considered a translatable biomarker because paradigms
for the measurement of MMN can be applied to non-human
animals (24). Several paradigms shown in this article have been
already used for investigations of MMN in non-human animals
(49–51). Therefore, the neurobiological mechanisms underlying
each paradigm can be investigated in animal studies. MMN can
also be measured with electrocorticography (ECoG), which has high
spatial resolution. Investigation of ECoG with various paradigms is
useful for identifying the precise location of neural circuits
underlying MMN in various paradigms (52). In addition, MMN
is used as a biomarker for clinical trials (53, 54). Identifying
individually different impairments using several paradigms and
computational modeling may lead to the development of
individualized treatments.

In conclusion, previous studies using various paradigms and
computational modeling showed that altered predictive coding
underlies the reduction of MMN amplitude in schizophrenia. As
neural mechanisms underlying predictive coding have a complex
and hierarchical structure, impaired neural mechanisms may
differ among patients with schizophrenia. Future studies using
several paradigms and computational modeling may clarify the
pathophysiology of schizophrenia and help the development of
individualized treatments for schizophrenia.
July 2020 | Volume 11 | Article 660

https://www.frontiersin.org/journals/psychiatry
http://www.frontiersin.org/
https://www.frontiersin.org/journals/psychiatry#articles


Kirihara et al. Predictive Coding Perspective on MMN
AUTHOR CONTRIBUTIONS

KKi and KKa contributed to the conception of this review. KKi
wrote the first draft of the manuscript. All authors contributed to
the article and approved the submitted version.
FUNDING

This work was supported, in part, by the Japan Society for the
Promotion of Science (JSPS) KAKENHI (18K07588; KKi), the
Brain Mapping by Integrated Neurotechnologies for Disease
Frontiers in Psychiatry | www.frontiersin.org 7
Studies (Brain/MINDS) from the Japan Agency for Medical
Research and Development (AMED) (JP19dm0207069; KKa),
the International Research Center for Neurointelligence (WPI-
IRCN) at the University of Tokyo Institutes for Advanced Study
(UTIAS) (MT, KKa), the University of Tokyo Center for
Integrative Science of Human Behavior (CiSHuB) (KKa).
ACKNOWLEDGMENTS

We appreciate the research staff at the University of Tokyo for
supporting this project.
REFERENCES

1. McCutcheon RA, Reis Marques T, Howes OD. Schizophrenia-An Overview.
JAMA Psychiatry (2020) 77(2):201–10. doi: 10.1001/jamapsychiatry.
2019.3360

2. Owen MJ, Sawa A, Mortensen PB. Schizophrenia. Lancet (2016) 388
(10039):86–97. doi: 10.1016/S0140-6736(15)01121-6

3. Erickson MA, Ruffle A. Gold JM. A Meta-Analysis of Mismatch Negativity in
Schizophrenia: From Clinical Risk to Disease Specificity and Progression. Biol
Psychiatry (2016) 79(12):980–7. doi: 10.1016/j.biopsych.2015.08.025

4. Kim M, Cho KI, Yoon YB, Lee TY, Kwon JS. Aberrant temporal behavior of
mismatch negativity generators in schizophrenia patients and subjects at
clinical high risk for psychosis. Clin Neurophysiol (2017) 128(2):331–9.
doi: 10.1016/j.clinph.2016.11.027

5. Bodatsch M, Brockhaus-Dumke A, Klosterkotter J, Ruhrmann S. Forecasting
psychosis by event-related potentials-systematic review and specific meta-analysis.
Biol Psychiatry (2015) 77(11):951–8. doi: 10.1016/j.biopsych.2014.09.025

6. KimM, Lee TH, Yoon YB, Lee TY, Kwon JS. Predicting Remission in Subjects
at Clinical High Risk for Psychosis Using Mismatch Negativity. Schizophr Bull
(2018) 44(3):575–83. doi: 10.1093/schbul/sbx102

7. Thomas ML, Green MF, Hellemann G, Sugar CA, Tarasenko M, Calkins ME,
et al. Modeling Deficits From Early Auditory Information Processing to
Psychosocial Functioning in Schizophrenia. JAMA Psychiatry (2017) 74
(1):37–46. doi: 10.1001/jamapsychiatry.2016.2980

8. KimM, Kim SN, Lee S, Byun MS, Shin KS, Park HY, et al. Impaired mismatch
negativity is associated with current functional status rather than genetic
vulnerability to schizophrenia. Psychiatry Res (2014) 222(1-2):100–6.
doi: 10.1016/j.pscychresns.2014.02.012

9. Tiitinen H, May P, Reinikainen K, Naatanen R. Attentive novelty detection in
humans is governed by pre-attentive sensory memory. Nature (1994) 372
(6501):90–2. doi: 10.1038/372090a0

10. May PJ, Tiitinen H. Mismatch negativity (MMN), the deviance-elicited
auditory deflection, explained. Psychophysiology (2010) 47(1):66–122.
doi: 10.1111/j.1469-8986.2009.00856.x

11. Ulanovsky N, Las L, Nelken I. Processing of low-probability sounds by cortical
neurons. Nat Neurosci (2003) 6(4):391–8. doi: 10.1038/nn1032

12. Randeniya R, Oestreich LKL, Garrido MI. Sensory prediction errors in the
continuum of psychosis. Schizophr Res (2018) 191:109–22. doi: 10.1016/
j.schres.2017.04.019

13. Friston K. A theory of cortical responses. Philos Trans R Soc Lond B Biol Sci
(2005) 360(1456):815–36. doi: 10.1098/rstb.2005.1622

14. Powers AR, Mathys C, Corlett PR. Pavlovian conditioning-induced
hallucinations result from overweighting of perceptual priors. Science
(2017) 357(6351):596–600. doi: 10.1126/science.aan3458

15. Cassidy CM, Balsam PD, Weinstein JJ, Rosengard RJ, Slifstein M, Daw ND,
et al. A Perceptual Inference Mechanism for Hallucinations Linked to Striatal
Dopamine. Curr Biol (2018) 28(4):503–14 e4. doi: 10.1016/j.cub.2017.12.059

16. Corlett PR, Horga G, Fletcher PC, Alderson-Day B, Schmack K, Powers A.
Hallucinations and Strong Priors. Trends Cognit Sci (2019) 23(2):114–27.
doi: 10.1016/j.tics.2018.12.001
17. Schmack K, Rothkirch M, Priller J, Sterzer P. Enhanced predictive signalling
in schizophrenia. Hum Brain Mapp (2017) 38(4):1767–79. doi: 10.1002/
hbm.23480

18. Stuke H, Weilnhammer VA, Sterzer P, Schmack K. Delusion Proneness is
Linked to a Reduced Usage of Prior Beliefs in Perceptual Decisions. Schizophr
Bull (2019) 45(1):80–6. doi: 10.1093/schbul/sbx189

19. Weilnhammer V, Rod L, Eckert AL, Stuke H, Heinz A, Sterzer P. Psychotic
Experiences in Schizophrenia and Sensitivity to Sensory Evidence. Schizophr
Bull (Forthcoming 2020). doi: 10.1093/schbul/sbaa003

20. Adams RA, Stephan KE, Brown HR, Frith CD, Friston KJ. The computational
anatomy of psychosis. Front Psychiatry (2013) 4:47. doi: 10.3389/
fpsyt.2013.00047

21. Sterzer P, Adams RA, Fletcher P, Frith C, Lawrie SM, Muckli L, et al. The
Predictive Coding Account of Psychosis. Biol Psychiatry (2018) 84(9):634–43.
doi: 10.1016/j.biopsych.2018.05.015

22. Wacongne C, Changeux JP, Dehaene S. A neuronal model of predictive
coding accounting for the mismatch negativity. J Neurosci (2012) 32
(11):3665–78. doi: 10.1523/JNEUROSCI.5003-11.2012

23. Lieder F, Daunizeau J, Garrido MI, Friston KJ, Stephan KE. Modelling trial-
by-trial changes in the mismatch negativity. PloS Comput Biol (2013) 9(2):
e1002911. doi: 10.1371/journal.pcbi.1002911

24. Tada M, Kirihara K, Mizutani S, Uka T, Kunii N, Koshiyama D, et al.
Mismatch negativity (MMN) as a tool for translational investigations into
early psychosis: A review. Int J Psychophysiol (2019) 145:5–14. doi: 10.1016/
j.ijpsycho.2019.02.009

25. Koshiyama D, Kirihara K, Tada M, Nagai T, Fujioka M, Usui K, et al. Reduced
Auditory Mismatch Negativity Reflects Impaired Deviance Detection in
Schizophrenia. Schizophr Bull (Forthcoming 2020). doi: 10.1093/schbul/sbaa006

26. McCleery A, Mathalon DH, Wynn JK, Roach BJ, Hellemann GS, Marder SR,
et al. Parsing components of auditory predictive coding in schizophrenia
using a roving standard mismatch negativity paradigm. Psychol Med (2019) 49
(7):1195–206. doi: 10.1017/S0033291718004087

27. Sauer A, Zeev-Wolf M, Grent-’t-Jong T, Recasens M, Wacongne C, Wibral M,
et al. Impairment in predictive processes during auditory mismatch negativity
in ScZ: Evidence from event-related fields. Hum Brain Mapp (2017) 38
(10):5082–93. doi: 10.1002/hbm.23716

28. Baldeweg T, Klugman A, Gruzelier J, Hirsch SR. Mismatch negativity
potentials and cognitive impairment in schizophrenia. Schizophr Res (2004)
69(2-3):203–17. doi: 10.1016/j.schres.2003.09.009

29. Baldeweg T. Repetition effects to sounds: evidence for predictive coding in the
auditory system. Trends Cognit Sci (2006) 10(3):93–4. doi: 10.1016/
j.tics.2006.01.010

30. Baldeweg T, Hirsch SR. Mismatch negativity indexes illness-specific
impairments of cortical plasticity in schizophrenia: a comparison with
bipolar disorder and Alzheimer’s disease. Int J Psychophysiol (2015) 95
(2):145–55. doi: 10.1016/j.ijpsycho.2014.03.008

31. Schmidt A, Bachmann R, Kometer M, Csomor PA, Stephan KE, Seifritz E,
et al. Mismatch negativity encoding of prediction errors predicts S-ketamine-
induced cognitive impairments. Neuropsychopharmacology (2012) 37(4):865–
75. doi: 10.1038/npp.2011.261
July 2020 | Volume 11 | Article 660

https://doi.org/10.1001/jamapsychiatry.2019.3360
https://doi.org/10.1001/jamapsychiatry.2019.3360
https://doi.org/10.1016/S0140-6736(15)01121-6
https://doi.org/10.1016/j.biopsych.2015.08.025
https://doi.org/10.1016/j.clinph.2016.11.027
https://doi.org/10.1016/j.biopsych.2014.09.025
https://doi.org/10.1093/schbul/sbx102
https://doi.org/10.1001/jamapsychiatry.2016.2980
https://doi.org/10.1016/j.pscychresns.2014.02.012
https://doi.org/10.1038/372090a0
https://doi.org/10.1111/j.1469-8986.2009.00856.x
https://doi.org/10.1038/nn1032
https://doi.org/10.1016/j.schres.2017.04.019
https://doi.org/10.1016/j.schres.2017.04.019
https://doi.org/10.1098/rstb.2005.1622
https://doi.org/10.1126/science.aan3458
https://doi.org/10.1016/j.cub.2017.12.059
https://doi.org/10.1016/j.tics.2018.12.001
https://doi.org/10.1002/hbm.23480
https://doi.org/10.1002/hbm.23480
https://doi.org/10.1093/schbul/sbx189
https://doi.org/10.1093/schbul/sbaa003
https://doi.org/10.3389/fpsyt.2013.00047
https://doi.org/10.3389/fpsyt.2013.00047
https://doi.org/10.1016/j.biopsych.2018.05.015
https://doi.org/10.1523/JNEUROSCI.5003-11.2012
https://doi.org/10.1371/journal.pcbi.1002911
https://doi.org/10.1016/j.ijpsycho.2019.02.009
https://doi.org/10.1016/j.ijpsycho.2019.02.009
https://doi.org/10.1093/schbul/sbaa006
https://doi.org/10.1017/S0033291718004087
https://doi.org/10.1002/hbm.23716
https://doi.org/10.1016/j.schres.2003.09.009
https://doi.org/10.1016/j.tics.2006.01.010
https://doi.org/10.1016/j.tics.2006.01.010
https://doi.org/10.1016/j.ijpsycho.2014.03.008
https://doi.org/10.1038/npp.2011.261
https://www.frontiersin.org/journals/psychiatry
http://www.frontiersin.org/
https://www.frontiersin.org/journals/psychiatry#articles


Kirihara et al. Predictive Coding Perspective on MMN
32. McCleery A, Wynn JK, Mathalon DH, Roach BJ, Green MF. Hallucinations,
neuroplasticity, and prediction errors in schizophrenia. Scand J Psychol (2018)
59(1):41–8. doi: 10.1111/sjop.12413

33. Ford JM, Roach BJ, Miller RM, Duncan CC, Hoffman RE, Mathalon DH.
When it’s time for a change: failures to track context in schizophrenia. Int J
Psychophysiol (2010) 78(1):3–13. doi: 10.1016/j.ijpsycho.2010.05.005

34. Horacek M, Kargel C, Scherbaum N, Muller BW. The effect of deviance
predictability on mismatch negativity in schizophrenia patients. Neurosci Lett
(2016) 617:76–81. doi: 10.1016/j.neulet.2016.02.010

35. Kreitschmann-Andermahr I, Rosburg T, Meier T, Volz HP, Nowak H,
Sauer H. Impaired sensory processing in male patients with schizophrenia:
a magnetoencephalographic study of auditory mismatch detection. Schizophr
Res (1999) 35(2):121–9. doi: 10.1016/s0920-9964(98)00115-7

36. Rudolph ED, Ells EM, Campbell DJ, Abriel SC, Tibbo PG, Salisbury DF, et al.
Finding the missing-stimulus mismatch negativity (MMN) in early psychosis:
altered MMN to violations of an auditory gestalt. Schizophr Res (2015) 166(1-
3):158–63. doi: 10.1016/j.schres.2015.05.028

37. Kirino E, Hayakawa Y, Inami R, Inoue R, Aoki S. Simultaneous fMRI-EEG-
DTI recording of MMN in patients with schizophrenia. PloS One (2019) 14(5):
e0215023. doi: 10.1371/journal.pone.0215023

38. Shin KS, Kim JS, Kim SN, Koh Y, Jang JH, An SK, et al. Aberrant auditory
processing in schizophrenia and in subjects at ultra-high-risk for psychosis.
Schizophr Bull (2012) 38(6):1258–67. doi: 10.1093/schbul/sbr138

39. Bastos AM, Usrey WM, Adams RA, Mangun GR, Fries P, Friston KJ.
Canonical microcircuits for predictive coding. Neuron (2012) 76(4):695–
711. doi: 10.1016/j.neuron.2012.10.038

40. Friston KJ, Harrison L, Penny W. Dynamic causal modelling. Neuroimage
(2003) 19(4):1273–302. doi: 10.1016/s1053-8119(03)00202-7

41. David O, Kiebel SJ, Harrison LM, Mattout J, Kilner JM, Friston KJ. Dynamic
causal modeling of evoked responses in EEG andMEG. Neuroimage (2006) 30
(4):1255–72. doi: 10.1016/j.neuroimage.2005.10.045

42. Garrido MI, Friston KJ, Kiebel SJ, Stephan KE, Baldeweg T, Kilner JM. The
functional anatomy of the MMN: a DCM study of the roving paradigm.
Neuroimage (2008) 42(2):936–44. doi: 10.1016/j.neuroimage.2008.05.018

43. Dima D, Frangou S, Burge L, Braeutigam S, James AC. Abnormal intrinsic and
extrinsic connectivity within the magnetic mismatch negativity brain network
in schizophrenia: a preliminary study. Schizophr Res (2012) 135(1-3):23–7.
doi: 10.1016/j.schres.2011.12.024

44. Ranlund S, Adams RA, Diez A, Constante M, Dutt A, Hall MH, et al. Impaired
prefrontal synaptic gain in people with psychosis and their relatives during the
mismatch negativity. Hum Brain Mapp (2016) 37(1):351–65. doi: 10.1002/
hbm.23035

45. Braeutigam S, Dima D, Frangou S, James A. Dissociable auditory mismatch
response and connectivity patterns in adolescents with schizophrenia and
adolescents with bipolar disorder with psychosis: A magnetoencephalography
study. Schizophr Res (2018) 193:313–8. doi: 10.1016/j.schres.2017.07.048
Frontiers in Psychiatry | www.frontiersin.org 8
46. Javitt DC, Grochowski S, Shelley AM, Ritter W. Impaired mismatch negativity
(MMN) generation in schizophrenia as a function of stimulus deviance,
probability, and interstimulus/interdeviant interval. Electroencephalogr Clin
Neurophysiol (1998) 108(2):143–53. doi: 10.1016/s0168-5597(97)00073-7

47. Todd J, Michie PT, Schall U, Karayanidis F, Yabe H, Naatanen R. Deviant
matters: duration, frequency, and intensity deviants reveal different patterns of
mismatch negativity reduction in early and late schizophrenia. Biol Psychiatry
(2008) 63(1):58–64. doi: 10.1016/j.biopsych.2007.02.016

48. Voineskos AN, Jacobs GR, Ameis SH. Neuroimaging Heterogeneity in
Psychosis: Neurobiological Underpinnings and Opportunities for
Prognostic and Therapeutic Innovation. Biol Psychiatry (2020) 88(1):95–
102. doi: 10.1016/j.biopsych.2019.09.004

49. Harms L, Fulham WR, Todd J, Meehan C, Schall U, Hodgson DM, et al. Late
deviance detection in rats is reduced, while early deviance detection is
augmented by the NMDA receptor antagonist MK-801. Schizophr Res
(2018) 191:43–50. doi: 10.1016/j.schres.2017.03.042

50. Chao ZC, Takaura K, Wang L, Fujii N, Dehaene S. Large-Scale Cortical
Networks for Hierarchical Prediction and Prediction Error in the Primate
Brain. Neuron (2018) 100(5):1252–66 e3. doi: 10.1016/j.neuron.2018.10.004

51. Parras GG, Nieto-Diego J, Carbajal GV, Valdes-Baizabal C, Escera C, Malmierca
MS. Neurons along the auditory pathway exhibit a hierarchical organization of
prediction error.Nat Commun (2017) 8(1):2148. doi: 10.1038/s41467-017-02038-6

52. Ishishita Y, Kunii N, Shimada S, Ibayashi K, Tada M, Kirihara K, et al.
Deviance detection is the dominant component of auditory contextual
processing in the lateral superior temporal gyrus: A human ECoG study.
Hum Brain Mapp (2019) 40(4):1184–94. doi: 10.1002/hbm.24438

53. Perez VB, Tarasenko M, Miyakoshi M, Pianka ST, Makeig SD, Braff DL, et al.
MismatchNegativity is a Sensitive andPredictive Biomarker of Perceptual Learning
During Auditory Cognitive Training in Schizophrenia. Neuropsychopharmacology
(2017) 42(11):2206–13. doi: 10.1038/npp.2017.25

54. Kantrowitz JT, Epstein ML, Lee M, Lehrfeld N, Nolan KA, Shope C, et al.
Improvement in mismatch negativity generation during d-serine treatment in
schizophrenia: Correlation with symptoms. Schizophr Res (2018) 191:70–9.
doi: 10.1016/j.schres.2017.02.027

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Kirihara, Tada, Koshiyama, Fujioka, Usui, Araki and Kasai. This
is an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other forums is
permitted, provided the original author(s) and the copyright owner(s) are credited and
that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
July 2020 | Volume 11 | Article 660

https://doi.org/10.1111/sjop.12413
https://doi.org/10.1016/j.ijpsycho.2010.05.005
https://doi.org/10.1016/j.neulet.2016.02.010
https://doi.org/10.1016/s0920-9964(98)00115-7
https://doi.org/10.1016/j.schres.2015.05.028
https://doi.org/10.1371/journal.pone.0215023
https://doi.org/10.1093/schbul/sbr138
https://doi.org/10.1016/j.neuron.2012.10.038
https://doi.org/10.1016/s1053-8119(03)00202-7
https://doi.org/10.1016/j.neuroimage.2005.10.045
https://doi.org/10.1016/j.neuroimage.2008.05.018
https://doi.org/10.1016/j.schres.2011.12.024
https://doi.org/10.1002/hbm.23035
https://doi.org/10.1002/hbm.23035
https://doi.org/10.1016/j.schres.2017.07.048
https://doi.org/10.1016/s0168-5597(97)00073-7
https://doi.org/10.1016/j.biopsych.2007.02.016
https://doi.org/10.1016/j.biopsych.2019.09.004
https://doi.org/10.1016/j.schres.2017.03.042
https://doi.org/10.1016/j.neuron.2018.10.004
https://doi.org/10.1038/s41467-017-02038-6
https://doi.org/10.1002/hbm.24438
https://doi.org/10.1038/npp.2017.25
https://doi.org/10.1016/j.schres.2017.02.027
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/psychiatry
http://www.frontiersin.org/
https://www.frontiersin.org/journals/psychiatry#articles

	A Predictive Coding Perspective on Mismatch Negativity Impairment in Schizophrenia
	Introduction
	Predictive Coding Account for MMN in Schizophrenia
	Paradigms to Investigate the Predictive Coding Account of MMN in Schizophrenia
	Mismatch Negativity and Probability
	Roving Oddball Paradigm
	Modified Oddball Paradigm
	Summary of the Findings

	Prediction Error and Adaptation
	Omission Paradigm
	Many-Standards Paradigm
	Summary of Findings

	Hierarchical Structure of Predictive Coding
	Local-Global Paradigm


	Computational Modeling of Mismatch Negativity In Schizophrenia
	Dynamic Causal Modeling

	Discussion
	Author Contributions
	Funding
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


