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Abstract
Cognitive remediation plays an increasingly important role in schizophrenia
treatment. Mixed results of significant improvement in cognitive performance and
symptoms along with improvements in psychosocial functioning might be due to a
focus on a broad-spectrum of cognitive abilities, rather than specific deficits such as
verbal working memory and processing speed. Cognitive intervention benefits are
often demonstrated on behavioral level, while evidence in support of associated cortical mechanisms remains elusive. The aim of the present thesis was to explore
whether effects of cognitive training in schizophrenia become manifest not only in
test performance and general functioning measures, but also on the level of cortical
mechanisms contributing to these psychological functions. A novel cognitive intervention approach was evaluated, designed to address auditory-verbal discrimination accuracy, speed-up auditory processing and improve memory functions (CE, cognitive
exercises).
Study 1: The ratio of scalp-recorded evoked brain responses occurring 50 ms
after paired clicks served as a measure of sensory gating. An abnormally high ratio is
considered as a sign of dysfunctional organization of the auditory/verbal system and
as a factor contributing to psychopathology and cognitive deficits in schizophrenia.
MEG and performance on verbal learning and memory test were used for evaluation
of training effects. Post treatment gating ratio decreased together with improvement
in cognitive test-performance after appropriately specific psychological intervention
(CE, cognitive exercises) compared to a standard computer-based cognitive training
(CP, cognitive package).
Study 2: Processes contributing to the phenomenon of altered M50 gating ratio were evaluated using event-related oscillations. Schizophrenia inpatients (n=50)
showed the expected large M50 gating ratio relative to 48 healthy controls. In patients large gating ratio was correlated with less induced fronto-parietal generated
activity in the 10-15 Hz frequency band starting 200 ms before the onset of the second stimulus in a pair. In addition, patients produced smaller alpha (8-12 Hz) and
gamma (60-80 Hz) band responses to the first auditory stimulus. Results suggested
that the deviant gating ratio in schizophrenia is a consequence of a complex altera-
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tion in the processing of incoming information that cannot be attributed to filtering
deficit alone.
Study 3: Event-related oscillations together with M50 gating ratio were analyzed in a paired-stimulus design before and after 4-weeks of cognitive training in
schizophrenia patients randomly assigned either to CE or CP. Prior to training patients differ from healthy control subjects by less induced alpha (8-12Hz) band power
decrease preceding the second stimulus and smaller evoked gamma (60-80Hz) response to the first auditory stimulus together with higher-than-normal gating ratios.
Both oscillatory activities increased after cognitive intervention in all schizophrenic
subjects, though more so in patients participating in the auditory/verbal discrimination
training (CE group). After CE the improvement in alpha band power decrease varied
with the improvement in M50 ratio, verbal working memory and functional outcome,
indicating training effects on mechanisms contributing to sensory gating and cognitive performance in schizophrenia.
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Zusammenfassung
Die Behandlung kognitiver Defizite ist ein zunehmend wichtiger Aspekt bei der
Therapie schizophrener Störungen. Die Heterogenität der Ergebnisse bezüglich der
behandlungsspezifischen Verbesserung in der kognitiven Testleistung, der Psychopathologie und dem globalen Funktionsniveau ist nicht zuletzt dem Fokus auf ein
eher breites Spektrum kognitiven Fähigkeiten, anstatt auf krankheitsspezifische Dysfunktionen wie zum Beispiel verbales Arbeitsgedächtnis und Verarbeitungsgeschwindigkeit zurückzuführen. Während Verbesserungen in der kognitiven Testleistung auf der Verhaltensebene einen relativ robusten Befund darstellen, ist die
Evidenz bezüglich damit verbundenen Mechanismen auf kortikaler Ebene mangelhaft. In der vorliegenden Dissertation diente ein auf akustisch/verbale Diskriminationsfähigkeit ausgelegtes, Verstärkerkontingenzen betonendes Training zur Überprüfung der Fragestellung, inwiefern Interventionseffekte neben einer Verbesserung der
Testleistung mit einer Veränderung der damit assoziierten, kortikalen Mechanismen
einhergehen.
Studie 1: Das Verhältnis zwischen der Stärke der evozierten Hirnantworten
auf gepaarte akustische Klickreize (50 ms nach Stimulusdarbietung) gilt im Allgemeinen als sensorisches Zugangsmaß (engl. sensory gating) relevanter Information im
auditorischen System. Erhöhte Werte dieses Verhältnisses gelten als einer der robustesten Befunde bei schizophrenen Patienten. Sie sind mit einer Dysfunktion in dem
auditorisch/verbalen System assoziiert und werden als einer der Faktoren angesehen, die zur der Psychopathologie und den beobachteten kognitiven Defiziten schizophrener Patienten beitragen. Die neuromagnetischen Hirnsignale, erhoben mittels
des Magnetencephalogramms (MEG), und die Testleistungen im Verbalen Lern- und
Merkfähigkeitstest (VLMT) dienten zum Vergleich der Auswirkung eines auf Diskrimination im auditorisch/verbalen System ausgelegten kognitiven Trainings (CE, cognitive exercise) mit einem standardmäßig in der Schizophreniebehandlung angewendeten Training (CP, Cogpack). Es konnte gezeigt werden, dass nach dem CE Training
das auditorische Verhältnismaß auf das Niveau gesunder Kontrollprobanden gesenkt
werden konnte. Zusätzlich konnte eine Verbesserung im verbalen Arbeitsgedächtnis
festgestellt werden.
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Studie 2: Ereignis-korrelierte Oszillationen dienten zur Evaluation der neuronalen Netzwerkdynamik, die mit dem beeinträchtigten “sensory gating” Phänomen in
Schizophrenie assoziiert ist. Es wurde der Frage nachgegangen, ob diese Beeinträchtigung mit einem Enkodierungsdefizit des ersten Stimulus (S1) oder mit einem
Filterungsdefizit des zweiten akustischen Stimulus (S2) zusammenhängt. Wie erwartet, zeigten die an Schizophrenie erkrankten Patienten (n=50) relativ zu gesunden
Kontrollprobanden (n=48) erhöhte Werte im “sensory gating” Verhältnismaß. Diese
korrelierten mit der im Vergleich zu den Kontrollpersonen schwächeren, stimulusinduzierten Desynchronisation im Alpha Frequenzbereich (10-15Hz) beginnend 200
ms vor dem S2 Einsatz. Zusätzlich konnte eine relativ zu den gesunden Kontrollprobanden schwächeren Synchronisation in den Alpha (8-12Hz) und Gamma (60-80Hz)
Frequenzbereichen nach dem S1 Einsatz festgestellt werden. Diese Ergebnisse deuten darauf hin, dass das “sensory gating” Defizit nicht allein mit einem Filterungsdefizit redundanter Information erklärt werden können, sondern als Konsequenz beeinträchtigter neuronaler Aktivierung in der Phase der S1 Enkodierung und darauf
folgende elaborative Verarbeitung angesehen werden können.
Studie 3: Ereignis- korrelierten Oszillationen dienten zur Evaluation der Auswirkung des in der ersten Studie verwendeten kognitiven Trainings auf der neuronalen Netzwerkdynamik im „Doppel- Klick“ Design. Im Vergleich zu gesunden Kontrollprobanden

zeigten

schizophrene

Patienten

vor

dem

Training

schwächere

stimulusassoziierte Desynchronisation im Alpha Frequenzbereich (8-12Hz) um den
Beginn des zweiten Stimulus herum, sowie eine beeinträchtigte stimulusevozierte
Synchronisation im Gamma Frequenzbereich (60-80Hz) nach Präsentation des ersten akustischen Reizes. Nach dem Training konnte eine Verbesserung dieser Frequenzbereiche in beiden Gruppen festgestellt werden, wobei die Teilnehmer in der
CE Gruppe durch größere Effektstärken charakterisiert wurden. Zusätzlich korrelierten nach dem CE Training die Leistungsverbesserungen im VLMT und im globalen
Funktionsniveau signifikant mit der Verbesserung in der stimulusassoziierten Alpha
Desynchronisation, was wiederum als ein Indikator für eine spezifische trainingassoziierte Auswirkung auf kortikaler (sensory gating) und behavioraler (kognitive
Testleistung) Ebene angesehen werden kann.
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1 Introduction
The aim of the present thesis was to explore whether effects of a cognitive training in schizophrenia patients become manifest not only on the behavioral level, that
is, in test performance or general functioning measures, but also on the level of cortical/neurophysiological mechanisms contributing to these psychological functions or
neurophysiological mechanisms associated with schizophrenic psychopathology or
even pathophysiology (Uhlhaas and Singer, 2010).
Cognitive training isn’t a novel element (to be evaluated in a thesis) in schizophrenia rehabilitation. However, the training evaluated in the present thesis was
novel as it was designed to address neuroplasticity in schizophrenia. Neuroplasticity
(as will be described below) refers to the ability of the adult human brain to organize
and reorganize itself through learning and experience. From neurotransmitter systems involved in neuroplasticity and learning and pathophysiological mechanisms
discussed in schizophrenia, it may be speculated that neuroplasticity is impaired in
schizophrenia patients. Whereas it was not the direct target of the present thesis to
demonstrate impaired neuroplasticity in schizophrenia, evaluating the effects of a
neuroplasticity-oriented training should probe the (intact or impaired) neuroplastic
potential of the schizophrenic brain. Moreover, the specific training evaluated in the
present thesis focused on discrimination accuracy of auditory-verbal information. This
target was nourished by the hypothesis that auditory-verbal discrimination accuracy
is impaired even on a neuronal level in schizophrenia. Indeed, verbal learning and
memory deficits are among the most robust neuropsychological findings in schizophrenia. The authors of the applied and evaluated training suggest that poor signalto-noise ratio in neuronal networks of the auditory-verbal cortical system may contribute not only to such impairments on higher levels of cognitive functioning but
might even constitute a basis for symptoms such as auditory hallucinations or else
(which remains to be proven). Thus, the present thesis explored whether and to what
extent training-induced neuroplasticity of the auditory-verbal system could be
achieved in schizophrenia patients by means of a specifically designed training procedure.
Another major goal of this thesis was to evaluate manifestation of neuroplastic effects in measures of neuronal network activity. This was achieved by measuring electromagnetic (MEG, magnetoencephalogram) event-related fields (ERF) in a design
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suitable for evaluating auditory stimulus discrimination (a major target of the neuroplasticity-oriented training as outlined above) and by analyzing ongoing neuronal oscillatory activity in this design as an additional measure of neuronal network communication. Whereas the study of event-related potentials and oscillations in
schizophrenia is certainly not a novel approach, additional novel evidence was expected from this thesis in that (a) the relationship between training-induced behavioral (test performance) measures and ERF, or oscillatory activities respectively,
should confirm the goal of the neuroplasticity-oriented training to influence information discrimination accuracy on a neuronal network level, and that (b) the relationship
between the two cortical measures should improve our understanding of a common
ERF/ERP (event related potential) indicator of schizophrenic pathology. In both respects, the results of the present thesis provided new insights – and, in addition, allowed testing and proposal of new methods of analysis.

Schizophrenia is a severe disorder of mind and thought with characteristic pervasiveness of associated deficits and often a life-long course. It is been rated among
the top ten leading causes of disease-related disability in the world (Brundtland,
2001). Although there is no general consensus about the essential diagnostic criteria,
there are symptom clusters that have been broadly replicated across large number of
studies (Tandon et al., 2009). Among the general classification of those abnormalities
into positive, negative, mood and motor symptom dimensions, manifestation of cognitive deficits is one of the key symptoms of the disorder with a pervasive nature and
profound impact on functional outcome (Bowie et al., 2008). Cognitive remediation
plays an increasingly important role in schizophrenia treatment. However, mixed results of significant improvement in cognitive performance and symptoms along with
improvements in psychosocial functioning (McGurk et al., 2007), but also modest
performance improvements on neuropsychological tests and limited generalization
(Krabbendam and Aleman, 2003a, b; Twamley et al., 2003) ask for more thorough
investigation and further developments. Currently, most of the cognitive training protocols in the field target a rather broad spectrum of cognitive abilities (e.g. attention,
working and verbal memory, problem solving, etc.), whereas meta-analytic studies
suggest to focus on specific deficits such as verbal memory (Jahn and Rockstroh,
2005). Therefore, inconsistent and ambiguous training-effects might be a consequence of inappropriate application and implementation of established neuroscientific
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findings in the conceptualization of cognitive training interventions (Silverstein and
Wilkniss, 2004). Designing specific training protocols might also consider findings of
(dysfunctional) fundamental elements of psychological functions and neuropsychological processing.
Dysfunctional early auditory processing in schizophrenia has often been documented over the past three decades, based on non-invasive imaging techniques with
high temporal resolution such as EEG (electroencephalogram) and MEG (magnetoencephalogram). Effect sizes of respective dependent variables, such as abnormal
P50 amplitudes (evoked scalp positivity 50 ms post stimulus presentation), P300
amplitudes (sustained positive scalp potential 300 ms post stimulus presentation)
and abnormal mismatch negativity range from 0.85 to 1.5 (Javitt et al., 2008;
Keshavan et al., 2008). Association between pre-attentive auditory processing and
(1) verbal learning and memory performance(Kawakubo et al., 2006; Light et al.,
2007), (2) inability to decode semantic and emotional aspects of speech (Leitman et
al., 2007), as well as (3) poor functional outcome(Javitt et al., 2000; Light and Braff,
2005) suggest that the output (successful encoding and retrieval of verbal information) might be strongly dependent on the quality of the input analysis (initial sensory
processing). The latter though might significantly influence higher order cognitive
dysfunction in schizophrenia. As psychophysiological signals, e.g. measured with
MEG, arise mainly from synaptic currents in fissural cortex and provide a noninvasive view on temporospatial activation patterns of neuronal circuitry (Hari and
Salmelin, 1997; Hari et al., 2010), these early processing deficits are directly related
to functional deficits in neuronal network communication. Therefore, intervention effects on established neurobiological markers of schizophrenia, such as the P50 attenuation deficit explained in detail bellow (Keshavan et al., 2008; Olincy et al.,
2010), might result from a functional reorganization in the respective neuronal networks and therefore index functional neuroplasticity.
Indeed, neuroplasticity has been discussed as another fundamental element potentially disturbed in schizophrenia. Animal and human studies on learning-induced
neuroplasticity suggest that the adult brain is not fixed in functional and anatomical
organization, but cerebral reorganization might occur during the individual lifespan
given a motivational, time-consuming and rewarding context (Elbert and Rockstroh,
2004).
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However, it is unclear, whether and how learning-dependent plasticity is different
from normal in schizophrenia. It is debated, that impaired neuroplasticity might be a
consequence of polygenetic irregularity in prenatal brain development with associated alterations in synaptic plasticity and neurotransmitter balance (Ross et al.,
2006). In this context, impaired development of Glutamat/NMDA-receptor (N-MethylD-aspartic acid) and indirectly Dopamine-receptor systems are thought to be involved
in neuroplastic alterations on synaptic level and subsequently influence the neuronal
network architecture (Arnold et al., 2005; Harrison and Weinberger, 2005; Carter,
2006; du Bois and Huang, 2007). Furthermore, dopaminergic brain networks seem to
be a key element in reinforcement learning (Daw et al., 2006; Pessiglione et al.,
2006; Voon et al., 2010), so that irregularity in dopamine neurotransmission might
influence synaptic plasticity and contribute to impaired learning- and reinforcementsensitivity in schizophrenia (Laruelle et al., 2003; Jay et al., 2004; Stephan et al.,
2006; Stephan et al., 2009). It is therefore of a particular interest to what extend cortical plasticity capability in schizophrenia measured on behavioral (test performance)
and psychophysiological (MEG) level might be influenced by a specific training intervention based on fundamental learning principles.
Together these strands of evidence have led to the development of a new
cognitive training intervention. Imbedded within a suite of (1) increasingly complex
auditory working memory and verbal learning exercises, (2) delivered with an appropriate reward schedule and (3) individually adaptive, repetitive practice schedule, this
training program focus on both early auditory processing and working memory abilities. While the efficacy of such type of training compared to non-specific cognitive
interventions is been proven on behavioral level in a multi-center, randomized, controlled, double-blind, prospective study in cognitive healthy subjects(Smith et al.,
2009), as well in chronically ill schizophrenia patients (Fisher et al., 2009a; Fisher et
al., 2010), the potential gains on neurophysiological level, especially on early preattentive sensory processing, still have to be exploited.
The present thesis addresses the evaluation of neuroplasticity-based training
on the early sensory brain function. Towards this end I will report three magnetoencephalographic (MEG) studies that investigated effects on deficient neurobiological
marker such as auditory sensory gating, and provide an additional insight into the
pre-attentive processing impairment from different methodological perspectives. After
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providing an overview on the theoretical, methodological and empirical framework of
the present thesis, I will introduce the three studies and finally provide a general discussion on the reported findings as well as the possible implications for future research.
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1.1 Neuroplasticity: Brain’s Sensitivity for Change
In 1906 the Nobel Prize for Physiology and Medicine was awarded to Camillo
Golgi and Santiago Ramon y Cajal for their distinguished contributions to the study of
the nervous system. In a work published back in 1896, Cajal describes the potential
of the brain to adapt to the environment using the words ‘dynamism’, ‘adaptation of
neurons to the condition of the environment’ and ‘plasticity’ and it is likely that the
term ‘plasticity’ became popular since then (DeFelipe, 2006). In 1949 Donald O.
Hebb postulates in his still seminal book “The Organization of Behavior: A Neuropsychological Theory” one of the most influencing rule in modern neuroscience, commonly referred to as the ‘Hebbian rule’ (Hebb, 1949). Based on his research on neurobiological principles of learning and neuronal networks Hebb came to the
conclusion that connections between two neurons must be strengthened whenever
they fire simultaneously. About a decade later David Hubel and Torsten Wiesel made
the crucial discovery that the cortical representation of a deprived eye in kittens is not
“shut down” or “idling”, as would be previously expected, but processes information
from the non- deprived eye instead (Wiesel and Hubel, 1963). By this time it was
generally accepted that this ‘rewiring’ of the brain was only possible in the so-called
‘critical period’ during the postnatal development. A notion that later turned out to be
false.
The term ‘neuroplasticity’ refers to the brain’s ability to change his function and
structure during maturation, due to learning, environmental challenges or pathology
(Lledo et al., 2006). It is the ability, which allows us to exchange with and at the same
time shape our environment. Since the brain undergoes a series of dramatic changes
most of them early in life, there is no doubt that neural re- and organization occur in a
context of normative development as well as in a context of learning and experience.
Today there is consensus that cortical representations, often described in terms of
maps, are not fixed entities, but rather dynamic and continuously modified by experience during the species lifespan (Buonomano and Merzenich, 1998; Elbert and
Rockstroh, 2004). Moreover, research has shown that both developmental change
and changes as a consequence of experience can occur at multiple levels of the central nervous system, including changes at molecular/synaptic level as well at the level
of cortical maps and large-scale neural networks (Buonomano and Merzenich, 1998).
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Based on animal research over the past two decades it is currently accepted that
there is a causal relationship between cortical synaptic plasticity and cortical map
reorganization(Buonomano and Merzenich, 1998). It has been shown that auditory
experiences during early postnatal development are important in shaping the functional architecture of auditory cortical representations (Zhang et al., 2001) and temporal differentiation training is associated with alterations in the receptive field size of
cortical neurons in both, auditory and somatosensory modalities (Recanzone et al.,
1992b; Kilgard et al., 2001; Kilgard et al., 2002). Moreover, recent evidence suggests
that degraded spectral, temporal and intensity selectivity of neurons in the rats primary auditory cortex can be normalized to the level of ‘healthy’ representational fidelity via intense perceptual training (Zhou and Merzenich, 2007, 2009).
A significant body of evidence obtained from non-invasive studies on the working human brain also suggests functional and structural neural plasticity. The distinction between the two is important, because structural changes do not necessarily
imply functional remapping and vice versa. The former typically indexed volumetric
differences in morphology of particular brain areas, whereas the later refers to differences in neural activation patterns following particular experience. In a seminal work
Elbert and colleagues found that the cortical representation of the digits of the left
hand in professional string players was larger compared to control subjects, whereas
in the case of the right hand there were no differences between musicians and control subjects(Elbert et al., 1995). This augmentation was associated with the age at
which the person began to play the instrument. Pantev et al. provided evidence that
musical training can alter the receptive functions, showing that the brain response of
piano players to piano tones, but not to pure tones of equal fundamental frequency
and loudness, was approximately 25% larger than the responses in non- musicians
(Pantev et al., 1998). There is a growing body of functional magnetic resonance imaging (fMRI) literature on the dynamics of brain activation as a function of practice
ranging from basic perceptual to higher cognitive tasks (a comprehensive review on
that topic can be found in (Kelly and Garavan, 2005)). All these studies are characterized by common patterns of activation findings. That is, repetitive behavior in a
learning context may result in (1) an activity increase or decrease of task involved
brain areas, or (2) in a combined pattern of activation in- and decreases across several brain areas, commonly termed as functional reorganization.
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Finally, using magnetic resonance imaging (MRI) techniques several groups
have shown gray matter increase in particular brain areas (posterior and lateral parietal cortex) related to memory retrieval and learning after extensive learning of abstract information (Draganski et al., 2006), alteration of structural connectivity associated with the amount of working memory training (Takeuchi et al., 2010) or
experience related changes in the motor cortex after musical training (Zatorre et al.,
2007). Maguire and colleges found increased volume of the posterior portion of the
hippocampus in London taxi drivers compared to bus drivers(Maguire et al., 2006).
While bus drives have to follow a limited, clearly defined set of routes, taxi drivers
have to deal with complex spatial information in order to navigate successfully, thus
constantly adapt to the surrounding environment.
Taken together, there is convincing scientific evidence that learning and experience-related alterations in neuronal circuitry happen beyond the critical periods of
individual development and that these changes are measurable non-invasively in the
working human brain. The following section will provide a brief overview on the common neuroimaging methods that are used in modern neuroscience to unravel neuroplastic dynamics in the human neocortex.
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1.2 Methods of Tracing Neuroplasticity in the Human Brain in vivo
Functional neuroimaging methods such as fMRI, positron emission tomography
(PET), electroencephalography (EEG) and magnetoencephalography (MEG) are
among the most frequently applied techniques in studies on brain dynamics. While
fMRI and PET are characterized by precise spatial resolution, their temporal resolution, at best within a couple of seconds, is hardly linked to neuronal activity, as the
measured signal results directly from local changes of blood oxygenation (Poldrack,
2000). In contrast, MEG and EEG are characterized by high temporal resolution on a
millisecond scale. Combined with other methods such as structural neuroimaging
MEG has proven a valuable tool in research of neurocognitive processes and in clinical settings (Van 't Ent et al., 2003; Jensen and Hesse, 2010; Mäkelä, 2010; Salmelin
and Parkkonen, 2010). Because of MEG being the method used in the studies of the
present thesis, I will focus in the following solely on how non-invasive MEG signals
can be linked to neuronal activity.

1.2.1 Basic Principles of Magnetoencephalography: time vs. frequency domain analyses

MEG is a neuroimaging technique originally pioneered in the 1960’s but introduced into modern neuroscience since the beginning of the 1990’s. It uses an array
of sensors covering the whole head, which are extremely sensitive to minuscule
changes in the magnetic fields produced by small changes in the electrical activity
within the brain. It is, therefore, a direct measurement of neural activity (Hansen et
al., 2010). MEG signals recorded on the scalp are generated by synchronous activity
of tens of thousands of neurons, where mainly postsynaptic currents in the apical
dendrites contribute to the measured signal. In contrast to EEG, MEG fields reflect
the primary currents directly, with minimum distortion from different layers (e.g. scull,
scalp, cerebrospinal fluid (CSF), brain tissue) with different electric conductivities
(Lopes da Silva, 2010). Cortical pyramidal neurons serve as ‘open field’ generators in
the brain resulting in measurable magnetic fields on the scalp, because of their
asymmetric morphology and parallel alignment in the cortex. Thus, most of the ob-
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served MEG signals are assumed to arise from postsynaptic activity of pyramidal
neocortical neurons (Hari et al., 2010). The amplitude of the signal is affected by
several factors such as: extend of the activated area, level of neuronal synchrony,
anatomical location and orientation of the signal and signal to noise ratio (SNR). Because of “brain noise” (brain activity not of interest), biological noise from sources
other than the brain, and instrumental and/or ambient magnetic interference, multiple
responses associated with a particular stimulus are averaged across repetitions (trials) as a function of time in order to improve SNR. This approach results in amplitude
deflections variable in time and space over the scalp. Traditionally, it’s been referred
to as time-domain analysis, where the sequence of deflections triggered by a given
event is referred to as an event-related field (ERF). Such transient evoked responses
are most likely a product of neuronal activation tightly locked in phase and time with
respect to the stimulus and task. Main advantage of time-domain analysis is the relative augmentation of the brain response related to the stimulus of interest only and
‘boosting’ the SNR in order to minimize the noise effects described above. However,
time-dependent amplitude variation of an oscillation within a frequency band of interest might occur systematically across multiple trials, but be less locked in phase and
time to the initial stimulus. Such signal variation is often referred to as a stimulus induced response and because of its non-phase locked nature it is typically vanished in
time-domain analysis (Hari and Salmelin, 1997; Salmelin and Parkkonen, 2010).
An alternative to time-domain is the frequency and/or time-frequency analysis.
This approach is not new, but because the investigation of a range of frequencies
and modeling of their origin demands for reasonable computing power it is relatively
under investigated. Therefore, it is of increasingly interest in modern neuroscience
since computing capabilities are no longer an issue nowadays. In contrast to timedomain responses, oscillatory dynamics of particular frequencies of interest are calculated as a function of time for every single trial. The resulting representations are
then averaged over multiple repetitions, thus retaining the additional activity that is
not strictly phase-locked to the stimulus. Subsequently, the amplitude representations are normalized with respect to ‘rest’ or baseline interval resulting in amplitude
de- and increase termed ‘event-related desynchronizaion’ (ERD) and ‘event-related
synchronizaton’ (ERS) respectively (Pfurtscheller, 2003).
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Evoked brain responses are typically low frequent. For a given research focus
on precise timing of transient brain responses time-frequency analysis is probably not
the preferable choice due to smearing effects and poor time resolution in particular in
the lower frequency bands. In contrast, prolonged, stimulus induced, intra-trial fluctuating oscillatory activity that might 1) precede and potentially determine the evoked
brain response to a stimulus (van Ede et al., 2010) or 2) cross-interact with other frequencies (e.g. theta-gamma cross-frequency coupling) during rest, sensory perception and working memory (Canolty et al., 2006; Jensen and Colgin, 2007; Osipova et
al., 2008; Axmacher et al., 2010; Canolty and Knight, 2010) are preferentially traceable in time-frequency analysis. Since both evoked and induced responses are cooccurring across trials, experimental conditions and multiple subjects, applying both
types of analysis might add to the understanding of the experience dependent dynamics in the human brain.

1.2.2 Evidence of functional neuroplasticity from magnetoencephalographic
brain signals

When examining neural plasticity neuroscientists often rely on two fundamental
strategies: cross-sectional and longitudinal approach. In cross-sectional designs individuals with varying levels of a particular skill are compared with respect to differences of neuronal function related to their skill level. Musicians served as a model for
studying plastic changes in the human brain (Jancke, 2002; Munte et al., 2002;
Candia et al., 2003; Hirata et al., 2004; Candia et al., 2005; Baumann et al., 2008).
Further examples were individuals with maladaptive and injury related cortical reorganization (Elbert et al., 1998; Sterr et al., 1998; Elbert and Rockstroh, 2004; Candia
et al., 2005). In several MEG studies it has been shown that the cortical representation of body parts of humans depends on individual experiences (Elbert et al., 1995;
Flor et al., 1995; Sterr et al., 1998; Pantev et al., 2001; Stoeckel et al., 2005). In
those studies the cortical evoked activity irrespective of its location (auditory or somatosensory) is modeled with a single equivalent current dipole (ECD) to explain magnetic field distribution measured on the scalp. The dipole moment, commonly expressed in nAm (nanoamperemeter) serves as an indicator of a total strength of
cortical activation, where the number of synchronously active cortical neurons is as-
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sociated with the dipole moment increase (Pantev et al., 2001). In the longitudinal
approach individuals are usually examined multiple times over the course of specific
skill training. Recent evidence from tinnitus treatment for instance, suggests that the
mere exposure (12 months) to regular listening of individually modified music (containing no energy in the frequency range surrounding the individual tinnitus frequency) reduces the subjective perceived tinnitus loudness (Okamoto et al., 2010).
This reduction was associated with reduced evoked neuronal activity (ECD) in auditory areas corresponding to the tinnitus frequency, where most likely lateral inhibition
dynamics accounted for the reversal of maladaptive auditory cortex reorganization.
Broetz and colleagues reported a case study of a hemiplegic stroke patient trained
with brain-computer interface (BCI) therapy in a combination with a specific daily-life
oriented physiotherapy (Broetz et al., 2010). The ability of hand and arm movements
improved on average > 40%. Moreover, MEG assessment pre and post intervention
showed association of the motor improvement with the changes in the spectral amplitude of the MEG signal. In particular, cortical mu-rhythm (~10Hz) over the ipsilesional
motor cortex increased significantly over the course of training. Similarly, MEG was
used in stroke rehabilitation study to evaluate reorganization in motor networks following two weeks of intensive task oriented therapy (Wilson et al., 2010). Response
amplitude and peak location of pre-movement beta band (16-28Hz) ERD, movementonset gamma band (74-86Hz) ERS and post-movement beta ERS served as dependent measure. Reduced gamma band power increase over the affected hemisphere distinguished treatment groups and was associated with improvement on motor function indices.
Taken together, evidence confirms MEG as useful technique for the assessment of brain responses in association with practice and experience, given the fact
that learning affects receptive-field size of neurons and the width of cortical columns
represented by the number of neurons driven by a particular stimulus (Recanzone et
al., 1992a; Recanzone et al., 1993).
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1.3 Neuroplasticity-Based Treatment Approaches in Schizophrenia: The Evidence so far
Pyramidal cell networks that interconnect on dendritic spines can be rapidly and
reversibly in- or decreased by molecular signaling events that can open or close ion
channels near synaptic connections and alter the strength of network inputs (Arnsten
et al., 2010). This process has been labeled as Dynamic Network Connectivity (DNC)
and thought to be especially relevant for prefrontal cortex working memory functions
(Lewis and Gonzalez-Burgos, 2008). Genetic and environmental lesion of DNC signaling cascades have been linked to cognitive disorders such as schizophrenia
(Arnsten et al., 2010). Haut et al. collected data from a quasi-randomized, placebocontrolled longitudinal study in order to examine the functional neuroplasticity associated with attention and working memory-focused cognitive trainings in schizophrenia
(Haut et al., 2010). Results suggest that activity in attention and working memory
networks such as the dorsolateral prefrontal cortex (DLPFC) and anterior cingulated
cortex (ACC) was increased in patients, who received specific cognitive training
compared to patients and healthy control subjects without training experience.
Moreover, the extent to which activity increased, predicted performance improvement. Schlosser et al. studied whether previously reported temporal activation patterns between schizophrenia patients and healthy control subjects (Koch et al., 2007)
could be explained by task related functional connectivity (Schlosser et al., 2009).
Practice-induced changes of activation were associated with high functional connectivity between task-relevant areas in schizophrenia patients including DLPFC. Fisher
et al. used a new cognitive remediation approach, which addressed basic perceptual
impairments. Relying on intact mechanisms of repetitive practice this training involves intensive, adaptive shaping (Fisher et al., 2009a). Relative to an active control
group, subjects undergoing active training showed significant gains in global cognition and verbal working memory. Furthermore, intensive auditory discrimination training led to significant improvement in auditory psychophysical performance, which
was associated with the improvement in verbal working memory and global cognition.
The beneficial training effects had proven to have long-term impact on cognition improvement as shown in a 6-mounths follow-up study (Fisher et al., 2010). These
gains were also associated with improved overall functional outcome and it is been
concluded that doses of cognitive training matters and the post-training period might
be a critical window for adjunctive psychosocial rehabilitation.
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Yet while this evidence suggests that specific cognitive training with a focus on
early auditory discrimination might influence higher order cognitive processes, it remains to be demonstrated how such type of training influences the early cortical responses to auditory stimuli and how these are related to the reported intervention
gains. In a recent study, Adcock and colleagues replicated the findings of Fisher et
al. using the same cognitive training schedule and reported psychophysiological effects of training. Using MEG the authors report a tendency toward attenuation of the
early brain response (~100ms post stimulus) to the second relative to first syllable
during discrimination of rapidly presented successive syllables task. These results
support the hypothesis that the particular cognitive training method induced changes
in aspects of impaired bottom-up sensory processing in schizophrenia (Adcock et al.,
2009).
A psychophysiological experimental design that could account for both, relationship to cognitive abilities (Lijffijt et al., 2009; Smith et al., 2010) and replicability
across studies (Bramon et al., 2004; Olincy et al., 2010) is the paired-click paradigm,
which provides reliable results on the P50/M50 gating ratio. The latter refers to the
inhibition of a response around 50ms after stimulus onset to the second of two stimuli
presented in rapid succession or as a pair. An abnormal gating ratio is frequently reported in schizophrenia. Results from a recent multi-site consortium study suggest
that P50-gating ratio reliably demonstrates an abnormality in schizophrenia (Olincy et
al., 2010) and might be considered a biological marker for the illness (Hong et al.,
2008; Olincy et al., 2010). EEG and MEG evidence from a large sample of schizophrenia subjects and healthy controls suggest significant relationship between cognitive abilities and auditory paired-click measures supporting the notion that deficiency
in early sensory processing might serve as clinically significant biomarker of schizophrenia (Smith et al., 2010).
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1.4 The Present Project
The present project sought to elucidate the effects of a novel cognitive intervention focused on auditory processing in order to speed up and sharpen verbal discrimination abilities on a sample of chronic schizophrenia patients. Based on the evidence outlined above auditory paired click paradigm was used to explore potential
training effects on early auditory brain responses in addition to cognitive performance
measures.
In a single- blind, randomized trial it was examined how the ability to inhibit
processing of redundant information changed over the course of training. Schizophrenic patients were randomly assigned either to an active training group (20 subjects, novel intervention) or to an active control group (19 subjects, standard computerized cognitive training). It was expected that reorganization of the perisylvian high
fidelity following intense auditory-based cognitive training effectively influence early
auditory processing associated with improvement in auditory sensory gating. Evoked
fields from the paired-click design were used to unveil effects of learning on early
sensory brain function. In addition, performance on verbal learning and memory task
was used for evaluation of training effects on behavioral level.
Further, in a cross-sectional design it was examined how ongoing oscillatory activity account for the sensory gating deficits in schizophrenia. The analysis was
based on a sample of 98 participants: 48 healthy control subjects and 50 patients
diagnosed with schizophrenia. Advanced methods of signal analysis and source reconstruction were applied emphasizing the intra-trial variability potentially influencing
the initial processing of the incoming stimulus.
Finally, reanalyzing the data from the patient sample participating in the first
study it was examined whether ongoing oscillatory activity associated with the impaired sensory gating is affected by a specific cognitive intervention. Based on the
findings from the previous studies it was hypothesized that induced alpha band ERD
around the onset of the second stimulus should vary with the type of treatment.
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2 Studies on Training-induced Modification of Auditory
Sensory Processing in Schizophrenia
2.1 Study 1: Specific Cognitive Training Normalizes Auditory Sensory Gating in Schizophrenia: A Randomized Trial
2.1.1 Introduction
Cognitive deficits are a core feature of schizophrenia (Gold, 2004), and cognitive remediation is an increasingly prominent goal of rehabilitation programs. Yet
meta-analyses of cognitive training efforts document small to medium effect sizes for
cognitive function outcomes, insufficient stability of effects across time, and limited
generalization of trained effects to symptoms or global function (Hayes and McGrath,
2000; Silverstein and Wilkniss, 2004; McGurk et al., 2007). More efficient strategies
have been called for (Twamley et al., 2003). Attempts to overcome past limitations
might focus on verbal learning and memory, given that meta-analyses and longitudinal studies have identified these as the most robust abnormalities (Heinrichs, 2004;
Albus et al., 2006). Such attempts might also consider more basic elements of cognitive function, assuming that auditory processing is crucial for the successful encoding
and retrieval of verbal information (Fisher et al., 2009a) and that increased efficiency
in lower-order auditory processes will foster higher-order cognition via more effective
engagement of attention and memory processes (Merzenich, 2001). By training the
speed and accuracy of information processing in the cortical auditory system, higherorder cognitive functions such as verbal encoding and memory retrieval should have
more precise information input on which to operate (Mahncke et al., 2006). Thus,
cognitive function should benefit from improved neural signal-to-noise ratio and better
discrimination of auditory information.
Training protocols developed with this rationale in mind exploit learninginduced neuroplasticity (Buonomano and Merzenich, 1998; Elbert and Rockstroh,
2004): Auditory discrimination and verbal memory tasks are embedded in a suite of
graded exercises delivered with immediate feedback and an individually adaptive,
repetitive practice schedule. Initial evidence indicates improvement on the trained
functions and effects on psychopathology and psychophysiological measures
(Adcock et al., 2009; Fisher et al., 2009a; Fisher et al., 2009b; Smith et al., 2009).
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Adcock and colleagues demonstrated training-induced changes in correlates of the
trained function, specifically magnetoencephalographic (MEG) M100 responses to
discrimination of successively presented syllables (Adcock et al., 2009).
The present study used auditory sensory gating, one of the most robust findings of auditory processing abnormalities in schizophrenia (Bramon et al., 2004;
Heinrichs, 2004), to explore effects of targeted auditory/verbal discrimination training.
Sensory gating refers to the ability of the brain to suppress the response to the second of two paired stimuli. In the auditory modality, sensory gating has usually been
studied in a paired-click paradigm: Two brief, identical stimuli are presented with 500
ms stimulus onset asynchrony. Whereas both stimuli elicit a response at around 50
ms (electroencephalographic event-related potential P50) or MEG M50, the response
to the second stimulus is normally attenuated. Thus, the ratio of the S2-evoked divided by the S1-evoked P50 or M50 represents sensory gating, indicating inhibitory
processes as one of the mechanisms that protect processing from irrelevant information (Yee et al., 2010). Accurate discrimination of information across the stream of
consecutive information should support this mechanism, so that the gating ratio could
also reflect information discrimination fidelity. Variation of N100/P200 amplitude with
pre-stimulus signal and absolute noise power (Winterer et al., 2000) suggests a relationship to fidelity of sensory information discrimination and neuronal signal-to-noise
ratio. Abnormally high auditory sensory gating ratio in schizophrenia patients has
been discussed as a sign of impaired sensory filtering (Clementz et al., 2003; Edgar
et al., 2003; Potter et al., 2006). The functional significance of this basic process for
higher cognitive functions is suggested by a relationship between poor P50/M50 gating and neuropsychological dysfunction (attention and working memory) in schizophrenia (Hsieh et al., 2004; Thoma et al., 2005). Whether interventions targeting this
potentially important neural gateway will have clinical and functional benefits remains
to be determined.
In the present study, the effects of a cognitive training protocol targeting discrimination ability in the auditory system (Cognitive Exercises, CE; PositScience, San
Francisco, USA) were evaluated by measuring auditory gating ratios and overt performance on verbal memory and fluency tests before and after training. CE effects
were compared to those of a standard cognitive training regimen (Cognitive Package,
Cogpack; Marker Software, Ladenburg, Germany) addressing a broad range of cognitive features having well-established effects on global cognitive function (Geibel-
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Jakobs and Olbrich, 1998; Olbrich, 1998; Sartory et al., 2005). This active comparison condition was chosen for similarity with respect to computer-based presentation
and a 4-week training period.

2.1.2 Methods and Materials
Participants
Inpatients were recruited, evaluated, and treated at the regional Center for
Psychiatry. Inclusion criteria were an ICD diagnosis of paranoid-hallucinatory schizophrenia (code number 20.0), age 20–50 years, normal intellectual function, and no
history of any neurological condition or disorder including epilepsy or head trauma
with loss of consciousness. None of the patients had undergone electroconvulsive
treatment. Patients meeting inclusion criteria were informed about the training and
measurement protocol and were included in the pre-treatment assessment and random assignment protocol after signing written informed consent. All patients were
evaluated and trained in a clinically stable state. Sample size reflected eligible patients available 1/2008-2/2010. Eleven (5 CE, 6 Cogpack) of 50 patients did not complete the study – six discharged before the end of the treatment, three quitting the
treatment early, one declining MEG, and one providing artifact-contaminated data.
MEG results from the 39 completers are reported here.
Recruitment and random assignment were done by different staff (BR and TP
respectively). Patients were randomly assigned to the two treatment programs via
coin-toss. Exceptions were three patients familiar with Cogpack from previous admissions and/or their regular rehabilitation program who declined to participate in it.
These patients were assigned to the CE protocol in order to avoid drop-out. The protocol was continued until groups of sufficient size were assembled. Twenty patients
completed CE, and 19 patients completed Cogpack (Table 1). All patients were on
psychoactive medication (see Table 1 for type and amount). Upon treatment assignment, groups did not differ in gender distribution, age, educational level, global ratings of severity (Brief Psychiatric Rating Scale, BPRS (Overall, 1962; Lukoff et al.,
1986), Global Assessment of Functioning (GAF; DSM-IV), number of previous hospital admissions, type or amount of medication, smoking habits, or overt performance
on verbal memory and fluency tests.
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For evaluation of sensory gating, 28 healthy participants were recruited to be
comparable to the patient sample in age and gender (Table 1). Participants were included if they did not meet criteria for a lifetime diagnosis of mental illness (screened
with the MINI interview (Ackenheil et al., 1999)), did not report any history of head
trauma with loss of consciousness, and were free of psychoactive medication. Patients and controls did not differ with respect to gender distribution or age, though
controls had more education (Table 1). For evaluation of sensory gating stability and
to provide a comparison group for MEG retesting, 15 of the healthy participants participated in the MEG protocol again after 4 weeks.

Table 1: Demographic and clinical variables in patients and control subjects; demographic, clinical
and test performance measures in the two patient subgroups assigned to Cognitive Exercises (CE)
and Cognitive Package (Cogpack) treatment groups. Smoking: number of cigarettes/day. Clinical and
test performance measures refer to assessment before treatment assignment, if not specified as preand post-training. Variables (except for gender) are described by mean and SD. Handedness A,
ambidextrous; LH, left-handed; RH, right-handed; Medication A, atypical antipsychotics; T, typical
antipsychotics; C, combination of typical and atypical antipsychotics; CPZ, chlorpromazine; BPRS,
Brief Psychiatric Rating Scale; GAF, Global Assessment of Functioning. ns, p > .1; ** p < .01
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Participants gave written informed consent for participation. Participants received 20 Euros for each 2-hour MEG session. Participation in treatment was introduced as part of the rehabilitation regimen with no additional monetary payment.
Study Design, Cognitive Assessment, and Treatment Protocols
The study design was approved by the Ethics Committee of the University of
Konstanz. Before and after treatment, auditory sensory gating was recorded in a
paired-click design (see below), and overt cognitive performance of patients was assessed using a German equivalent of the California Verbal Learning Test (Verbaler
Lern- und Merkfähigkeitstest, VMLT(Helmstaedter, 2001)) and a verbal fluency test
(Regensburger Wortflüssigkeitstest, RWT(Aschenbrenner et al., 2000)). Based on
serial learning of 15-word lists, the VMLT assesses immediate recall, working memory capacity (number of successfully recalled items per list after 5 repetitions, and
delayed recall (after 30 minutes including the distraction of a second word list). The
RWT assesses word production across two minutes.
Patients were assigned to either the auditory-focused CE training program or
the broader Cogpack cognitive training program that is currently standard on the inpatient unit for patients who receive such training. CE consists of 6 computerized
exercises (Fisher et al., 2009a): judging gradually more difficult distinctions between
frequency modulation sweeps of auditory stimuli increasing or decreasing in frequency, distinguishing phonemes using synthesized speech, identifying arrays of
open and closed syllables in spatial and temporal context, discriminating tone frequencies, and remembering details of a short narrative. Thirteen patients completed
the original English version and 7 a German version translated by Posit Science, assignment being random as all patients fully understood exercises and instructions in
English. Gating ratios and test performance did not differ for patients trained on the
English vs. the German version. Cogpack includes a much broader array of 64 exercises of visuomotor skills, vigilance, comprehension, language, memory, logic, and
everyday skills. Each Cogpack exercise is available with several variations.
Both treatment protocols were computer-based and adaptive to foster positive
reinforcement and avoid failure. Treatment methods were similar with respect to total
duration of treatment (4 weeks). CE comprised 60 min daily sessions on 20 consecutive workdays, whereas Cogpack followed the standard protocol as recommended by
the developers: a series of tasks to be accomplished during each of three 60-90 min
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sessions per week. Treatments were broadly similar in frequency and duration of
training sessions and in observed participant effort and tolerance.
Auditory Gating Measurement and Analysis
In each MEG session, 100 pairs of 3 ms square-wave clicks were presented with a
500 ms onset-to-onset inter-stimulus interval and an 8 sec jittered inter-trial interval
(ITI offset to onset 7-9 sec). Clicks were presented 50 dB above subjective hearing
level, determined separately for each ear, and delivered via 5 m non-ferromagnetic
tubes. No task was involved, except that participants were asked to keep their eyes
focused on a small fixation point throughout the measurement.
MEG was recorded while participants were in a prone position, using a 148channel magnetometer (MAGNES™ 2500 WH, 4D Neuroimaging, San Diego, USA).
Data were continuously recorded with a sampling rate of 678.17 Hz and a bandpass
filter of 0.1 to 200 Hz. For artifact control, the vertical and horizontal electrooculogram
(EOG from four electrodes near the left and right temporal canthus and above and
below the right eye) were recorded using a SynAmps amplifier (Neuroscan Laboratories, Sterling, VA, USA). The location of the participant’s nasion, left and right ear
canal, and head shape were digitized with a Polhemus 3Space® Fasttrack prior to
each session.
Following noise reduction, trials with eye blinks were excluded from data
analysis. Global noise was removed offline from MEG data by subtracting external,
non-biological noise recorded by 11 MEG reference channels. Before subtraction,
reference channels were multiplied by individually calculated fixed-weight factors.
This noise-reduction procedure has little or no influence on biological signals, because of the distance from the reference sensors to the participant’s head
(mean=25.8 cm, SD=6.00 cm, range 15.5 - 36.5 cm) relative to the distance between
the head and adjacent sensors. Epochs of 100 ms baseline prior to and 400 ms following each stimulus were identified from continuous recordings. Epochs with amplitude >4000 fT and/or temporal gradients >2500 fT/sample were rejected. On average
98 artifact-free trials per participant were available for controls and 96 artifact-free
trials per participant for patients, with no differences between patients and controls at
either pre- or post-treatment sessions. Artefact-free epochs were averaged and filtered with a 3 Hz (12 dB/octave, zero-phase-shift) to 45 Hz (24 dB/octave, zero-
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phase-shift) bandpass filter. Data processing used BESA 5.2 (www.besa.de) was
applied to each participant individually.
M50 was identified from the MEG event-related field (ERF) within a time window 40-80 ms after stimulus onset as the largest amplitude prior to M100 (Figure 1),
which was clearly evident in every participant. Visual inspection of the ERF confirmed
auditory cortical activation, topographic distribution with ingoing and outgoing magnetic fields suggesting dipolar sources, and corresponding polarity reversal and topographic distribution opposite in direction to that of M100. As illustrated in Figure 1,
a pair of regional dipoles were simultaneously fitted in the left and right hemisphere
for a 20 ms interval around the S1 M50 peak. This latency was also used to obtain
the M50 source strength in response to S2. Dipole fitting used information from all
148 magnetometers, as simulation (www.besa.de/updates/tools/) indicated that 1012% of the variance in the measured signal was explained by activity at sensors over
the opposite hemisphere. Only solutions exceeding at least 75% goodness of fit were
considered for analysis. To examine the neural specificity of effects, M100 was analyzed as the segment of the event-related field (ERF) with largest amplitude around
100 ms after stimulus onset and dipole orientation opposite to that of M50 (Figure 1).
Auditory sensory gating was defined as a ratio of the peak amplitude (a single
time point in the M50 latency window with the best goodness of fit expressed in nAm)
of the S2 response divided by the peak amplitude of the S1 response, each scored
for left- and right-hemisphere dipoles. Effects of disorder on gating ratios were evaluated by comparing the pre-treatment measures in a Group (patient, control) x Hemisphere analysis of variance (ANOVA). Effects of treatment on patients’ gating ratios
were examined in Treatment (CE, Cogpack) x Time (pre-/post-treatment) x Hemisphere ANOVAs. Significant main effects and interactions were decomposed by simple-effects ANOVAs or t-tests. Some ratio findings were also explored by examining
separate S1- and S2-evoked responses. M50 and M100 peak latencies did not bear
on present hypotheses and will not be considered further. (Prior to treatment, patients (M±SD 58.4±14.3 ms) and controls (58.7±15.7 ms) had similar M50 peak latencies (F<1); neither M50 nor M100 latencies differed as a function of treatment
(Time and Group x Time F<1) or patient group before (F<1) or after (F<1) treatment.
Patients (97.4±20.4 ms) and controls (101.7±15.6 ms) had similar M100 peak latencies (t<1).
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Effects of treatment on overt cognitive performance were evaluated in a
Treatment x Time ANOVA for each of the 3 VMLT scores (immediate recall, working
memory, delayed recall after distraction), and mean word fluency score (percentile
rank on the RWT). Relationships between gating ratios (left- and right-hemisphere,
pre- and post-treatment), cognitive test scores, and clinical measures (BPRS, GAF
pre- and post-treatment) were explored with correlations.
2.1.3 Results

Figure 1: Left: Source waveforms of the auditory brain response after S1 (thick line) and after S2 (thin
line) in a representative control participant. Upper right: Topographic map of distribution of the in- and
out- going magnetic fields (red and blue-shaded areas, respectively) for M50 (left) at 41 ms and M100
(right) at 93 ms. Lower right: cross-participant average location of M50 (Talairach coordinates x,y,z:
left 31.9, -14.0, 14.6 right -36.3, 20.9, 0.4) and M100 (left -32.2, -15.7, 16.7; right 34.4, -11.8, 14.4)
regional dipoles.
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Pre-treatment Auditory Gating in Schizophrenia
Patients (M±SD 0.53 ± 0.2) had higher gating ratios than controls (0.38±0.1;
F(1,65)=15.14, p<.0002; Figure 2) with no difference between hemispheres (Hemisphere, F<1; Group x Hemisphere, F<1). This pre-treatment group gating difference
resulted from the second click: S1 M50 did not differ by group (t(65)=-.65), whereas
S2 M50 was larger in patients (18.0±13.2 nAm) than in controls (11.5±7.5 nAm,
t(65)=-2.4, p<.02). At pre-treatment there was no significant gating difference between patients later assigned to CE vs. to Cogpack (t<1). Patients and controls did
not differ in S1 M100 or S2 M100 amplitude or M100 gating ratio (all t<1).

Figure 2: Gating ratios (ratio of S2/S1 dipole activity in nAm, ordinate) of healthy controls and schizophrenia patients before assignment of patients to treatment. Significant group differences are denoted
with asterisks: ** p<.01.

Treatment Effects on Auditory Gating
Figure 3 provides a scatterplot of pre- vs. post-treatment gating ratios for patients as a function of type of treatment. Gating ratios decreased (i.e., improved) after
treatment but significantly so only after CE (Treatment F<1; Time, F(1,37)=4.12,
p<.05; Treatment x Time F(1,37)=11.97, p<.002; no interactions with Hemisphere).
Post hoc analyses confirmed the gating ratio reduction after CE (Time,
F(1,19)=11.52, p<.003) but not after Cogpack (Time, F (1,18)=1.6, p=.23). Effects
sizes for the latter two comparisons are shown in the left portion of Figure 4.

Study 1: Specific Cognitive Training Normalizes Auditory Sensory Gating in

25

Schizophrenia: A Randomized Trial

Figure 3: Relationship between gating ratios plotted for patients with respect to treatment (filled black
squares CE, gray circles Cogpack), each symbol representing a single participant. The scatterplot
illustrates the relationship of gating ratio pre- (abscissa) and post- (ordinate) treatment. The bar graph
(inset) unpacks the gating-ratio slope findings in terms of separate S1 and S2 amplitudes, separately
pre- and post-treatment.

Figure 4: Effect sizes (Cohen’s d in standard deviation units, ordinate) for change from pre-treatment
to post-treatment in M50 gating ratio and verbal memory test performance (immediate recall, working
memory, and delayed recall) for the Cognitive Exercises (CE, black bars) and the Cognitive Package
(Cogpack, grey bars) patient groups.

CE normalized patients’ gating ratio; Cogpack did not. At the pre-treatment
assessment, both patient groups’ gating ratio exceeded controls’ (CE vs. control:
t(46)=4.41, p<.001, Cogpack vs. control, t(45)=2.55, p<.02). After CE, patients’ ratio
(0.44±0.15) no longer differed from controls’ (0.40±0.13, t<1), whereas after Cogpack
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patients’ ratio (0.52±0.19) still differed (t(32)=-.2.09, p<.05). Type of medication did
not influence gating ratio pre- or post-treatment.
The differential effect of type of cognitive treatment on mean M50 gating ratio
was specific both in the aspect of the gating ratio affected and in the MEG component affected. In further dissection of the Treatment x Time interaction for M50 gating
ratio, S1 M50 did not vary across time with type of treatment. S2 M50 was reduced in
the CE group (F(1,19)=15.29, p<.001) but not in the Cogpack group (F<1). The
treatment effect was specific to M50: there were no differences between treatment
groups in M100 amplitude or ratio. An ANOVA adding the within-subject factor Component (M50, M100) confirmed larger changes for M50 than for M100 ratio after CE
(Treatment, F<1; Time, F(1,31)=1.15, p<.29; Component, F(1,36)=36.98, p<.0001;
Treatment x Time, F<1; Treatment x Component, F<1; Time x Component, F<1.5;
Treatment x Time x Component, F(1,36)=10.49, p<.003).
Separate from differential treatment effects on mean gating ratio, the treatment groups differed in slope of the regression of post-treatment on pre-treatment
gating ratio, illustrated in Figure 3. A difference only in mean treatment effects would
appear as a group difference in intercept. The difference in slopes indicates that CE
patients who were the worst gaters pre-treatment benefited more from treatment than
was the case for such Cogpack patients. The upper left insert in Figure 3 unpacks
the gating-ratio slope findings in terms of separate S1 and S2 amplitudes pre- and
post-treatment. Descriptively, with treatment the relationship in the CE group
changed to match controls’. No such effect was evident for the Cogpack group. A test
for homogeneity of regression slopes in the scatterplot showed this to be a reliable
difference (p=0.05). An alternative test (DeShon and Alexander, 1996) based on hierarchical regression provided marginal support (p=.08). These tests vary in statistical assumptions, and this finding should be taken as tentative.
Treatment Effects on Verbal Learning and Memory
Cognitive test scores both pre- and post-treatment were available for 17 CE
and 18 Cogpack patients. Figure 5 illustrates changes in test performance in the two
treatment groups, and Figure 4 illustrates substantial differences in effect size for the
two types of treatment. Patients generally improved, more so after CE. Immediate
recall improved more after CE than after Cogpack (Time, F(1,33)=32.14, p<.0001;
Treatment x Time, F(1,33)=5.99, p=.02; simple main effect of Time for CE,

Study 1: Specific Cognitive Training Normalizes Auditory Sensory Gating in

27

Schizophrenia: A Randomized Trial

F(1,16))=31.39, p<.0001; for Cogpack, F(1,17))=5.44, p<.04). Similar results were
obtained for working memory (Treatment x Time, F(1,33)=6.32, p<.02; Time for CE,
F(1,16)=16.82, p<.001; for Cogpack, F<1). Delayed recall improved similarly across
patient groups (F(1,33)=16.11, p<.001) without differences by treatment (Treatment x
Time, F<1). No effects of treatment were found on verbal fluency (main effect and
interaction p>.19, simple comparisons ns.). Prior to treatment, (higher, poorer) M50
gating ratio varied with (lower) immediate recall (r(33)=-.36, p<.03) in the patient
sample. This relationship remained post-treatment (r(33)=-.33, p=.05), with no difference between the treatment groups. With CE treatment, larger reduction (improvement) in left-hemisphere ratio was related to more improvement in immediate recall
(r(17)=.47, p=.056), and larger reduction in right-hemisphere ratio was related to
more improvement in working memory (r(16)=.50, p<.05). These correlations were
smaller and nonsignificant in the Cogpack group. The treatment groups did not differ
in these correlations, so this additional evidence of CE’s effectiveness cannot be interpreted with confidence. There was no correlation between age and gating ratio or
test performance measures before or after intervention.

Figure 5: Performance of patients pre- (black bars) and post- (grey bars) treatment with Cognitive
Exercises (CE) or Cognitive Package (Cogpack). Performance is represented separately for the three
subtests of the VMLT. Ordinate denotes the number of items recalled from the 15-item word list of the
VMLT: Immediate recall: number of words reproduced immediately after presentation; learning speed:
number of words recalled after word list repetition (maximum 5 repetitions); delayed recall: number of
words recalled 30 minutes after training with the intermission including distraction by another word list.
Statistical effects are marked by asterisks: * p<.05; ** p<.01.
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Clinical Improvement
Patients’ illness status improved (GAF, F(1,30)=12.71, p<.001; BPRS,
F(1,30)=18.51, p<.001) irrespective of type of treatment (interactions F<1). Change in
these scores did not vary with change in M50 or M100 gating ratio.

2.1.4 Discussion
The present study confirmed the previously reported impaired auditory sensory gating in schizophrenia patients (Bramon et al., 2004; Heinrichs, 2004): prior to
treatment, higher gating ratios were found in patients than in controls. Group differences were confined to M50 (not M100) and to the S2-evoked M50 (not S1-evoked
M50). This supports the hypothesis of a gating deficit in schizophrenia as deficient
filtering of redundant sensory information and not as a consequence of deficient information encoding.
Treatment Effects on Auditory Gating
CE treatment, specifically targeting discrimination ability in the auditory/verbal
system, normalized auditory gating. The specificity of the benefit of CE treatment was
demonstrated over a non-specific cognitive treatment of equal (4-week) duration and
subjective effort. Changes in gating ratio were due to changes in M50 attenuation to
S2 indicating improvement in filtering of redundant information rather than to changes
in S1-evoked M50, which would have indicated a change in stimulus encoding.
These results indicate that CE improved discrimination accuracy in the auditory system and, as a consequence, discrimination of signal processing and inhibition of
processing of subsequent stimuli. CE may also exert effects on other processes such
as attention and working memory that have been shown to vary with P50 gating ratios in healthy individuals and schizophrenia patients (Lijffijt et al., 2009; Yee et al.,
2010). However, these effects should have been comparable for CE and Cogpack,
whereas the focus on auditory-verbal discrimination accuracy is specific to CE. Thus,
results indicate that CE exploited neuroplasticity to improve auditory signal discrimination.
Although this initial study was not designed to identify mechanisms of action,
results are in accord with a prominent model of sensory gating. Poor sensory gating
has been discussed as a consequence of insufficient suppression of S2 relative to S1
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response (Freedman et al., 1987; Clementz et al., 1997a) or instead as a product of
abnormal S1 amplitude compared to normal S2 response (Blumenfeld and Clementz,
2001; Edgar et al., 2008; Brenner et al., 2009). Present results support the former
view, as both pre-treatment abnormality and treatment benefit were confined to S2.
Treatment-induced neuroplastic changes within primary auditory cortex might
be modeled as follows: in the healthy brain, the processing of S1 involves a substantial portion of the entire auditory network, resulting in the P50/M50 component. While
this network is still engaged in processing and/or transferring S1-related information,
S2 is presented but does not engage similar network activity due to recurrent inhibitory mechanisms activated by S1 (Freedman et al., 1987). These inhibitory or refractory processes should result in an attenuated M50 to S2. If less organized neuronal
networks are assumed for schizophrenia, S1 would not activate as much of the network, including inhibitory mechanisms. As a consequence, more of the network might
be activated by S2. Studies of the mammalian auditory system support this account:
enhancement and degradation of neuronal response selectivity can be affected by
manipulating acoustic experience in early postnatal life (Dahmen and King, 2007),
and deficits in temporal processing induced in auditory cortex during infancy can be
repaired by intensive treatment during young adulthood (Zhou and Merzenich, 2009).
Auditory Gating and Cognitive Function
Paralleling the M50 gating-ratio changes, CE also differentially improved overt
performance in immediate recall and working memory. Thus, lower-level auditory
processing indexed in M50 varied with higher-level verbal learning and memory. Impaired verbal learning and memory are characteristic deficits in schizophrenia. Such
measures correlate with M50 gating ratio (Thoma et al., 2003) and may constitute a
core element of impaired cognitive function. Similar effects of CE on verbal learning
and memory have been reported (Adcock et al., 2009; Fisher et al., 2009a). Together, these results support the hypothesis that increased efficiency in elemental
processes fosters higher-order cognition (Merzenich, 2001; Mahncke et al., 2006).
By demonstrating that, with an appropriately targeted intervention, beneficial
effects on overt performance can be obtained in as few as 20 sessions, the present
study builds on previous studies reporting success after 50 to 100 sessions (Adcock
et al., 2009; Fisher et al., 2009a; Fisher et al., 2010). Longer CE treatment might
augment present effects: Fisher and colleagues documented larger effect sizes after
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100 than after 50 treatment sessions, and a meta-analysis (Silverstein and Wilkniss,
2004) suggests that duration of treatment matters. Present effect sizes (Figure 4)
suggest (slight) positive changes after Cogpack, supporting the beneficial effects of a
broad intervention but more substantial effects on cortical and test performance after
CE. These results underscore the value of targeting relevant neuroplasticity in treatment development (Elbert and Rockstroh, 2004).
Symptom Measures
Whereas global measures of symptom severity indicated improvement as a
function of treatment changes across time were not significantly modulated by the
type of treatment. This is in line with studies that also did not find effects of auditory
training on general psychopathology (Fisher et al., 2009a; Fisher et al., 2010).
Whether training can affect traditional clinical symptoms remains to be determined,
although a relationship between negative symptoms and right-hemisphere M50 gating ratio has been reported (Clementz et al., 2003). Moreover, beneficial effects of
training on symptoms may show up only after extended follow-up. This remains to be
evaluated in a prospective study.
Limitations
Limitations of the present study can be noted. First, all patients were on medication. The recruitment setting did not allow the study of unmedicated patients. However, as there were no differences in medication between treatment groups, a confound of medication with treatment type is unlikely. Second, the total computersession treatment time was somewhat (not dramatically) less for Cogpack than for
CE. However, effort regarding frequency and duration of training sessions rather than
total minutes of training time was matched in the present study. Furthermore, the
schedules for the two treatment methods reflect their normal use in the field and
spanned the same 4-week period. Third, this initial study did not explore doseresponse relationships involving e.g. duration of CE or Cogpack treatment. Finally,
conclusions regarding the generalization of treatment effects on higher-order cognitive function should be substantiated in future studies by comparing treatment effects
with a broader neuropsychological test battery than employed in the present study.
Nevertheless, available results indicate that CE has promise for cognitive and neural
remediation in schizophrenia.
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2.2 Study 2: Evoked and Induced Oscillatory Activity Contributes
to Abnormal Auditory Sensory Gating in Schizophrenia
2.2.1 Introduction
Sensory gating refers to a phenomenon of cortical response suppression to
the second of two identical stimuli presented in rapid succession. This response attenuation is thought to reflect the ability of the brain to inhibit the processing of repeated information, a mechanism that protects processing of irrelevant information
(Adler et al., 1982; Freedman et al., 1987; Clementz et al., 1997b; Huang et al.,
2003; Edgar et al., 2008; Boutros et al., 2009). In the auditory modality, sensory gating has usually been studied in a paired-click paradigm: two brief click stimuli are
presented with 500 ms stimulus onset asynchrony. Both stimuli elicit a response at
around 50 ms (P50 electroencephalographic event-related potential or M50 magnetoencephalographic evoked field), with the response to the second stimulus attenuated in comparison to the first one. The amplitude ratio (S2-evoked P50/S1-evoked
P50) commonly serves as a measure of sensory gating.
Schizophrenia samples consistently show a higher ratio than comparison
samples, which is interpreted as a sign of deficient or inefficient sensory gating (Adler
et al., 1982; Patterson et al., 2008; Yee et al., 2010). The inability to suppress distracting, irrelevant information is proposed to contribute to symptoms of schizophrenia (Bramon et al., 2004; Boutros et al., 2009). Associations with measures of neuropsychological impairment (Thoma et al., 2003; Potter et al., 2006; Thoma et al.,
2006) support the interpretation of less efficient sensory gating in schizophrenia. Yet
the reason for an exaggerated ratio in schizophrenia remains unclear, and the
mechanisms leading to suppression of the response to S2 are not yet identified. The
S2/S1 ratio is potentially sensitive to encoding processes related to S1 as well as
inhibition processes related to S2, with the relative contributions currently controversial (Clementz and Blumenfeld, 2001; Hong et al., 2004; Edgar et al., 2008; Hall et
al., 2010), In particular, it is unclear whether abnormal gating ratios in schizophrenia
reflect dysfunctional encoding, dysfunctional gating, or both.
Oscillatory phenomena in response to S1 and to S2 provide additional information about stimulus encoding (Tallon-Baudry et al., 1999) and active memory
(Pulvermuller et al., 1999) and thus may be useful to specify the abnormal M50 gating ratio in schizophrenia. Indeed, abnormalities have been reported for several fre-
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quency bands and have been related to sensory and cognitive function (Kissler et al.,
2000; Haenschel et al., 2009; White et al., 2010). In the paired-stimulus gating design, schizophrenia patients usually display reduced activity in lower frequency
bands, whereas alterations in higher frequency bands are less frequently reported
(Clementz and Blumenfeld, 2001; Hong et al., 2004; Brockhaus-Dumke et al., 2008;
Edgar et al., 2008; Hong et al., 2008; Brenner et al., 2009; Rosburg et al., 2009; Hall
et al., 2010). These results suggest that a more detailed mapping of oscillatory activity might help to determine mechanisms contributing to the P50/M50 gating ratio and
its alteration in schizophrenia. In particular, induced oscillatory activity has received
little attention in the literature on the sensory gating deficit in schizophrenia.
The present study used high-density magnetoencephalography (MEG) to examine evoked and induced oscillatory activity in a paired-click design in schizophrenia patients and healthy controls. In particular, we hypothesize that deficient stimulus
encoding in schizophrenia should be manifest in weaker evoked gamma activity in
patients than in healthy control subjects, and that deficient preparation for comparing
the second stimulus with the first one should be manifest in weaker induced alpha
power decrease in schizophrenia patients than in controls. We further hypothesize
that these group differences in oscillatory activity should influence the relationship
between evoked and induced activity and M50 gating ratio: Reduced evoked gamma
power increase and reduced induced alpha power decrease should vary with abnormal M50 ratio. Moreover, we hypothesized that cortical sources of evoked and induced oscillatory activity extending beyond those of the M50 generator structures (in
particular to fronto-cortical regions) indicate influences of oscillatory activity involved
in fronto-cortical top-down modulation of event-related potentials. Support for these
hypotheses should explain abnormal M50 ratio as a consequence of insufficiently
processed S2 and thereby help to understand altered sensory gating in schizophrenia.
2.2.2 Methods
Participants
The study was approved by the Ethics Committee of the University of Konstanz. The sample included 50 stable inpatients recruited, evaluated, and treated at
the local centre for psychiatry (age M= 30.2, SD= 7.9, 5 female) and 48 healthy control subjects (age M= 28.1, SD= 6.2, 15 female). Inclusion criteria for patients were
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ICD-10 diagnoses of schizophrenia1, age 20–50 years, normal intellectual function,
and no history of neurological disorders or head trauma with loss of consciousness.
Control participants were included if they did not meet criteria for a lifetime diagnosis
of mental illness (screened with the MINI interview; (Ackenheil et al., 1999), did not
report any history of head trauma with loss of consciousness, and were free of psychoactive medication. Right-handedness was confirmed for 41 patients and 44 controls according to the Edinburgh Handedness Inventory (Oldfield, 1971), five patients
and three controls were left-handed, and four patients and one control were ambidextrous. All participants gave written informed consent for participation following a complete description of the study protocol and measurements. All participants refrained
from smoking for at least one hour prior to MEG recording. Participants received 20 €
for participation in the experiment, which lasted for about 2 hours.
Design and data acquisition
One hundred pairs of 3 ms square-wave clicks were presented with a 500 ms
onset-to-onset inter-stimulus interval and an 8 sec jittered inter-trial interval (offset to
onset 7-9 sec). Clicks were presented at 50 dB above subjective hearing level, determined separately for each ear, and delivered via non-ferromagnetic tubes of about
5 m length. No task was involved, except that participants were asked to keep their
eyes focused on a small fixation point throughout the measurement.
MEG was recorded while subjects were in a supine position, using a 148channel magnetometer (MAGNES™ 2500 WH, 4D Neuroimaging, San Diego, USA).
Data were continuously recorded with a sampling rate of 678.17 Hz and a bandpass
filter of 0.1 to 200 Hz. For artifact control, the vertical and horizontal electrooculogram
(EOG recorded from four electrodes placed near the left and right temporal canthus
and above and below the right eye) were recorded using a SynAmps amplifier
(NEUROSCAN Laboratories, Sterling, VA, USA). The subject’s nasion, left and right
ear canal, and head shape were digitized with a Polhemus 3Space® Fasttrack prior
to each session.

1

Subcategories paranoid-hallucinatory schizophrenia (F20.0, n= 40), disorganized schizophrenia (F20.1, n= 2), postschizophrenic depression (F20.4, n=2), residual schizophrenia (F20.5, n=1), acute polymorphic psychotic disorder with symptoms of schizophrenia (F23.1, n=3), schizoaffective disorder (F25.1, n=2). Results of an intervention trial on a subset of this
sample are reported in Popov et al. (in press).
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Data reduction and analysis
Global noise was removed offline from the MEG data by subtracting external,
non-biological noise recorded by 11 MEG reference channels. Before subtraction,
reference channels were multiplied with individually calculated fixed weight factors.
Spectral analysis
Epochs of 1000 ms before and 2000 ms following S1 were identified from the
continuous recordings, and eye blink and muscle artifacts contaminated trials were
rejected. Patients (M= 84.1, SD= 10.7) and controls (M= 83.4, SD= 11.4) did not differ in number of trials. Spectral analysis was performed according to the procedures
described by (Tallon-Baudry et al., 1997) and implemented in Fieldtrip, an opensource MEG/EEG signal processing toolbox for Matlab (http://fieldtrip.fcdonders.nl/).
Convolution with a complex Morlet wavelet was applied to single trials: w(t, f0) =
Aexp(-t2 / 2σt2)exp(2iπf0t), where σt = m/2πf0, i was the imaginary unit, and A = (σt√π)1/2

was the normalization factor. The trade-off between frequency and time resolution

was determined by the constant m = 7. Time-frequency representation of power
(TFR) was calculated by averaging the squared absolute values of the convolutions
over trials. TFR of post-stimulus activity (pstA) was expressed as change relative to
pre-stimulus activity (preA): (pstA–preA)/preA. This procedure yields time-frequency
representations containing evoked as well as induced responses.
Relevant time-frequency windows were defined using a cluster-based, independent-sample t-test with Monte Carlo randomization. This procedure effectively
controls for multiple comparisons (Maris and Oostenveld, 2007) and allows the identification of sensor clusters with significant group differences in 3D on a sensor level
(time, frequency, sensors) and a brain source level (volume). At least 3 sensors/cluster were required from 1000 draws for time-frequency data, and 500 draws
were required for comparisons of voxel-clusters at the source level. Sensor/voxel
clusters were judged differentially active when group differences were significant at
the 5% level; the test statistic was defined as the sum of the t-statistics of the sensors/voxels within the respective cluster.
A frequency-domain adaptive spatial filtering algorithm enabling the dynamic
imaging of coherent sources (DICS;(Gross et al., 2001) served to estimate the
sources of activity that contributed to the effects at the sensor level. This algorithm
uses cross-spectral density matrices obtained from the data to construct a spatial
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filter optimized for a specific location (voxel). The time windows and frequency bands
of interest were based on the results obtained for sensor clusters. A realistic singleshell brain model (Nolte, 2003) was constructed for each subject based either on individual structural magnetic resonance (MR) images (available for 36 controls and 17
schizophrenia patients) or on an affine transformation of an MNI-template brain
(Montreal

Neurological

Institute

(MNI),

Montreal,

Canada;

http://www.bic.mni.mcgill.ca/brainweb) to the subject’s digitized individual head
shape (for 12 controls and 33 patients; see also (Lecaignard et al., 2008; Keil et al.,
2010). Results for individual subjects were normalized onto a common brain template
for illustration (e.g., source grand averaging) and for statistical group comparisons.
Event-related analysis
Epochs used for averaging of scalp-sensor data across trials were defined as
300 ms pre-S1 baseline and 1000 ms following S1, thus 500 ms following S2. Epochs with amplitude > 3500 fT and/or gradients > 2500 fT/sample were rejected. Patients (M= 86.2, SD= 13.3) and controls (M= 90.3, SD= 9.7) did not differ in number
of trials accepted. Artifact-free epochs were averaged and filtered with a 1-45 Hz
bandpass filter (high pass: 12 dB/octave, zero phase; low pass: 24 dB/octave, zero
phase). M50 was defined as the segment of the event-related field (ERF) within a
time window 40-80 ms after stimulus onset with the largest amplitude prior to M100.
Visual inspection of the ERF ensured auditory cortical activation, dipolar topographic
distribution with ingoing and outgoing magnetic fields, and corresponding polarity
reversal and topographic distribution opposite in direction to that of M100. Based on
these sensor data, sources were estimated by fitting two regional dipoles simultaneously in the left and right hemisphere for a 20-ms interval around the M50 peak. For
calculation of the auditory gating ratio, the strength of the dipole source after S2 was
divided by the strength after S1. Event-related analysis was performed using BESA
5.2 (www.besa.de).
Correlation analysis
Relationships between spectral characteristics and M50 gating ratio were
probed via Pearson correlations: For each individual the gating ratio was correlated
with a set of power spectra that included every time-frequency bin for every MEG
sensor. The resulting distributions of significant coefficients for distinct time-
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frequency bins were plotted (a) as a function of time and (b) as a function of sensor
cluster, i.e., scalp topography. The significant time-frequency windows showing a
relationship with auditory gating ratios on sensor level were then submitted to a
source reconstruction. The estimated activity relative to baseline period resulting in a
3xN volume matrix per subject was correlated with the individual M50 gating ratio,
where significant clusters of voxels with correlation coefficients between relative
power and gating ratio were determined after Monte Carlo randomization at 5% level.
.
2.2.3 Results
Stimulus-evoked and induced oscillatory activity
As illustrated in Figure 6A, S1 and S2 elicited the largest changes from baseline in lower frequencies (< 30 Hz). Power increased in response to S1 onset in both
groups, this event-related synchronization (ERS) reaching its maximum around 100
ms post S1 onset. Additional sources of evoked alpha activity in primary auditory cortices did not differ by group (Figure 6B, top two rows). The time course of power in
the alpha (8-12 Hz) frequency band averaged across fronto-temporal and posterior
sensors, illustrated in Figure 7A, indicates that the S1-related ERS was more pronounced in controls than in schizophrenia patients. The nonparametric permutation
test verified a group difference for this frequency band 50-200 ms after S1 at right
fronto-temporal sensors (p= 0.03; Figure 7B). DICS for this time-frequency window
(Figure 7B) indicated that the group differences originated from right and left frontotemporal regions, right mid-temporal gyrus, and the middle part of the cingulum.
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Figure 6: A: Time-frequency representation of relative power changes averaged over all sensors for
the healthy control group (HC, top) and the schizophrenia group (SZ, bottom). B: Source distribution of
averaged oscillatory activity referred to baseline period for 8-12 Hz activity 50-200 ms after S1 onset
(top), 8-12 Hz activity 300-500 ms after S1 (middle), and 60-80 Hz activity 50-200 ms after S1 onset
(bottom). Source distributions are displayed separately for healthy controls (HC) and schizophrenia
patients (SZ). Color bars indicate changes in power from baseline, green color indicating no change,
red color indicating more power, and blue color indicating less power.

Alpha-band (8-12 Hz) power decreased in the interval 300-800 ms. This eventrelated desynchronization (ERD), which reached its maximum shortly before or at S2
onset (Figure 7A), was more pronounced in controls than in patients. The nonparametric permutation test verified that this decrease was particularly pronounced at
posterior sensors (p= 0.03; Figure 7C). Descriptively, it is apparent in Figure 7A that
alpha activity increased again approximately 100 ms following S2 onset. This suggests that responses to S2 were evoked on top of ongoing induced alpha desynchronization that was triggered by S1. The source reconstruction (Figure 7C) suggested
right occipito-temporal regions (including lingual gyrus, fusiform gyrus and inferior
occipital gyrus) and left and right prefrontal regions (left middle frontal gyrus and right
orbitofrontal cortex) contributing to the group difference in ERD. As already mentioned for ERS, sources of induced 8-12 Hz activity identified in primary auditory cor-
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tices and in distributed posterior brain areas did not differentiate the groups (Figure
6B).

Figure 7: A: Time course of event-related synchronization (ERS; increased power) in the 8-12 Hz
band and event-related desynchronization (ERD; decreased power) in the 8-12 Hz band, averaged
across fronto-temporal and posterior sensors separately for healthy controls (black line) and schizophrenia patients (red line). B: Topographical distribution of significant sensor clusters 50-200 ms (B
left, p=0.03) and 300-800 ms (C left, p=0.03) after S1 onset. The color bar indicates statistical effects
by range of t-values, red color signaling positive t-values. B and C, right: Source reconstruction
(power relative to baseline) of differential oscillatory activity as suggested by DICS for the time windows 50-200 ms (B) and 300-800 ms (C).

S1 and S2 also evoked changes at frequencies > 30 Hz. The evoked 60-80 Hz
gamma-band response was prominent in controls 50-200 ms after S1, whereas patients showed almost no gamma-band change (Figure 8A). The nonparametric permutation test confirmed this effect over fronto-central sensors (Figure 8B, left; p=
0.002). DICS (Figure 8B, right) indicates that the group effect resulted from oscillatory activity in left frontocentral brain regions including the left superior frontal gyrus,
left middle frontal gyrus, and left precentral sulcus.
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Figure 8: A: Time course of evoked 60-80 Hz gamma response to S1 averaged across fronto-central
sensors seaparately for healthy controls (HC) and schizophrenia patients (SZ). B left: Topographical
distribution of significant sensor cluster (p=0.002) 50-200 ms after S1 onset. B right: source reconstruction (power relative to baseline) of differential oscillatory activity as suggested by DICS. The color
bar indicates the range of t-values.

Relationship between M50 gating ratio and evoked and induced oscillatory activity
A Group x Hemisphere analysis of variance indicated higher gating ratio for
patients than for controls (F(1,96)= 12.29, p< .001; Figure 9, left). To explore this
finding, comparisons of separate S1 and S2 scores confirmed a larger S2 response
in patients than in controls (F(1,96)= 5.35, p< .03, Figure 9, right) but no difference at
S1 (F< 1). There were no Hemisphere or Group x Hemisphere gating-ratio effects.
Therefore, gating ratios were averaged over hemispheres for subsequent analysis.
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Figure 9: Mean auditory dipole sensory gating ratios (left) and mean amplitudes of M50 dipole
sources after S1 and S2 onset (right) for healthy controls (black bars) and schizophrenia patients (red
bars). Error bars indicate 1 SE; significant group differences are marked by asterisks: ** p< 0.01; * p<
0.05.

Correlation analyses demonstrated relationships between gating ratio and induced oscillatory activity in the 10-15 Hz band in patients but not in controls but relationships between gating ratio and 60-80 Hz evoked activity in controls but not in patients. In patients (Figure 10), higher M50 gating ratio varied with lower induced 1015 Hz desynchronization prior to S2 onset (rectangle in Figure 10A). Evident in the
topographical distribution of correlation coefficients (Figure 10B), relationships were
significant at posterior and fronto-temporal sensors (p=0.004). This relationship was
also confirmed in source analyses (Figure 10C) suggesting generators contributing to
these correlations in brain regions including cuneus, pre-cuneus, left occipital inferior
gyrus, left lingual gyrus, and medial prefrontal cortex. In controls (Figure 11), higher
S1-evoked gamma power was related to lower gating ratios (rectangle in Figure
11A). Plotting correlation coefficient as a function of topography emphasized significant relationships at sensor clusters over left centro-parietal and right fronto-temporal
regions (Figure 11B). DICS confirmed this relationship for sources primarily in parietal brain regions, i.e. cuneus and posterior cingulate cortex (Figure 11C).
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Figure 10: A: Correlations between relative power in each time-frequency analysis bin and M50 ratios
(dipole strength of S2-evoked M50 divided by the dipole strength of S1-evoked M50) in schizophrenia
patients, plotted for the significant sensor cluster in panel B. B: Correlations between power in the 1015 Hz band in the 300 - 800 ms time window and M50 gating ratios in schizophrenia patients are plotted as a function of topography for the time-frequency window emphasized in panel A. Open black
circles mark individual sensors belonging to a significant cluster, red colored areas mark distribution of
significant correlation coefficients. C: Distribution of correlation coefficients within significant voxel
clusters (corrected p < 0.05) between relative power in the 10-15 Hz band in the 300 - 800 ms time
window and M50 ratios.

Figure 11: A: Correlations between relative power and M50 ratios (dipole strength of S2-evoked M50
divided by the dipole strength of S1-evoked M50) in control subjects, plotted for the significant sensor
cluster in panel B. B: Correlations between power in the 60-80 Hz band in the 50 - 200 ms time window and M50 gating ratios in control subjects are plotted as a function of topography for the highlighted time-frequency window in panel A. Open black circles mark individual sensors belonging to a
significant cluster, blue colored areas mark distribution of significant correlation coefficients. C: Distribution of correlation coefficients within significant voxel clusters (p < 0.05, corrected) between relative
power in the 60-80 Hz band in the 50 - 200 ms time window and the M50 gating ratios.
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2.2.4 Discussion
Evoked and induced oscillatory activity were examined in a paired-stimulus
design with the aim to elucidate processes contributing to altered M50 gating ratios in
schizophrenia patients. Present results replicated the oft-reported gating deficit in
schizophrenia, here assessed in source space. Importantly, patients and controls
differed in stimulus-locked (evoked) changes in the alpha and gamma bands and
non-phase-locked (induced) changes in alpha activity during the inter-stimulus interval. Patients’ reduced evoked and induced oscillatory activity was related to their
higher M50 gating ratio. The concept of sensory gating cannot fully explain this outcome. Hence, several other mechanisms of auditory processing must be involved in
producing these abnormalities in schizophrenia.
The present findings of smaller evoked alpha- and upper gamma-band responses to the first auditory stimulus may indicate less efficient encoding or less efficient active memory for this stimulus. White et al. (2010) reported altered alpha and
gamma activity to be related to impaired somatosensory processing in schizophrenia.
Thus, oscillatory activities in these frequency bands may indicate stimulus encoding
regardless of stimulus modality. Generator sources of the evoked gamma response
were found in prefrontal brain regions (middle frontal gyrus, dorsal ACC), suggesting
top-down modulation of initial auditory information processing. Similar reduced power
and phase-locking of the early evoked gamma responses to auditory stimuli in
schizophrenia have been reported by (Leicht et al., 2010). Whereas Leicht and colleagues attributed the reduced gamma response to reduced activity in medial frontal
gyrus and ACC, (Mulert et al., 2007) related gamma band activity in dorsal ACC to
the top-down influences on early auditory processing. The markedly reduced evoked
gamma response in schizophrenia patients suggests that this modulation was impaired.
A second contributor to sensory gating and its disruption in schizophrenia may
be that induced alpha desynchronization before the onset of S2 is a consequence of
S1-initiated attention binding. Auditory gating ratios can be modified by attention
modulation in schizophrenia patients, supporting the hypothesis of insufficient recruitment of automatic S1-initiated attention in patients (Yee et al., 2010). Although
present results did not confirm smaller S1-evoked M50 in patients, the reduced S1evoked alpha and gamma responses may reflect less activation of attention re-
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sources (Debener et al., 2003; Tallon-Baudry et al., 2005), with less induced alpha
desynchronization being a consequence.
Although the present paired-click design did not include an explicit performance task, S1 must have initiated memory trace formation and working memory
processes (Lijffijt et al., 2009), thereby modulating alpha desynchronization. Eventrelated or oscillatory manifestation of stimulus recognition and comparison with the
memory trace may be expected following (rather than before) S2-onset. Nevertheless, alpha desynchronization preceding S2 onset may reflect a preparatory state
facilitating comparison and memory retrieval of S2. Accordingly, a third candidate
mechanisms is that less desynchronization in patients may reflect less efficient working memory processes. Association with memory-related processes is also supported
by frontocortical generators that contributed to group differences in alpha desynchronization. Moreover, induced gamma responses have been associated with active
memory processes (Pulvermüller et al., 1999), so the smaller evoked gamma response in patients may have reflected less efficient active memory processes.
Source reconstruction revealed group differences in evoked and induced oscillatory activity in distributed generator structures, including fronto-cortical and posterior sources, even though normal sources of M50 and evoked alpha activity were
found in auditory cortices.

Fronto-cortical sources during processing of auditory

stimuli have been implicated in MEG studies of nonpatients (Weisser et al., 2001;
Mayer et al., 2009) and intracranial recordings in epileptic patients (Grunwald et al.,
2003; Korzyukov et al., 2007). Moreover, (Williams et al., 2010) reported EEG evidence of an association between enhanced gating-related dipole activity in dorsolateral prefrontal cortex and higher gating ratios in schizophrenia subjects, which
might point to a relationship between working memory and sensory gating.
In concert, the interplay of oscillatory findings suggests that the gating ratio
varies as a function of the engagement of distributed cortical networks in initial stimulus encoding, sustained attention, and elaborative processing. Some evidence suggests that the fidelity of neural representations is reduced in schizophrenia (e.g.,
(Popov et al., in press). Consequently, evoked activity, which in effect is the resonance of this representation to the incoming stimulus input, is smaller. Hence, indices
of active memory and with it the gamma response is smaller when the fidelity is
lower. The second stimulus would normally reactivate the same cell assemblies.
Presented to fuzzy cortical representations, however, each stimulus will activate a
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somewhat different subset of assemblies. Therefore, the inhibition would be less pronounced. This mechanism does not preclude filtering of redundant information as a
model of sensory gating and altered M50 gating ratio, as suggested by Adler et al.
(1982) and others.
Conclusions
Present results suggest that the interplay of processes evoked by the first
stimulus and induced during the inter-stimulus interval influence the efficiency of the
processing of the second of two consecutive stimuli in a paired-stimulus design, and
that smaller evoked and induced alpha and gamma activity contribute to the impaired
processing of S2 and thus to the abnormal auditory gating ratio in schizophrenia patients. Relating the two indices, ERF and oscillatory activity, measured in the same
design showed that sources of the commonly used ERF/ERP measure of deficient
sensory gating (i.e., the M50/P50 ratio) were confined to the STG and were related to
broadly distributed sources of evoked gamma band responses in centro-parietal regions (including posterior cingulated gyrus and precuneus) in healthy subjects but not
in schizophrenia patients. Thus, the relationship of the two measures suggests that
M50 generation is influenced by activity that is not apparent when analyzing eventrelated potentials alone. In addition, the group difference in correlations suggests that
the centro-parietal influence evident in evoked gamma-band response is deficient in
schizophrenia. The correlation of high M50 ratio and less induced alpha power decrease in broadly distributed fronto-cortical and centro-parietal brain regions in
schizophrenia patients suggests that insufficient alpha desynchronization prior to S2
might contribute to abnormal M50 gating ratio. Further work is needed to decide
among several possible mechanisms of the impaired sensory gating in schizophrenia
patients.
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2.3 Study 3: Training-induced Modification of Ongoing Oscillatory
Activity During the Double-Click Paradigm in Schizophrenia

2.3.1 Introduction
Cognitive deficits are a core feature of schizophrenia, and cognitive remediation is an increasingly prominent goal of rehabilitation programs (Gold, 2004). Training effects are usually evaluated for performance on neuropsychological tests, global
functioning, or symptom severity. However, if training is supposed to affect neuronal
correlates of or contributions to (dysfunctional) cognitive processes, training effects
should also be evident in such cortical correlates. Recent studies (including our own)
have demonstrated that training procedures incorporating elements of neuroplasticity
(e.g. computerized repetitive, high-dosing practice, shaping procedures and a focus
on sensory processes) improve verbal learning and memory together with changes in
cortical correlates of auditory discrimination accuracy (Adcock et al., 2009; Fisher et
al., 2009a; Genevsky et al., 2010; Popov et al., in press). Similarly, (Haut et al., 2010)
found increased activation in prefrontal ‘attention and working memory networks following cognitive training, and (Eack et al., 2010) report preservation of gray matter
volume over two years in hippocampal, parahippocampal, fusiform and amygdala
regions in patients receiving cognitive remediation therapy.
So far, studies evaluating training effects on cortical correlates focused on
structural/functional imaging measures and event-related electroencephalographic
(EEG) or magnetiencephalographic (MEG) measures. The present study sought to
add information by exploring training-induced changes of oscillatory activity. Oscillatory phenomena may provide information about stimulus encoding (Tallon-Baudry et
al., 1999) and active memory (Pulvermuller et al., 1999) in addition to event-related
potentials or structural information. Indeed, abnormalities in schizophrenia patients
have been reported for several frequency bands and have been related to sensory
and cognitive function (Kissler et al., 2000; Haenschel et al., 2009; White et al.,
2010). In a previous study, we had demonstrated a training-induced normalization of
the event-related neuromagnetic response to paired clicks, the M50-ratio (Popov et
al., in press). Whenever two brief click stimuli are presented with 500 ms stimulus
onset asynchrony, both stimuli elicit an electroencephalographic response at around
50 ms (P50) or a magnetoencephalographic evoked field (M50), with the response to
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the second stimulus attenuated in comparison to the first one. The amplitude ratio
(S2-evoked P50/S1-evoked P50) commonly serves as a measure of auditory sensory
gating. A larger than normal ratio is considered a robust measure of impaired sensory gating in schizophrenia (Edgar et al., 2008; Yee et al., 2010). Analyzing eventrelated oscillations in addition to M50 in the paired-stimulus design disclosed that the
larger M50 gating ratio in patients correlated with less induced fronto-parietal generated activity in the 10-15 Hz frequency band starting 200 ms before the onset of S2
(Popov et al., submitted). Patients also produced smaller alpha (8-12 Hz) and
gamma (60-80 Hz) responses to the first stimulus. This later finding is in accordance
with other studies using the paired-stimulus design, which showed reduced activity in
lower frequency bands, whereas alterations in higher frequency bands are less frequently reported (Clementz and Blumenfeld, 2001; Hong et al., 2004; BrockhausDumke et al., 2008; Edgar et al., 2008; Hong et al., 2008; Brenner et al., 2009;
Rosburg et al., 2009; Hall et al., 2010).
Thus, if abnormal M50 gating ratio varies with weaker induced alpha eventrelated desynchronization (ERD), we might expect training-induced changes not only
in the M50 gating ratio (as demonstrated in Popov et al., in press) but also in induced
alpha (8-12Hz) power decrease around the onset of the second auditory stimulus.
We further expect training-induced changes in the initial auditory stimulus encoding
indexed by changes in evoked gamma (60-80Hz) power increase.

2.3.2 Methods and Materials
Participants
Inpatients were recruited, evaluated, and treated at the regional Center for
Psychiatry. Inclusion criteria were an ICD diagnosis of paranoid-hallucinatory schizophrenia, age 20–50 years, normal intellectual function, and no history of any neurological condition or disorder including epilepsy or head trauma with loss of consciousness. Patients meeting inclusion criteria were informed about the training and
measurement protocol and were included in the pre-treatment assessment and random assignment protocol after signing written informed consent. Patients participated
either in a 4-week (20 session) computerized neuroplasticity-oriented training (Cognitive Exercise, CE, Posit Science, San Francisco, USA) or in a German standard
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training, a computerized broad-spectrum cognitive training of same duration and intensity (Cognitive Package, CP, Cogpack; Marker Software, Ladenburg, Germany;
for details on the clinical controlled training trial see Popov et al., in press).
Intervention effects on electromagnetic measures were analyzed for 39 patients, who completed the trainings. Moreover, 15 healthy participants recruited to be
comparable to the patient sample in age and gender participated in the MEG protocol
twice at a four-weeks interval for assessment of stability of electromagnetic measures. Six participants (3 patients and 3 controls) were excluded from analysis due to
large ambient artifacts. Patients and controls did not differ with respect to gender distribution, age or handedness (Ackenheil et al., 1999), though controls had more education (Table 2).

Table 2: Demographic variables in patients and control subjects. Variables (except from gender) are
expressed in mean and SD. Handedness LQ, lateralization quotient.

Data Acquisition and Analysis
In the paired-click design, one hundred pairs of 3 ms square-wave clicks were
presented with a 500 ms onset-to-onset inter-stimulus interval and an 8 sec jittered
inter-trial interval (offset to onset 7-9 sec). Clicks were presented at 50 dB above
subjective hearing level, determined separately for each ear, and delivered via nonferromagnetic tubes of about 5 m length. No task was involved, except that participants were asked to keep their eyes focused on a small fixation point throughout the
measurement.
MEG was recorded while subjects were in a supine position, using a 148channel magnetometer (MAGNES™ 2500 WH, 4D Neuroimaging, San Diego, USA).
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Data were continuously recorded with a sampling rate of 678.17 Hz and a bandpass
filter of 0.1 to 200 Hz. For artifact control, the vertical and horizontal electrooculogram
(EOG recorded from four electrodes placed near the left and right temporal canthus
and above and below the right eye) were recorded using a SynAmps amplifier
(NEUROSCAN Laboratories, Sterling, VA, USA). The subject’s nasion, left and right
ear canal, and head shape were digitized with a Polhemus 3Space® Fasttrack prior
to each session.
Epochs of 1000 ms before and 2000 ms following S1 were identified from the
continuous recordings. Trials with large artifacts (e.g. channel jumps) were rejected
and independent component analysis (ICA) was performed in order to identify and
reject eye blink and muscle artifacts. Trials included in the analysis did not differ between patients and controls, neither on pre nor on post treatment: pre treatment CE:
M= 84.5, SD= 11.5, CP: M=84.5, SD=11.2, HC: M= 84.6, SD= 10.6 (F<1), post
treatment CE: M= 90.1, SD= 7.9, CP: M=88.3, SD=7.2, HC: M= 91.2, SD= 6.1 (F<1).
Spectral analysis was performed according to the procedures described in (TallonBaudry et al., 1997). Convolution with a complex Morlet wavelet was applied to single
trials: w(t, f0) = Aexp(-t2 / 2σt2)exp(2iπf0t), where σt = m/2πf0, i was the imaginary unit,
and A = (σt√π)-1/2 was the normalization factor. The trade-off between frequency and
time resolution was determined by the constant m = 7. Time-frequency representation of power (TFR) was calculated by averaging the squared absolute values of the
convolutions over trials. TFR of post-stimulus activity (pstA) was expressed as
change relative to pre-stimulus activity (preA): (pstA–preA)/preA. This procedure
yields time-frequency representations containing evoked as well as induced responses.
Relevant time-frequency windows were defined using a cluster-based, independent-sample t-test with Monte Carlo randomization. This procedure effectively
controls for multiple comparisons (Maris and Oostenveld, 2007) and allows the identification of sensor clusters with significant group differences on a 3D sensor level
(time, frequency, sensors). At least 5 sensors/cluster were required from 1000 draws
for time-frequency data. Sensor clusters were judged differentially active when group
differences were significant at the 5% level; the test statistic was defined as the sum
of the t-statistics of the sensors within the respective cluster.
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2.3.3 Results
Pre-training oscillatory activity in patients
S1 and S2 prompted changes from baseline in lower frequency bands (around
10 Hz) and evoked changes in the 60-80 Hz gamma-band with maximum between
100 and 400 ms after stimulus onset (Figure 12). An increase in alpha activity (eventrelated synchronization reached it’s maximum around 100 ms post S1 onset and was
followed by a decrease around S2 onset (300-800 ms after S1 onset). Prior to training patients exhibited less induced alpha band power decrease (8-10Hz) than controls 300-800 ms after S1-onset that is preceding the S2 and extending about 600ms
post S2 onset (Figure 12, top). Patients also showed less evoked gamma band response (60-80Hz) 100-400 ms post S1 onset than controls (Figure 12, top). The
group difference in induced alpha band power decrease were confirmed by the cluster-based permutation test procedure for sensor clusters over bilateral temporal as
well as centro-posterior sensors (Figure 12 bottom left, p = 0.03), and the group difference in evoked gamma band activity was confirmed for a central cluster of sensors
(Figure 12 bottom right, p = 0.02).
Training effects on induced alpha and evoked gamma activity
Training led to a more pronounced alpha band power decrease (8-10Hz, 300800 ms) in both training groups (Figure 13A; CE and CP; main effect Time,
F(1,34)=24.9, p<.0001). This training effect was confirmed for bilateral temporal and
central sensor clusters (Figure 13 A right; CE, p < 0.02; CP, p < 0.05 left cluster and
p = 0.07 right cluster). The group difference in pre-training alpha power decrease (CE
vs. controls, t(33)=2.5, p < 0.02; CP vs. controls, t(29)=1.9, p=0.07; Figure 13A left)
was no longer significant after training (CE vs. controls t(33)=-1.4, p=0.17; CP vs.
controls, t(29)<1), Figure 13A left. Still, training-effects on alpha power decrease
were more pronounced after CE than after CP (t(34)=-2.01, p=0.051; main effects
Time, CE, F(1,19)=28.6, p<.0001; CP, F(1,15))=5.5, p<.03), although the interaction
Time x Treatment did not reach significance.
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Figure 12: Top: time-frequency difference plot between healthy controls and schizophrenia patients.
Colour bar represents change of oscillatory power relative to baseline period, where red indicates
larger power increase in controls and blue larger power decrease in controls. Bottom: Cluster of significant group differences between patients and controls in the alpha band power decrease (bottom
left) and gamma band power increase (bottom right). Colour bar indicates distribution of t-values,
where sensors belonging to a significant cluster are marked with circles.

After CE-training patients demonstrated a significant increase in gamma band
response 100-400 ms after the onset of the first stimulus (Figure 13B left; Time,
F(1,19)=6.4, p<.02) in the centro-parietal sensor cluster (Figure 13B right, p < 0.03).
After CP-training in contrast, a tendency for gamma power increase did not reach
significance (F<1) (Figure 13B left). For the entire sample, a change across time was
confirmed (F(1,34)=5.1, p<.03; Treatment x Time, F<1). The gamma band difference
between patients and controls observed prior to training (CE vs. HC: t(33) = -3.5,
p<0.001; CP vs. HC: t(29) = -2.7, p<0.01) was no longer significant after CE training
(t(33) = -1.2, p = 0.24), but remained as a trend after CP training (t(29) = -1.7, p =
0.09, Figure 13B left).
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Figure 13: Mean alpha band power decrease (A) around S2 (300-800ms) and mean gamma band
power increase (B) after S1 onset 100-400ms before and after the treatment. Means are scored for
the ROI’s defined after cluster-based permutation analysis (A, B right, color bars indicate distribution
of t-values). Means are represented separately for the two treatment groups (CE red and CP grey) as
well as for the healthy controls (HC black) group.

Figure 14 illustrates the differences in oscillatory activity in effect size (Hedges
‘g’) for the two types of treatment.
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Figure 14: Effect sizes (Hedge’s g, ordinate) for the change from pre to post treatment in alpha band
power decrease (left half) and gamma band power increase (right half) for both CE (red bars) and CP
(grey bars) patient groups.

Relationship between oscillatory activity and gating ratio
As described in detail in Popov et al. (in press) CE reduced M50 gating ratio
from 0.53±0.2 to 0.44±0.15, thereby abolishing the pre-training difference CE vs.
control (t(46)=4.41, p<.001). In contrast, the significant difference in gating ratio remained for the CP-training group (pre-training: Cogpack vs. control, t(45)=2.55,
p<.02; post-CP, t(32)=-.2.09, p<.05). With CE the change in gating ratio varied with
the change in alpha band power decrease (r=0.44, p= 0.05, Figure 15), while this
relationship was absent in the CP treatment group. There was no relationship between change in gamma power increase and gating ratio or alpha power decrease
and gamma power increase.

Figure 15: Relationship between the change in alpha power decrease (abscissa) and the change in
auditory gating ratio (ordinate) with respect to treatment (CE red r = 0.44, p=0.05; CP grey ns.).
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Relationship between oscillatory activity, verbal working memory and clinical
status
As we previously reported, participants in the CE group were characterized
with larger improvement in verbal memory (VM) as compared to those participating in
the CP group (Popov et al., in press). With CE, improvement in alpha ERD was associated with larger improvement in verbal memory performance as revealed by a
significant centro-parietal cluster of sensors (p < 0.01, Figure 16 right). There was a
significant correlation between the ERD change and the change in VM performance,
which was absent in the CP sample(r = -0.56, p < 0.02, Figure 16 left). Moreover,
functional outcome improvement (global assessment of functioning score GAF) in the
CE was associated with improvement in alpha ERD (r = -0.66, p < 0.01 Figure 17
left) mainly confined to change in oscillatory activity over centro-parietal cluster of
sensors (p < 0.02, Figure 17 right).

Figure 16: Left: relationship between change in verbal memory performance (abscissa, positive
values indicate larger improvement) and change of alpha band power decrease across MEG measurements (ordinate, negative values indicate larger improvement), CE red r=-0.56, p<0.02 and CP
grey ns. This relationship is based on the ROI illustrated on the right figure side. Right: Significant
cluster of MEG sensors (p < 0.01) obtained after correction for multiple comparisons. Sensors belonging to the significant cluster are marked with black circles. Colorbar indicates distribution of correlation
coefficients (r) ranging from 0 to -0.7.
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Figure 17: Left: relationship between change in global functioning score GAF (abscissa, positive
values indicate larger improvement) and change of alpha band power decrease across MEG measurements (ordinate, negative values indicate larger improvement), CE red r=-0.66, p<0.01 and CP
grey ns. This relationship is based on the ROI illustrated on the right figure side. Right: Significant
cluster of MEG sensors (p < 0.02) obtained after correction for multiple comparisons. Sensors belonging to the significant cluster are marked with black circles. Colorbar indicates distribution of correlation
coefficients (r) ranging from 0 to -0.7.
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2.3.4 Discussion
To the best of our knowledge, effects of cognitive training on oscillatory activity
have not been systematically evaluated. However, oscillatory phenomena have been
related to various psychological processes such as stimulus encoding, somatosensory processing (White et al., 2010), auditory recognition or working processes
(Krause, 2006) or activation of attention resources (Debener et al., 2003; TallonBaudry et al., 2005). Hence, intervention effects on oscillatory phenomena should be
of interest and might provide further insight into mechanisms of training effects. Indeed, a four-week computerized training changed oscillatory phenomena in schizophrenia patients, which had been deviant from normal prior to intervention. It augmented both, S1-evoked gamma band response and induced alpha activity
decrease. This suggests that training influenced processes related to these phenomena.
Importantly, changes were more pronounced after training that targeted neuroplastic changes particularly in the auditory-verbal system. After this neuroplasticiyoriented training, which targeted accuracy of auditory-verbal stimulus discrimination
changes in gamma band response to the first auditory stimulus and induced alpha
power decrease (also called alpha desynchronization) prior to the second auditory
stimulus were significantly more pronounced than following a non-specific cognitive
training, and no longer different from oscillatory characteristics in healthy controls.
Thus, CE ‘normalized’ oscillatory phenomena, which may reflect alterations in cortical
network synchrony, and abnormal network synchrony has been related to pathophysiology in schizophrenia (Uhlhaas et al., 2008).
Finally, the present study sought to elucidate whether training effects on oscillatory mechanisms would be related to training-induced changes of auditory sensory
gating found in a previous study (Popov et al., in press). As deficient sensory gating
was related to weaker alpha band power decrease around the onset of the second
stimulus (Popov et al., submitted), normalization of the gating ratio should vary with
augmented alpha desynchronization after training. The present results support this
hypothesis and, hence, strengthen the assumed contribution of induced alpha desynchronization to the gating response.
Training-effects on oscillatory phenomena may provide additional information
as alpha desynchronization reflects non-phase-locked neural responses and, hence,
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cortical activity, which at least in part might be averaged out in the phase-locked
components (like event-related field, ERF). Alpha desynchronization has been discussed as electrophysiological correlate of increased cortical excitability or an activated cortical area (Pfurtscheller, 2001). In Popov et al. (submitted) the abnormal
evoked and induced oscillatory responses were discussed as indicating less efficient
stimulus encoding, top-down modulation of initial auditory information processing,
attention binding, memory trace formation or working memory processes. All these
processes have been related to schizophrenia. And the abnormal M50 gating ratio
was discussed as at least partially consequent upon such impaired stimulus encoding and memory processes. The presently observed training-induced change in both
measures and their relationship support this assumed mechanism of sensory gating
deficit in schizophrenia. Moreover, and more importantly, such mechanisms and correlates of cortical excitability modulation of network synchrony may be influenced by
psychological intervention, if it targets neuroplastic mechanisms. In favor of this we
observed that the training-induced change of oscillatory activity, mainly over centroparietal sensors, influenced the improvement in verbal working memory and global
functioning measures. This finding is in line with recent evidence, that the parietal
lobe might be receptive to cognitive training interventions in schizophrenia(Rowland
et al., 2010). Whether and to what extent such influences also induce stable long
term changes remains to be demonstrated.

.
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3 General Discussion
The present thesis examined the impact of a cognitive training procedure in a
sample of schizophrenia patients. Relative to existing studies on cognitive remediation in schizophrenia, novel aspects of the present thesis were (a) to evaluate a training involving principles of neuroplasticity and targeting specifically the accuracy of
information discrimination in the auditory-verbal system, (b) to evaluate the training
effects on different levels, cognitive test performance, event-related neuromagnetic
measures of information discrimination in the auditory system, in particular the auditory gating ratio in a paired-stimulus design, and (c) to explore mechanisms of this
(dysfunctional and training-affected) gating ratio measure by analyzing evoked and
induced oscillatory responses in the same design.
Taken together results show that early sensory processing, which has often been
reported to be a robust measure of dysfunction in schizophrenia, can be modified
towards the level of healthy control subjects. Moreover, single-trial analysis in the
time-frequency domain disclosed the ongoing oscillatory dynamics within cortical
networks, which were not only related to the gating ratio deficit but were also associated with the improvement in verbal memory capacity and functional outcome.
The results of present thesis may be discussed in the light of the following questions:
What did we learn about cognitive remediation in schizophrenia?
The CE training specifically addressed auditory-verbal discrimination and verbal working memory. Indeed, these functions were improved after CE – and more
after CE than after a less specific, broad spectrum training. Targeting the verbal system is in line with evidence on prominent cognitive deficits in schizophrenia. Moreover, executive functions such as cognitive flexibility and abstraction, as well as verbal
memory skills are positively related to severity of psychopathology and poorer quality
of life (McDermid Vaz and Heinrichs, 2002; Savla et al., 2010). More recent studies
used the MATRICS2 Consensus Cognitive Battery (MCCB), which was developed to
provide a uniform, standardized method for assessment of cognition (Green et al.,
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2004). Results confirm that schizophrenia patients are most impaired on tasks addressing processing speed and working memory(Kern et al., 2010). More pronounced general cognitive deficits seem to be more confined to older individuals with
schizophrenia (mean age ~65) (Irani et al., 2010), whereas individuals at risk for first
psychotic episode (Pukrop et al., 2006) and younger patients manifest impairments in
verbal executive and memory functions(Rauchensteiner et al., 2010). Thus, general
cognitive deficits may result with illness duration (Pukrop et al., 2006). Ammari and
colleagues (Ammari et al., 2010) determined impaired declarative verbal memory, in
the presence of normal range general cognitive abilities in a subgroup of schizophrenia patients. Except for verbal recall and auditory working memory these patients
were statistically not different from cognitively unimpaired patients as well as from
healthy participants on cognitive measures. Ammari et al. concluded, that the impairment of this subtype of patients was not confined to verbal memory as measured
by the California Verbal Learning Test (CVLT, equivalent to VLMT used in the present thesis), but was also evident in working memory capacity in general. Listlearning deficit itself might be due to a malfunction in early, perceptual stage of processing(Ammari et al., 2010). Here I provide a new insight in favor of this hypothesis:
List-learning deficit can be modified by specific neuropsychological intervention, and
the level of improvement is associated with the level of improvement in early sensory
processing. The training procedure used in the present thesis addressed exactly
those deficits, which have been found to be specific to schizophrenia. It should be
noticed that the specificity of effects relative to the training was not scrutinized by
evaluating a broad spectrum of functions with a general test battery such as
MATRICS. However, the better improvement of the patient group receiving specific
training of auditory-verbal discrimination and verbal working memory compared to a
patient group receiving a broad spectrum cognitive training supports the specificity of
training effects.
Finally, the present CE-training targeted basic perceptual processing with the
hypothesis (Merzenich pers. communication) that discrimination accuracy on an auditory-verbal perceptual level should affect higher cognitive functions. This was indeed
demonstrated by the present results. It may serve as recommendation for future developments of interventions: The principle of improving higher order functioning as a
consequence of improving processing on more basic level.
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Is there a relationship between effects of psychological intervention on the behavioral (test performance) and the neurophysiological (neuromagnetic measures) levels?
Cognitive functions have been related to activity in different brain areas (e.g.
executive function to activity in the DLPFC, memory to hippocampus activity, language abilities to left temporal lobe activity). However, associations between cognition improvement and brain function from intervention studies seem to be rare. To the
best of my knowledge there are two studies to date, that report changes associated
with cognitive intervention in schizophrenia. Eack and colleagues reported effects of
cognitive enhancement therapy on gray matter loss in early onset schizophrenia
(Eack et al., 2010). In a 2-year trial, participants were randomly assigned either to
computer-assisted neurocognitive training and social-cognitive exercises or to enriched supportive therapy (psychoeducation, illness management and coping strategies teaching). Structural magnetic resonance images of the brain were obtained on
baseline, after one and after two years of treatment. Voxel-based morphometry
analysis showed more preservation of gray matter volume over 2 years in the left
medio-temporal brain structures (hippocampus, parahippocampal gyrus, fusiform
gyrus and amygdala) in patients who received cognitive enhancement therapy than
in the patients receiving supportive therapy. Moreover, less gray matter loss was associated with improved cognition suggesting neuroprotective effects of cognitive enhancement therapy (Eack et al., 2010). Adcock and colleges (2009), who employed
the same cognitive intervention approach in the present thesis, describe potential
improvement of impaired sensory processing in schizophrenia and imporived global
functioning after some 6 months. Using MEG the authors reported a tendency of attenuation of the M100 in a “paired-syllable” design (which is similar to the doubleclick paradigm used in the present thesis). Results were interpreted as evidence of
normalized neural activity suppression associated with second syllable presentation
due to ongoing first syllable processing.
Here I showed that there is indeed a significant relationship between improvement in cognitive functioning and practice related changes in communication
within neuronal circuits. A causal relationship cannot be deduced from the present
results. However, based on the present data I argue that at least on short-term 1)
appropriate treatment approach yields changes in functional neuroplasticity in
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schizophrenia 2) this changes are indexed by improvement in ongoing oscillatory
dynamics within neuronal networks 3) and are relevant for behavior.
The CE training employed in the present thesis was designed to challenge neuroplasticity. What did we learn about neuroplasticity in schizophrenia?
Neuroplasticity was not defined by means of a specific measure to be evaluated before and after training. However, the CE-training effects on electromagnetic
measures could be considered as signs of the neuroplastic potential in schizophrenia
patients. In addition, analyses of oscillatory rhythms disclosed mechanisms of training, which can be defined as ‘functional neuroplasticity’.
Understanding the mechanisms of training may also improve understanding of
maladaptive functions related to psychopathology. A number of neural mechanisms
are reported to account for increase in neuronal efficiency and cortical reorganization, e.g. strengthening of synaptic binding, formation of new synapses, changes in
dendritic length and/or spine density and a combination of all (Kelly and Garavan,
2005). However, it is still debated how such plastic changes in the brain are reflected
in functional neuroimaging and in neuromagnetic signals in particular. MEG signals
measured outside the human scalp are primary thought to be generated by magnetic
fields induced by dendritic intracellular currents in pyramidal neurons (Hämäläinen et
al., 1993). As discussed above, these signals are modeled in terms of ongoing oscillatory activity or evoked time-locked brain responses. The relationship between the
two has been a matter of debate for several decades, in particular how oscillatory
activity account for the generation of evoked responses. Three current models on
oscillatory activity contribution to the generation of evoked responses shall be discussed: the additive theory, the phase-resetting theory, and amplitude asymmetry
(Mazaheri and Jensen, 2010). While the former two focus on early transient “exogenous” evoked responses, the latter explains the generation of late “endogenous”
brain responses usually starting 100-200ms after stimulus onset and sustained
across several hundred milliseconds. According to this model, peaks and troughs of
alpha activity are affected by modulations of ongoing activity to different extent: only
peak values in- or decrease, while trough values stay the same (Mazaheri and
Jensen, 2008). While amplitude asymmetry might occur during the entire duration of
an epoch, the model specifically accounts for the asymmetric modulation in response
to an external event. As a consequence, event-related modulations of oscillatory ac-
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tivity might not average out across trials, but shape the formation of slow evoked responses (Nikulin et al., 2007; Mazaheri and Jensen, 2010; van Dijk et al., 2010).
Thus, while the troughs remain the same the peaks are systematically depressed in
response to the stimulus. As this occurs with different phases across individual trials,
a slow evoked response develops from averaging across trials. Physiologically, oscillatory activity with symmetric (peaks and troughs are symmetrically modulated
around zero) amplitude fluctuations must be a consequence of intracellular currents
propagating forward from and backward to the apical dendrites, with the same magnitude producing the peaks and the troughs (Mazaheri and Jensen, 2010). Because it
is very unlikely that back-propagating dendritic currents exactly match the synaptic
forward propagating currents, this asymmetry between the magnitude of forward and
backward current flow accounts for the ongoing alpha activity and its amplitude
asymmetry property (Mazaheri and Jensen, 2010). It is therefore this amplitude
asymmetry property that might account for different states of excitability in the brain:
high excitability (e.g. low alpha amplitudes) and low excitability (e.g. high alpha amplitudes). Given that 1) oscillatory activity within neuronal networks can influence input selection, temporally link neurons into assemblies and facilitate synaptic plasticity
(Buzsaki and Draguhn, 2004) and that 2) slow evoked responses might be a consequence of a change in the brain state indexed by oscillatory activity (Mazaheri and
Jensen, 2008), the model may offer some explanation for the reported association of
alpha activity and sensory gating ratio and the training-induced attenuation of the S2
amplitudes related to the gating ratio improvement.
A first auditory stimulus normally evokes a transient fast response (i.e. M50,
M100) followed by sustained suppression of alpha band activity, which is due to
asymmetric modulation of the alpha amplitude. This so called alpha ERD most likely
reflects gradual release of top down inhibitory control associated with the emergence
of complex spreading activation processes (Klimesch et al., 2007). Subsequently this
allocation of neuronal resources towards higher-order, not primary auditory corticies,
characterizes the brain state, when the second stimulus is presented. Thus, prompting an attenuation of the transient evoked response following the second stimulus. In
schizophrenia patients, deficient asymmetric modulation of ongoing oscillations before the S2 might account for the subsequent increase in S2 M50 amplitudes, which
then leads to higher gating ratio. If so, the asymmetric amplitude modulations should
be evident in controls and not in patients, in the event-related field in the form of slow

General Discussion

64

evoked response corresponding to an alpha band power decrease prior to S2 onset
(Mazaheri and Jensen, 2008, 2010; van Dijk et al., 2010). Preliminary analysis suggests that this might be indeed the case. Figure 18 illustrates the event-related fields
(ERF top horizontal panel) and the time-frequency representations of power (TFR
bottom horizontal panel) obtained from the participant sample analyzed in the second
study: In controls the event-related alpha depression coincides with a sustained slow
evoked field preceding the onset of the second stimulus (Figure 18 left vertical
panel). Moreover, the group differences in both ERF and ERD have almost identical
scalp distributions over centro-parietal regions, suggesting a correspondence of neural generators in both measures (Figure 18 middle and right vertical panels). Yet both
ERD (Krause, 2006; Klimesch et al., 2007) and slow evoked potentials (Vogel et al.,
2005; Takashima et al., 2006; Rugg and Curran, 2007) are been related to active
cognitive processing and represent the link between electrophysiology and cognition
(Mazaheri and Jensen, 2008, 2010). Although preliminary, data supports the notion
that failure in asymmetric amplitude modulations might account for impaired sensory
processing in schizophrenia. This impairment is reflected by the inability of higher
order top-down neuronal circuits to engage in active stimulus processing and it is not
only a consequence of failure in primary sensory areas per se. In addition, converging evidence therefore is brought by the centro-parietal sensor cluster accounting for
the most of the reported differences in the present studies: ERD group difference
(Figure 7,12), S1 gamma ERS group differences (Figure 8,12), association of ERD
with impaired gating ratio in patients (Figure 10), change in ERD and gamma ERS
associated with type of training (Figure13), association of ERD improvement with
improvement in verbal working memory and global functioning score (Figure 15, 16)
and finally similar topographic distribution of the group differences in S1 slow evoked
response and alpha band depression (Figure 18).
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Figure 18: ERF- Left- event- related fields grand mean across centro-parietal sensors for 48 healthy
controls (HC black line) and 50 schizophrenia patients (SZ red line) with ordinate representing the
signal magnitude in Tesla and abscissa representing the time in seconds ranging from 0 (S1 onset) to
0.5 (S2 onset). Middle- ERF difference curve between healthy subjects and schizophrenia patients.
Ordinate depicts difference in magnitude strength in Tesla and abscissa depicts time in seconds.
Right- scalp-topographic distribution of the difference in signal magnitude for the time interval from 0.2
to 0.4 seconds, corresponding to the highlighted intervals colored in ochre. Colorbar indicates difference in signal magnitude ranging from -1(blue) to 1(red) Tesla. TFR- Left- time- frequency representation of relative power averaged across centro-parietal sensors for the healthy controls (HC) and
schizophrenia patients (SZ). Ordinate represents frequency ranging from 4 to 20 Hz as a function of
time (abscissa) corresponding to the time range of the event-related fields 0 to 0.5 seconds. Middletime-frequency representation of the difference in relative power between schizophrenia patients (SZ)
and healthy controls (HC). Black rectangle highlights the difference in ongoing alpha activity and corresponds to the identical time window as in ERF middle panel above. Right- scalp-topographic representation of the difference in the 10-12Hz oscillatory power and identical time window 0.2 to 0.4 seconds as in the ERF plots (ochre). Colorbars indicate change of oscillatory power relative to baseline
interval ranging from -0.1(blue) to 0.1(red).

From the present results, we cannot conclude, whether and how amplitude
asymmetry may account for the reported training-induced changes. Several studies
suggest that GABAergic (gamma aminobutyric acid) feedback loops mediated by
interneurons are involved in the physiological mechanism underlying alpha rhythms
(Lopes da Silva et al., 1976; Crunelli and Leresche, 1991; Jones et al., 2000). Cortical or thalamic generators are supposed to function as pacemakers of rhythmic neuronal activity producing the alpha oscillations (Hughes and Crunelli, 2005; Lorincz et
al., 2008; Lorincz et al., 2009). Thus GABAergic feedback loops could serve to silence processing in pyramidal neurons or reduce efficacy of excitatory input by shunting inhibition (Mazaheri and Jensen, 2010). Because of their modulating role in long-
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term potentiation, N-methyl-D-aspartate (NMDA) and GABA receptors are thought to
be fundamental for learning (Toso et al., 2007). Reduced GABA expression and
upregulated GABAa receptors, reflecting a compensatory response to reduced
GABA levels, have been found in schizophrenia (Lewis, 2002; Jarskog et al., 2007).
These changes are thought to be specific to the disorder (Benes et al., 2007). The
reduced synthesis of inhibitory GABA neurons results in alternation in perisomatic
pyramidal cell inhibition. Thus contributing to a diminished capacity to generate synchronized neuronal activity that is required for working memory function (Lewis et al.,
2005; Lewis and Gonzalez-Burgos, 2006; Haenschel and Linden, 2010).
Although speculative, it can be hypothesized that psychological intervention that
is based on fundamental learning principles, influences not only processing of sensory stimuli or brain states but also neurotransmitter balance in neural circuitry, evident in changes of ongoing oscillatory activity.
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4 Limitations and Future Directions
The impact of cognitive training in schizophrenia is always related to an impact
on functional and clinical outcome measures. Whereas the present thesis did not
evaluate long-term effects, generalization of the training on symptom measures
and/or global functioning could not be demonstrated.
D’Amato and colleges provide a recent report of relatively large sample of
schizophrenia patients (77), where 39 of them participating in 142 hours of individual
sessions of computer assisted cognitive remediation compared to 38 in an active
control condition(d'Amato et al., 2010). Despite significant improvements in verbal
working memory, reasoning and problem solving, the authors fail to report any benefits of cognitive remediation related to functional outcome measures. This might be
due to the relatively short follow-up period to observe such effect, which may take
relatively long time before becoming apparent(d'Amato et al., 2010). Similar results
are been reported from Aghotor et al. (2010) and Dickinson et al. (2010). While training associated improvement in psychopathology measures (PANSS- Positive And
Negative Syndrom Scale) were found on descriptive level in 15 patients randomly
assigned to a cognitive compared to 15 in active control intervention, none of the effects could reach significance (Aghotor et al., 2010). Dickinson and colleges also fail
to report any significant benefits of training generalized to broader neuropsychological or functional outcome measures, neither immediately after treatment nor at 3mounth follow-up (Dickinson et al., 2010). In contrast, when combined with standard
psychiatric rehabilitation, cognitive remediation procedures are been found to enhance the rehabilitation effects in terms of functional outcome (McGurk et al., 2007;
Cavallaro et al., 2009; Poletti et al., 2010), in particular when measured after longer
periods of time (>3 months) after the intervention(Fisher et al., 2010; Poletti et al.,
2010). Although very encouraging, the present data cannot sufficiently address this
topic, since we does not provide a follow-up assessment. Nevertheless, analyzing
single trial data in the time-frequency domain revealed a significant association between training induced improvement in ongoing oscillatory activity and improvement
in functional outcome as measured by GAF (Study 3). This association was absent
when averaging over trials and analyzing the broadband 1-45Hz signal (Study 1),
suggesting specific neuronal communication deficits (Study 2) rather than global impairment in various frequency bands.

Limitations and Future Directions

68

Second, analyzing oscillatory activity and event-related magnetic fields in the
same paired-stimulus design and before and after training offers new insights into the
functional role of evoked responses, which have been taken as dependent measure
of psychological intervention effects. The present results suggest that stimulus processing is mainly unimpaired in schizophrenia patients in the primary auditory cortices,
whereas deviances from normal were evident in fronto-parietal regions. This suggests some dysfunction in the information transfer from primary to higher order processing areas such as the fronto-parietal network, which has to be verified in future
studies specifically targeting connectivity. A new hypothesis on the mechanisms underlying deficient sensory processing in schizophrenia and mechanisms of neuroplasticity-based intervention is proposed, which remains to be tested further: basic
deficits are assumed to concern asymmetrical modulation of stimulus induced ongoing oscillatory activity, potentially related to neurotransmitter balance. Future research should involve cross-frequency coupling analysis and functional connectivity
measures. While the former is reported to play major role in neuronal communication
and learning (Canolty et al., 2006; Canolty and Knight, 2010) and therefore might
offer evidence on the functional role of ongoing alpha activity, the latter should improve understanding how these interactions in the brain are impaired in schizophrenia and are related to characteristic behavioral findings in the disorder (Hinkley et al.,
2010).
Finally, in the preceding discussion of the main results of the present thesis might
suggest that the evaluated CE-training influenced (a) basic learning mechanism, (b)
functional neuroplasticity and (c) the transfer from basic sensory processing in primary sensory cortices to higher order top-down modulators. While all three mechanisms may be addressed by training, designs comparing dependent variables of all
three mechanisms are needed for more conclusive answers.
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Study 1

Figure 1: Left: Source waveforms of the auditory brain response after S1 (thick line)
and after S2 (thin line) in a representative control participant. Upper right:
Topographic map of distribution of the in- and out- going magnetic fields (red
and blue-shaded areas, respectively) for M50 (left) at 41 ms and M100 (right) at
93 ms. Lower right: cross-participant average location of M50 (Talairach
coordinates x,y,z: left 31.9, -14.0, 14.6 right -36.3, 20.9, 0.4) and M100 (left 32.2, -15.7, 16.7; right 34.4, -11.8, 14.4) regional dipoles.................................. 23	
  
Figure 2: Gating ratios (ratio of S2/S1 dipole activity in nAm, ordinate) of healthy
controls and schizophrenia patients before assignment of patients to treatment.
Significant group differences are denoted with asterisks: ** p<.01..................... 24	
  
Figure 3: Relationship between gating ratios plotted for patients with respect to
treatment (filled black squares CE, gray circles Cogpack), each symbol
representing a single participant. The scatterplot illustrates the relationship of
gating ratio pre- (abscissa) and post- (ordinate) treatment. The bar graph (inset)
unpacks the gating-ratio slope findings in terms of separate S1 and S2
amplitudes, separately pre- and post-treatment. ................................................ 25	
  
Figure 4: Effect sizes (Cohen’s d in standard deviation units, ordinate) for change
from pre-treatment to post-treatment in M50 gating ratio and verbal memory test
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Study 2

Figure 6: A: Time-frequency representation of relative power changes averaged over
all sensors for the healthy control group (HC, top) and the schizophrenia group
(SZ, bottom). B: Source distribution of averaged oscillatory activity referred to
baseline period for 8-12 Hz activity 50-200 ms after S1 onset (top), 8-12 Hz
activity 300-500 ms after S1 (middle), and 60-80 Hz activity 50-200 ms after S1
onset (bottom). Source distributions are displayed separately for healthy controls
(HC) and schizophrenia patients (SZ). Color bars indicate changes in power
from baseline, green color indicating no change, red color indicating more
power, and blue color indicating less power....................................................... 38	
  
Figure 7: A: Time course of event-related synchronization (ERS; increased power) in
the 8-12 Hz band and event-related desynchronization (ERD; decreased power)
in the 8-12 Hz band, averaged across fronto-temporal and posterior sensors
separately for healthy controls (black line) and schizophrenia patients (red line).
B: Topographical distribution of significant sensor clusters 50-200 ms (B left,
p=0.03) and 300-800 ms (C left, p=0.03) after S1 onset. The color bar indicates
statistical effects by range of t-values, red color signaling positive t-values. B and
C, right: Source reconstruction (power relative to baseline) of differential
oscillatory activity as suggested by DICS for the time windows 50-200 ms (B)
and 300-800 ms (C)............................................................................................ 39	
  
Figure 8: A: Time course of evoked 60-80 Hz gamma response to S1 averaged
across fronto-central sensors seaparately for healthy controls (HC) and
schizophrenia patients (SZ). B left: Topographical distribution of significant
sensor cluster (p=0.002) 50-200 ms after S1 onset. B right: source
reconstruction (power relative to baseline) of differential oscillatory activity as
suggested by DICS. The color bar indicates the range of t-values. ................... 40	
  
Figure 9: Mean auditory dipole sensory gating ratios (left) and mean amplitudes of
M50 dipole sources after S1 and S2 onset (right) for healthy controls (black bars)
and schizophrenia patients (red bars). Error bars indicate 1 SE; significant group
differences are marked by asterisks: ** p< 0.01; * p< 0.05. ............................... 41	
  
Figure 10: A: Correlations between relative power in each time-frequency analysis
bin and M50 ratios (dipole strength of S2-evoked M50 divided by the dipole
strength of S1-evoked M50) in schizophrenia patients, plotted for the significant
sensor cluster in panel B. B: Correlations between power in the 10-15 Hz band
in the 300 - 800 ms time window and M50 gating ratios in schizophrenia patients
are plotted as a function of topography for the time-frequency window
emphasized in panel A. Open black circles mark individual sensors belonging to
a significant cluster, red colored areas mark distribution of significant correlation
coefficients. C: Distribution of correlation coefficients within significant voxel
clusters (corrected p < 0.05) between relative power in the 10-15 Hz band in the
300 - 800 ms time window and M50 ratios. ........................................................ 42	
  
Figure 11: A: Correlations between relative power and M50 ratios (dipole strength of
S2-evoked M50 divided by the dipole strength of S1-evoked M50) in control
subjects, plotted for the significant sensor cluster in panel B. B: Correlations
between power in the 60-80 Hz band in the 50 - 200 ms time window and M50
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gating ratios in control subjects are plotted as a function of topography for the
highlighted time-frequency window in panel A. Open black circles mark individual
sensors belonging to a significant cluster, blue colored areas mark distribution of
significant correlation coefficients. C: Distribution of correlation coefficients
within significant voxel clusters (p < 0.05, corrected) between relative power in
the 60-80 Hz band in the 50 - 200 ms time window and the M50 gating ratios.. 42

Study 3

Figure 12: Top: time-frequency difference plot between healthy controls and
schizophrenia patients. Colour bar represents change of oscillatory power
relative to baseline period, where red indicates larger power increase in controls
and blue larger power decrease in controls. Bottom: Cluster of significant group
differences between patients and controls in the alpha band power decrease
(bottom left) and gamma band power increase (bottom right). Colour bar
indicates distribution of t-values, where sensors belonging to a significant cluster
are marked with circles....................................................................................... 52	
  
Figure 13: Mean alpha band power decrease (A) around S2 (300-800ms) and mean
gamma band power increase (B) after S1 onset 100-400ms before and after the
treatment. Means are scored for the ROI’s defined after cluster-based
permutation analysis (A, B right, color bars indicate distribution of t-values).
Means are represented separately for the two treatment groups (CE red and CP
grey) as well as for the healthy controls (HC black) group. ................................ 53	
  
Figure 14: Effect sizes (Hedge’s g, ordinate) for the change from pre to post
treatment in alpha band power decrease (left half) and gamma band power
increase (right half) for both CE (red bars) and CP (grey bars) patient groups.. 54	
  
Figure 15: Relationship between the change in alpha power decrease (abscissa) and
the change in auditory gating ratio (ordinate) with respect to treatment (CE red r
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Figure 16: Left: relationship between change in verbal memory performance
(abscissa, positive values indicate larger improvement) and change of alpha
band power decrease across MEG measurements (ordinate, negative values
indicate larger improvement), CE red r=-0.56, p<0.02 and CP grey ns. This
relationship is based on the ROI illustrated on the right figure side. Right:
Significant cluster of MEG sensors (p < 0.01) obtained after correction for
multiple comparisons. Sensors belonging to the significant cluster are marked
with black circles. Colorbar indicates distribution of correlation coefficients (r)
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Figure Index

84

Figure 17: Left: relationship between change in global functioning score GAF
(abscissa, positive values indicate larger improvement) and change of alpha
band power decrease across MEG measurements (ordinate, negative values
indicate larger improvement), CE red r=-0.66, p<0.01 and CP grey ns. This
relationship is based on the ROI illustrated on the right figure side. Right:
Significant cluster of MEG sensors (p < 0.02) obtained after correction for
multiple comparisons. Sensors belonging to the significant cluster are marked
with black circles. Colorbar indicates distribution of correlation coefficients (r)
ranging from 0 to -0.7. ........................................................................................ 56

General Discussion

Figure 18: ERF- Left- event- related fields grand mean across centro-parietal sensors
for 48 healthy controls (HC black line) and 50 schizophrenia patients (SZ red
line) with ordinate representing the signal magnitude in Tesla and abscissa
representing the time in seconds ranging from 0 (S1 onset) to 0.5 (S2 onset).
Middle- ERF difference curve between healthy subjects and schizophrenia
patients. Ordinate depicts difference in magnitude strength in Tesla and
abscissa depicts time in seconds. Right- scalp-topographic distribution of the
difference in signal magnitude for the time interval from 0.2 to 0.4 seconds,
corresponding to the highlighted intervals colored in ochre. Colorbar indicates
difference in signal magnitude ranging from -1(blue) to 1(red) Tesla. TFR- Lefttime- frequency representation of relative power averaged across centro-parietal
sensors for the healthy controls (HC) and schizophrenia patients (SZ). Ordinate
represents frequency ranging from 4 to 20 Hz as a function of time (abscissa)
corresponding to the time range of the event-related fields 0 to 0.5 seconds.
Middle- time-frequency representation of the difference in relative power
between schizophrenia patients (SZ) and healthy controls (HC). Black rectangle
highlights the difference in ongoing alpha activity and corresponds to the
identical time window as in ERF middle panel above. Right- scalp-topographic
representation of the difference in the 10-12Hz oscillatory power and identical
time window 0.2 to 0.4 seconds as in the ERF plots (ochre). Colorbars indicate
change of oscillatory power relative to baseline interval ranging from -0.1(blue)
to 0.1(red). .......................................................................................................... 65	
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7 Table Index
Table 1: Demographic and clinical variables in patients and control subjects;
demographic, clinical and test performance measures in the two patient
subgroups assigned to Cognitive Exercises (CE) and Cognitive Package
(Cogpack) treatment groups. Smoking: number of cigarettes/day. Clinical and
test performance measures refer to assessment before treatment assignment, if
not specified as pre- and post-training. Variables (except for gender) are
described by mean and SD. Handedness A, ambidextrous; LH, left-handed; RH,
right-handed; Medication A, atypical antipsychotics; T, typical antipsychotics; C,
combination of typical and atypical antipsychotics; CPZ, chlorpromazine; BPRS,
Brief Psychiatric Rating Scale; GAF, Global Assessment of Functioning. ns, p >
.1; ** p < .01........................................................................................................ 19	
  
Table 2: Demographic variables in patients and control subjects. Variables (except
from gender) are expressed in mean and SD. Handedness LQ, lateralization
quotient............................................................................................................... 49	
  

