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Examining visual word recognition memory (WRM) with nose-referenced EEGs, we reported a preserved
ERP ‘old-new effect’ (enhanced parietal positivity 300–800 ms to correctly-recognized repeated items) in
schizophrenia ([Kayser, J., Bruder, G.E., Friedman, D., Tenke, C.E., Amador, X.F., Clark, S.C., Malaspina, D.,
Gorman, J.M., 1999. Brain event-related potentials (ERPs) in schizophrenia during a word recognition
memory task. Int. J. Psychophysiol. 34(3), 249–265.]). However, patients showed reduced early negative
potentials (N1, N2) and poorer WRM. Because group differences in neuronal generator patterns (i.e., sink-
source orientation) may be masked by choice of EEG recording reference, the current study combined surface
Laplacians and principal components analysis (PCA) to clarify ERP component topography and polarity and
to disentangle stimulus- and response-related contributions. To investigate the impact of stimulus modality,
31-channel ERPs were recorded from 20 schizophrenic patients (15 male) and 20 age-, gender-, and
handedness-matched healthy adults during parallel visual and auditory continuous WRM tasks. Stimulus-
and response-locked reference-free current source densities (spherical splines) were submitted to
unrestricted Varimax-PCA to identify and measure neuronal generator patterns underlying ERPs. Poorer
(78.2±18.7% vs. 87.8±11.3% correct) and slower (958±226 vs. 773±206 ms) performance in patients was
accompanied by reduced stimulus-related left-parietal P3 sources (150 ms pre-response) and vertex N2 sinks
(both overall and old/new effects) but modality-specific N1 sinks were not significantly reduced. A distinct
mid-frontal sink 50-ms post-response was markedly attenuated in patients. Reductions were more robust for
auditory stimuli. However, patients showed increased lateral-frontotemporal sinks (T7 maximum) con-
current with auditory P3 sources. Electrophysiologic correlates of WRM deficits in schizophrenia suggest
functional impairments of posterior cortex (stimulus representation) and anterior cingulate (stimulus cat-
egorization, response monitoring), primarily affecting memory for spoken words.

© 2009 Elsevier B.V. All rights reserved.
1. Introduction

Abnormalities of cognitive function are a key component of
schizophrenia, compromising working memory and episodic memory
processes (e.g., Barch, 2005; Pelletier et al., 2005). It has been
hypothesized that receptive language dysfunction in schizophrenia
represents a learning disorder that is caused by a core deficit in the
temporal dynamics of brain function (Condray, 2005), which may be
linked to abnormalities of left hemisphere structure and morphology
within the supratemporal plane (i.e., planum temporale; e.g., Barta et al.,
1990; Falkai et al., 1995; Kawasaki et al., 2008) and associated left-
lateralized processes typically mediating language-related functions
(e.g., Flor-Henry,1969,1976; Crow,1990,1997, 2004b;DeLisi et al.,1997).
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Moderate impairments of verbal episodic memory and learning have
repeatedly been reported in schizophrenia (e.g., Goldberg et al., 1993;
Saykin et al., 1991), and these verbal memory deficits appear to be
unrelated to medication status or chronicity (e.g., Albus et al., 2006; Hill
et al., 2004; Saykin et al., 1994). Although it may be difficult to
differentiate verbal memory from a more generalized cognitive
dysfunction (Blanchard and Neale, 1994), there is growing evidence
that a subgroup of patients with schizophrenia has a selective deficit in
verbal working memory (e.g., Bruder et al., 2004; Wexler et al., 1998).

1.1. Temporal lobe abnormalities in schizophrenia

Several studies have reported structural temporal lobe abnorm-
alities in schizophrenia, including superior temporal gyrus and
hippocampus (e.g., Arnold et al., 1991; Shenton et al., 1992; Bogerts
et al., 1990, 1993; Menon et al., 1995; Pearlson et al., 1997), brain
structures critically involved in the formation and retrieval of
memory representations (e.g., Damasio, 1989; Smith and Halgren,
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1989). Neuroimaging studies have provided evidence linking the
verbal memory deficits in schizophrenia to left medial temporal lobe
(MTL) structures (e.g., Gur et al., 1994; Mozley et al., 1996; Nestor
et al., 2007). It has been suggested that structural abnormalities of
the temporal lobe are directly linked to the frequently-reported
reductions of event-related brain potentials (ERPs) in schizophre-
nia, most notably of the late cognitive P3 component (e.g., McCarley
et al., 1991, 1993, 2002, 2008; O'Donnell et al., 1993, 1999; Egan et al.,
1994; Kawasaki et al., 1997). Although several studies supported the
concept that both structural (e.g., Barta et al., 1990; Rossi et al., 1992;
Bilder et al., 1994; Faux et al., 1993; Falkai et al., 1995; Vita et al.,
1995) and functional abnormalities in schizophrenia as measured by
P3 amplitude during target detection (‘oddball’) tasks involve
primarily the left side of the brain (e.g., McCarley et al., 1993,
2002; Salisbury et al., 1998; Strik et al., 1994; van der Stelt et al.,
2004), other studies failed to find abnormal structural (e.g., Flaum
et al., 1995; Kulynych et al., 1996; Weinberger et al., 1991) or
electrophysiological asymmetries (e.g., Pfefferbaum et al., 1989;
Ford et al., 2000; Kayser et al., 2001; for a review, see Ford, 1999).
This inconsistency may be related to the clinical heterogeneity of
schizophrenic samples and other methodological issues, which,
with regard to the functional abnormalities, include ERP paradigm,
stimulus characteristics and modality, response requirements and
component definition (e.g., Strik et al., 1994; Ford et al., 2000;
Salisbury et al., 2001; Kayser et al., 2001, 2006).

1.2. Electrophysiological correlates of recognition memory

ERP research in schizophrenia relying on simple oddball tasks has
generally not used paradigms specifically designed to probe left or
right hemispheric functions (but see Kayser et al., 2001; Bruder et al.,
2001), or to target linguistic and mnemonic processes. Semantic
context and recognition memory have been widely studied in healthy
populations with a variety of experimental paradigms (e.g., N400),
which are increasingly applied to psychiatric populations (e.g., Kumar
and Debruille, 2004). One of the most robust findings in ERP memory
research is the old/new effect, a more positive-going potential for
previously-studied and correctly-recognized old than new items that
begins at about 300 ms post-stimulus onset, lasts several hundred
milliseconds, and has a left-parietal maximum (e.g., reviewed by
Johnson, 1995; Allan et al., 1998; Friedman, 2000; Mecklinger, 2000).
Whereas this late ERP old/new effect is considered an electrophysio-
logical correlate of explicit memory-retrieval processes (conscious
recollection), an earlier mid-frontal old/new effect that peaks around
400 ms is regarded as an index of implicit knowledge that a stimulus
event has been previously experienced (item familiarity), suggesting
different neural generators of two distinct retrieval processes pos-
tulated in dual-process models of recognition memory (e.g., Rugg and
Curran, 2007; Yonelinas, 2001). Whereas the early mid-frontal old/
new effect appears to primarily originate from lateral regions of the
prefrontal cortex, the lateral–posterior parietal cortex seems to be the
main contributor to the late parietal old/new effect (e.g., Yonelinas
et al., 2005; Wagner et al., 2005). However, both old/new effects
receive contributions from frontal and parietal regions (Iidaka et al.,
2006) and MTL structures (Rugg et al., 1991; Guillem et al., 1995;
Wegesin and Nelson, 2000) indicative of a more complex recognition
memory network. While these positive-going old/new effects overlap
either a positive (parietal P3 or P600) or a negative component (mid-
frontal FN400, N400, N2) in visual recognition memory tasks, with
both ERP topography and polarity affected by the choice of EEG
recording reference (cf. Kayser et al., 2003), the different scalp
distributions of N2, P3 and the overlying old/new effects strongly
suggest that separable cognitive processes with distinct neuronal
generators are superimposed, though volume-conducted, to produce
these scalp-recorded ERPs (cf. Johnson et al., 1998; Friedman, 2000;
Kayser et al., 2003).
1.3. ERP old/new effects in schizophrenia

A few studies have investigated ERP old/new effects in schizo-
phrenia, the typical behavioral finding being poorer task performance
(recognition accuracy and response latency) in patients. In the context
of a word detection task (button press response to animal names
embedded in a series of unrelated words), Matsumoto et al. (2001)
found a markedly reduced nose-referenced positivity in 20 schizo-
phrenic patients to immediately repeated non-targetwords (zero lag),
peaking around 450 ms, whereas a 5-lag repetition delay revealed a
smaller old/new effect and no group difference to targets. These
results largely matched the reduced word ERP repetition effects in
schizophrenia observed byMatsuoka et al. (1999). This research group
also reported that reduced ERP repetition effects for words were more
pronounced for schizophrenic patients with more severe formal
thought disorder (Matsumoto et al., 2005). Similar reduced immedi-
ate ERPword repetition effects were described by Kim et al. (2004) for
14 schizophrenic patients in an explicit continuous recognition task
using 21-channel, linked-mastoids recordings, and, in contrast to
Matsumoto et al. (2001), a 5-lag repetition delay revealed essentially
comparable group differences (i.e., reduced ERP old/new effects). One
common problem across these studies concerns the observed ERP
waveforms, which revealed a substantially weaker component struc-
ture (i.e., N1, N2, and particularly P3) in patients compared to controls,
raising questions of comparable signal-to-noise ratios in the two study
groups and the need for appropriate component measures that take
into account ERP topography as a defining characteristic. Moreover,
given the ambiguity as to whether the ERP repetition effect represents
an electrophysiologic correlate of non-conscious memory-retrieval
processes (Friedman, 2000), and evidence that repetition priming
effects—unlike recognition memory old/new effects—do not require
intact MTL structures (Rugg et al., 1991), the findings for immediate
item repetition, while interesting, provide limited electrophysiological
evidence of impaired episodic memory in schizophrenia.

Recording 9-channel ERPswith a linked-mastoids reference during
a study-test paired-associate word learning task, Baving et al. (2000)
found reduced old/new effects for 16 schizophrenic patients com-
pared with 16 healthy controls, which overlapped a P2 followed by a
positive slow wave (SW), and larger P2 old/new effects correlated
with greater recognition accuracy in controls. Although patients per-
formed more poorly, there were no group differences in overall
amplitudes of P2 and positive SW, and old/new effects in controls
were rather small. Using a study-test word recognition task combined
with a Remember/Know procedure to disentangle recollection- and
familiarity-based retrieval processes, Tendolkar et al. (2002) reported
left-parietal and right-frontal recollection (Remember) old/new
effects for both 14 schizophrenic patients and 14 healthy controls,
but these effects extended over a longer time interval in controls.
Although more robust remember old/new effects were evident for
both groups at mid-centroparietal sites, ERP analysis was restricted to
four medial-lateral electrode pairs despite the use of 28-channel EEG
montage with an average reference. In contrast, familiarity (Know)
old/new effects were observed for patients over frontal sites beyond
500 ms, but for controls over temporoparietal sites between 500 and
800 ms, leaving it unclear whether these condition differences indeed
reflect early mid-frontal old/new effects (FN400) linked to item fa-
miliarity (e.g., Curran, 1999; Curran and Cleary, 2003).

Guillem et al. (2001) studied ERP old/new effects in 15 schizo-
phrenia patients and 15 healthy controls during a continuous rec-
ognition memory paradigm with unfamiliar faces under implicit
(indicate the gender) and explicit (item previously presented) task
instructions. Using a 13-channel EEG montage referenced to the right
ear lobe, reduced old/new effects were reported in patients over
medial–parietal sites for the implicit task at about 300ms, overlapping a
relative negative ERP deflection (N300), but not at about 500 ms,
overlapping a late positive complex (P500). During the explicit task,
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patients performed substantially poorer than controls (but nevertheless
clearly above chance) and showed reduced old/new effects over
posterior sites during a prolonged late positive complex at about
500 ms (N500), but not at 700 ms (P700). In the same task, however,
patients had an enhanced late old/new effect over frontal sites,
rendering a complex anddifficult to interpret patternof old/neweffects.

In a prior study, we recorded nose-referenced 30-channel ERPs
during a visual continuous word recognition paradigm in 24 schizo-
phrenic patients and 19 healthy controls (Kayser et al., 1999).
Although patients showed poorer accuracy of word recognition, they
had the same ERP old-new effect as controls (i.e., greater late
positivity between 400 and 700 ms at medial and parietal sites)
overlapping a late positive complex of comparable amplitude in both
groups. Patients did, however, show a striking reduction of earlier
negative potentials (N1, N2), and the amplitude of N2 and the N2–P3
complex to words was greater over left than right inferior temporal–
parietal sites in controls but not patients. Notably, these ERP measures
correlated with performance accuracy in either group, except for
the N2–P3 asymmetry in patients, suggesting that the poorer per-
formance of schizophrenic patients in the word recognition memory
task stems at least in part from a deficit in a left-lateralized system
involved in phonological processing, comparable to that seen in dys-
lexia (Salmelin et al., 1996).

In summary, the findings of these recognition memory studies in
schizophrenia suggest largely preserved late ERP old/effects over-
lapping the late positive complex, presumably associated with
explicit retrieval or conscious recollection of items, whereas earlier
old/new effects may be compromised. Likewise, the late cognitive
components observed during these recognition memory tasks,
notably those showing high topographic similarity to a classical
P3b with a mid-parietal maximum, appear unimpaired in schizo-
phrenia, whereas earlier potentials (N1, P2, N2) are reduced in
amplitude. However, profound differences between these studies in
almost all methodological aspects, particularly ERP component
identification, definition and analysis, as well as choice of EEG
recording reference, severely limits the ability to draw general
conclusions from these findings.

1.4. Reference-free ERP components by means of CSD/PCA methodology

Two persistent issues in ERP research are the dependency of
surface potentials on a reference location (e.g., linked-mastoids, ear
lobe, nose, average, sternum) and the definition and measurement of
appropriate ERP components (e.g., specific time windows for peak or
integral amplitudes), which crucially affect component interpretation
(e.g., polarity, topography, generator) and statistical analysis (e.g.,
Kayser and Tenke, 2003, 2005; Nunez and Srinivasan, 2006). Although
these issues are generally known and disseminated through textbooks
(e.g., Nunez, 1981; Luck, 2005) and other seminal publications (e.g.,
Picton et al., 2000), the implications for applied electrophysiologic
research have as of yet not been fully appreciated by the field at large.
For example, the visual appearance of a limited set of surface potential
waveforms may change dramatically if referenced to mastoid (ear
lobe) or nose (e.g., see visual condition in Fig. 8 of Kayser et al., 2007,
depicting the shift and polarity inversion of a nose-referenced N1/N2
complex from inferior-lateral sites to mid-centroparietal sites when
using a linked-mastoids reference), which may also influence which
electrode sites are selected for statistical analysis. A particular bias is
introduced with an asymmetric (unilateral) reference, which has
the inherent capacity to modulate (i.e., amplify or decrease) existing
hemisphere asymmetries. Whereas some researchers are aware
of these problems (e.g., Baving et al., 2000, note the absence of
negative ERP deflections in their data as a consequence of activity at
the averaged-mastoids reference), others seem to erroneously assume
that ERP condition or group effects observed at a particular recording
sites reflect neuronal activity of the underlying brain regions. How-
ever, depending on the orientation of the underlying equivalent
current generator responsible for a particular ERP deflection, which
may differ between experimental groups or conditions, the (arbitrary)
reference choice may mask existing effects if the reference region is
itself differentially affected through volume-conducted activity by the
experimental manipulations (e.g., Nunez and Westdorp, 1994). This
indeterminancy is not resolved by using an average reference, which
has the additional caveat of being different for different EEGmontages
and, due to practical limits of sampling from the ventral side of the
brain, is biased toward the montage center or pole, which is typically
the vertex (e.g., Dien, 1998; Junghöfer et al., 1999).

Related problems concern: 1) how to best quantify ERP effects (i.e.,
group and/or condition differences) in multi-channel surface poten-
tials with or without “obvious” and “meaningful” waveform peaks,
some of which may easily go unnoticed in grand mean averages given
the overwhelming temporal and spatial complexity; 2) how to avoid
experimenter bias in selecting time intervals and recording sites for
statistical analysis; and 3) how to ensure statistical independency of
the analyzed effects (cf. Kayser and Tenke, 2003, 2005). All studies
reviewed in the previous section differ in this regard, for instance,
ranging from baseline-to-peak amplitude measures within certain
time intervals (Baving et al., 2000), including individual peak iden-
tification used to determine individual time windows for amplitude
integrals (Guillem et al., 2001) and fixed, sequential time window
amplitudes at a priori determined sites covering regions-of-interest
(Tendolkar et al., 2002), to data-driven ERP components measures
derived from temporal principal components analysis (PCA; Kayser
et al., 1999). It is not unreasonable to suspect that these different
analytic approaches may themselves have led to different results and
conclusions when applied to the same data.

We have proposed a generic analytic strategy for multi-channel
ERP recordings that can overcome these limitations: first, convert
reference-dependent surface potentials into reference-free current
source density (CSD; surface Laplacian) waveforms representing
the radial current flow into (sources) and out of (sinks) the scalp
(any EEG reference will yield the same, unique CSD waveforms, with
reduced volume-conducted contributions and sharper topographies
than ERPs), and second, identify unique and orthogonal variance
patterns in these reference-free data by means of temporal, unrest-
ricted Varimax-PCA using the covariance matrix (Kayser and Tenke,
2006a,b; for details on surface Laplacian estimates, see Tenke and
Kayser, 2005; for detailed arguments regarding unrestricted factor
extraction/rotation and preferability for covariance- over correlation-
based factor loadings, see Kayser and Tenke, 2005, 2006c). Apart from
the theoretical advantages of this CSD–PCA approach over traditional
ERP analytic methods, a systematic comparison between ERP–PCA
and CSD–PCA solutions has provided empirical evidence that no ERP
information is distorted or lost after eliminating ambiguities stem-
ming from the recording reference; instead, experimental effects were
clarified and additional insights emerged when utilizing CSD as a
bridge between montage-dependent scalp potentials and their
underlying current generators (Kayser and Tenke, 2006a). CSD
compared to ERP analysis offers better spatial and temporal resolution
without the need for prior assumptions about generator sources (e.g.,
tissue conductivity and geometry, laminar orientation, number and
independence of generators), which is in striking contrast to EEG
source localization methods (Michel et al., 2004).

Despite a common belief that a high-density EEG montage (i.e.,
more than 100 channels) is required to reliably compute CSD es-
timates, given previous findings highlighting problems with spatial
aliasing for the interpretation of undersampled CSD estimates
(Junghöfer et al., 1997; Srinivasan et al., 1998), low-density CSD
estimates (i.e., 31 channels) can not only improve ERP data analysis
and interpretation, but are also surprisingly accurate and reliable for
a group of subjects. Because averaging individual CSD topographies
across subjects effectively applies a spatial low-pass filter to the data,
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the resulting spatially-smoothed CSD group topographies are suf-
ficiently represented by fewer recording sites, revealing effectively
identical estimates at these sites when compared with CSDs obtained
from high-density (i.e., 129-channel) ERPs (Kayser and Tenke,
2006b). Therefore, when group findings are the primary research
objective, low-resolution CSD topographies can be as efficient as
their high-density counterparts, and have been useful in studying
long-lasting ERP components during working memory in schizo-
phrenia (Kayser et al., 2006), disentangling overlapping P3 gen-
erators in depression (Tenke et al., 2008), and clarifying stimulus-
and response-related neuronal generator contributions to ERP old/
new effects during auditory and visual word recognition memory
(Kayser et al., 2007).

1.5. Performance monitoring in schizophrenia

It has been suggested that “willed” intentions are not correctly
monitored in schizophrenia patients, that the discrepancy between
will and action gives rise to positive symptoms, and that the ef-
fectiveness of dopamine receptor antagonists in reducing positive
symptoms is directly linked to the induced Parkinsonism (Frith, 1987).
There is growing evidence of impaired self- or performance- monitor-
ing in schizophrenia (e.g., Ullsperger, 2006), including electrophysio-
logic findings of reduced error negativity (Ne; e.g., Falkenstein et al.,
2000) or error-related negativity (ERN; e.g., Gehring et al., 1993), a
mid-frontal negativity peaking about 100 ms after initiating an
erroneous response. Several studies have reported markedly smaller
ERN amplitudes in schizophrenia (e.g., Kopp and Rist, 1999; Mathalon
et al., 2002; Alain et al., 2002b; Bates et al., 2002; Morris et al., 2006),
with paranoid patients and thosewithmore positive symptomshaving
the most prominent reductions (Kopp and Rist, 1999; Mathalon et al.,
2002; Bates et al., 2002). There is some evidence that reduced ERN is
modulated by clinical state in schizophrenia, because ERN amplitude
increased after successful treatment with atypical antipsychotics
(Bates et al., 2004). However, the observed ERN impairments were
nonetheless rather robust and suggestive of a trait deficit in
schizophrenia. At the same time, other response-related ERP compo-
nents, such as the correct response negativity (CRN) or the ensuing
positivity to errors (Pe) and correct responses (Pc), appear to be
unaffected in schizophrenia or yielded inconsistent results (Alain et al.,
2002b;Mathalon et al., 2002; Bates et al., 2002, 2004; Kim et al., 2006).

Given converging evidence stemming from studies using func-
tional magnetic resonance (fMRI; e.g., Kiehl et al., 2000), ERP source
localization techniques (e.g., Dehaene et al., 1994), combined electro-
physiologic, magnetoencephalographic and MRI data (e.g., Miltner
et al., 2003), concurrent EEG and fMRI data (e.g., Debener et al., 2005)
and intracranial EEG recordings in monkeys (e.g., Emeric et al., 2008),
it is widely assumed that the ERN is generated within the anterior
cingulate cortex (ACC; for reviews, e.g., van Veen and Carter, 2002,
2006). Because imaging data have documented structural (i.e.,
reduced volume; Baiano et al., 2007) and functional ACC abnormal-
ities in schizophrenia patients (e.g., Carter et al., 2001; Polli et al.,
2008), their reduced ERN amplitudes may originate from an under-
lying ACC dysfunction (e.g., Mathalon et al., 2002).

The ERN belongs to a family of ERP components that are
characterized by a distinct medial frontal negativity (FCz maximum),
including CRN (e.g., Vidal et al., 2000) and the feedback-related
negativity (FRN; e.g., Donkers et al., 2005; Hajcak et al., 2006), which is
not directly linked to a response. Interestingly, Morris et al. (2008)
reported reduced amplitudes of both ERN and feedback negativity
(FBN) in schizophrenia. Using temporal CSD–PCA methodology, we
have repeatedly observed a CSD component exhibiting high topo-
graphic similarity with this group of ERP components. Its under-
lying neuronal generator pattern consisted of a focal mid-frontal sink
(Fz−) accompanied by bilateral centroparietal sources (CP+) andwas
evident in healthy adults during stimulus-locked auditory oddball
ERPs, partially overlapping but distinct from a classical late P3b, and
peaking at or around the timewhen subjects pressed a response button
or silently updated a target count (Kayser and Tenke, 2006a,b; Tenke
et al., 1998, 2008). This highly-distinct sink-source pattern was also
present for response-locked ERPs of correct trials recorded during
auditory and visual recognition memory tasks (Kayser et al., 2007),
revealing inverse old/new effects consistent with bilateral activation
of anterior cingulate and supplementarymotor area (orthogonal to the
medial cortical surface within the longitudinal fissure, with opposite
orientations in the two hemispheres). Given that these overlapping
old/new effects imply motivational and/or self-monitoring processes
(e.g., Luu et al., 2000), this distinct response-related, mid-frontal
negativity in schizophrenic patients is also of interest in the context of
a word recognition memory paradigm.

1.6. The present study

A repeated notion is that P3 abnormalities in schizophrenia are
more robust and common with tasks using auditory than visual
stimuli (e.g., Pfefferbaum et al., 1989; Egan et al., 1994; Ford et al.,
1994; Jeon and Polich, 2003), which may be linked to a higher
incidence of auditory than visual hallucinations (Ford, 1999), the
close association between language and phonological representa-
tions (Crow, 2004a), or to systemic differences in processing visual or
auditory information, particularly considering the neurophysiological
aspects of temporal integration for sounds. When discussing the
absence of a reduced old/new effect in schizophrenia during a visual
word recognition memory task, we proposed to investigate whether
the old/new effect is impaired in schizophrenia during an auditory
word recognition memory task (Kayser et al., 1999). As ERP old/new
effects have rarely been studied in the auditory modality, we
developed and compared closely-matched auditory and visual
continuous word recognition memory tasks in healthy adults in a
within-subjects paradigm (Kayser et al., 2003, 2007). These studies
revealed highly comparable old/new effects for both modalities
despite prominent differences in scalp topography and peak latency
of auditory and visual N2 and P3 amplitudes, supporting the view
that word retrieval is a common, high-level cognitive process as-
sociated with old/new effects (cf. Johansson and Mecklinger, 2003)
that are largely independent from, but superimposed on, the
modality-specific ERP component structure. Taking full advantage
of the CSD–PCA approach, we described left-parietal old/new source
effects accompanied by lateral frontocentral old/new sink effects in
both modalities, which overlapped modality-specific P3 sources at
about 160 ms before the response (Kayser et al., 2007).

The main purpose of the present study was to compare these
reference-independent visual and auditory old/new effects in schizo-
phrenia patients with those for a carefully-matched sample of healthy
adults. A second aim was to clarify polarity, topography, and under-
lying current generators of distinct ERP components (N1, N2, P3)
previously observed during the visual version of this continuous
recognition memory task, and examine whether the marked ampli-
tude and asymmetry reductions of early negativities (N1, N2) in
schizophrenia would be reproducible in the auditory modality. The
final goal was to draw on our previous findings of a distinct mid-
frontal sink 45 ms post-response of presumably anterior cingulate
origin, and use this CSD component to explore self-monitoring deficits
in schizophrenia during correct responses in a word recognition me-
mory paradigm.

2. Materials and methods

2.1. Participants

Twenty-three inpatients and two outpatients (20 male, 5 female)
at New York State Psychiatric Institute were recruited for the study,



Table 1
Means, standard deviations (SD), and ranges for demographic and clinical variables.

Variable Patients (n=20, 15 male) Healthy Controls
(n=20, 15 male)

Mean SD Range Mean SD Range

Age (years) 29 7.7 19–44 28.9 6.4 20–42
Education (years) 13.4a 2.2 9–16 16.1 2.1 12–20
Handedness (LQ)b 79.8 30.8 0–100 74.9 24.8 0–100

c
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excluding left-handed individuals and those with a history of
neurological illness or substance abuse. Five male patients did not
provide sufficient correct, artifact-free trials for stable ERP waveforms
(more than 15 for new or old items) and were removed from the
study. The patients included in the final patient sample met DSM-IV
(American Psychiatric Association, 1994) criteria for schizophrenia
(paranoid, n=11; undifferentiated, n=4), schizoaffective disorder
(bipolar type, n=3), or psychosis not otherwise specified (n=2).1

Diagnoses were based on clinical interviews by psychiatrists and a
semistructured interview (Nurnberger et al., 1994) including items
from commonly-used instruments (e.g., SCID-P, Spitzer et al., 1990;
SANS, SAPS, Andreasen 1983, 1984). Symptom ratings were obtained
using the Positive and Negative Syndrome Scale (PANSS; Kay et al.,
1992). The total BPRS score indicated that patients were mildly-to-
moderately disturbed (Table 1). Most patients (n=11) did not receive
antipsychotic medications for at least 14 days before testing. Nine
patients were treated with risperidone (n=3), clozapine (n=2),
olanzapine (n=2), aripriprazole (n=1), or fluphenazine (n=1).

Patients were compared to 20 healthy volunteers (15 men, 5
women) selected from a larger sample (N=40) included in our
previous report (Kayser et al., 2007). Control participants, who
had been recruited from the New York metropolitan area and paid
US$15/h, were without a history of neurological illness or substance
abuse and without current or past psychopathology based on a
standard screening interview (SCID-NP; First et al., 1996). Importantly,
patient and control participants had been tested under the same
protocol and during the same time period. Without knowledge about
their behavioral performance or ERP data, healthy adults were care-
fully matched to individual patients with regard to gender, age, and
handedness (all participants were right-handed except for one
ambidextral individual in each group; Table 1). Whereas patients
had significantly less education than control participants, the available
verbal IQ data (WAIS) suggested that the patients' verbal skills were
well within normal range.

All participants had normal or corrected-to-normal vision. Hearing
acuity was assessed using standard audiometric procedures, requiring
all participants to have an ear difference of less than 10 dB and a hearing
loss no greater than 25 dB at 500, 1000, or 2000 Hz. The ethnic
composition in both groupswas representative for theNewYork region,
with an approximately equal number of participants in each racial
category (patients vs. controls: White 8/9, Black 6/5, Asian 1/1, Native-
American 1/1, more than one race 1/2, unknown 3/2). Five participants
in eachgrouphad alsobeen included in adifferentworkingmemoryERP
study (Kayser et al., 2006). The experimental protocol had been
approved by the institutional review board and was undertaken with
the understanding and written consent of each participant.

2.2. Stimuli and procedure

As the study's procedural protocol has already been described in
detail (Kayser et al., 2007), largely repeating the auditory and visual
continuous word recognition memory paradigm used previously
(Kayser et al., 2003), a brief summary will suffice for this report.
During the serial presentation of words, participants indicated for
each word whether it was new (never presented in the series) or old
(presented previously) by pressing one of two buttons on a response
1 One 44-year old male had a clinical diagnosis of schizoaffective disorder at the
time of testing. His cardinal symptom consisted of auditory command hallucinations
for many years. Similarly, the clinical diagnosis of one 27-year old female patient with
auditory hallucinations and paranoid delusions had been schizoaffective disorder for
most of her hospitalization. At discharge, however, the final consensus diagnosis of
both patients was changed to psychosis not otherwise specified. As these individuals
clearly fall in the range of schizophrenia spectrum disorders, and due to the small
sample, they were not excluded from the study. Furthermore, CSD waveforms and all
crucial ANOVA results were virtually unaffected by including these patients.
pad. Words were 320 English nouns selected from the MRC
Psycholinguistic database (Coltheart, 1981), which were presented
as auditory or visual stimuli and arranged in four separate block
sequences (114 trials each, 456 trials total, two auditory and two visual
blocks or sequences). Ratings for word frequency (Kucera and Francis,
1967) and concreteness (Paivio et al., 1968) were balanced across
blocks. There were no item repetitions either within or between
modalities, except for the new–old item pairs. Item sequence and
modality assignments were counterbalanced across participants.

For each block, the item sequence consisted of 34 words that
repeated once after either a short or a long lag (8 or 24 intervening
items; n=17 each; pseudo-randomized order), and 46 filler words
that did not repeat. Items that were to be repeated were considered
new items at the first presentation, and old items at the second
presentation, and these repeated items formed the basis for the sub-
sequent data analysis to compare “true” memory effects that are
largely independent of the physical and connotational differences
between stimuli. In contrast, never-repeated words were considered
filler items and not included in the data analysis.

Auditory word items (484 ms median duration; range 311 to
830 ms) synthesized for a male voice (Lucent Technologies, 2001)
were presented binaurally through headphones at a comfortable
listening level of about 72 dB SPL. Visual word items (500 ms
duration) were foveally presented in black on a light gray background
on a CRT computer monitor (0.95°vertical angle; 3.3–8.7° horizontal
angle). A constant 2.5 s stimulus onset asynchrony and a fixation cross
to minimize eye movements was used for both modalities. Partici-
pants were instructed to respond to every stimulus as quickly and
accurately as possible and that there would be no overlap between
blocks for word repetitions. Responses were accepted from 200 ms
post-stimulus onset until the next stimulus onset (2500 ms). Re-
sponse hand assignment (i.e., left/right button press for old/new
responses) was systematically alternated across blocks but balanced
within participants across modalities.

2.3. Data acquisition, recording, and artifact procedures

Nose-referenced scalp EEG (AFz ground) was continuously
recorded at 200 samples/s from 30 extended 10–20-system locations
(4 midline and 13 lateral pairs of tin electrodes embedded in a Lycra
stretch cap) within 0.1–30 Hz (−6 dB/octave), along with bipolar
recordings of vertical and horizontal eye movements (for complete
montage and recording details, see Kayser et al., 2007). Volume-
conducted blink artifacts were effectively removed from the raw EEG
by means of spatial PCA generated from identified blinks and artifact-
free EEG periods (NeuroScan, 2003).
Verbal IQ (WAIS) 102.4 10.9 87–123
Onset age (years) 21.1 6.1 7–35
Illness duration (years) 6.2d 9.7 0–37
Total BPRS 32.8d 7.9 22–48
PANSS general 28.4d 7.2 16–38
PANSS positive 14.3d 5.9 7–26
PANSS negative 12.3d 5.5 7–27

a Patients differ significantly from healthy controls (F [1,38]=16.7, pb0.001).
b Laterality quotient (Oldfield, 1971) can vary between −100.0 (completely left-

handed) and +100.0 (completely right-handed).
c n=7.
d n=19.
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Recording epochs of 2000 ms (including a 300 ms pre-stimulus
baseline) were extracted off-line from the blink-corrected continuous
data, tagged for A/D saturation, and low-pass filtered at 20 Hz
(−24 dB/octave). To maximize the number of artifact-free epochs,
volume-conducted horizontal eye movements, which were system-
atically prompted in the visual condition (i.e., reading the word
stimuli), were reduced by computing the linear regressions between
the horizontal EOG and the EEG differences of homologous lateral
recording sites (i.e., Fp2−Fp1, F8−F7, etc.) for each epoch, and
the correlated eye activity was then removed by applying ±beta
weight/2 to each lateral EEG signal (cf. Kayser et al., 2006). Residual
artifacts due to amplifier drift, muscle or movement-related activity,
or residual eye activity were identified on a channel-by-channel and
trial-by-trial basis by employing a reference-free electrical distance
measure (Kayser and Tenke, 2006d). Artifactual surface potentials
were replaced by spherical spline interpolation (Perrin et al., 1989)
using the data from artifact-free channels if eight or less channels
were affected; otherwise, a trial was rejected. Artifact detection and
electrode replacement was verified by visual inspection.

Stimulus-locked ERP waveforms were averaged from correct,
artifact-free trials using the entire 2-s epoch. The mean number of
trials used to compute new and old ERP averages after pooling across
lag (M±SD, min–max range, controls vs. patients) were 56.1±7.3
(37–67) vs. 49.0±11.5 (29–67) for auditory, and 54.3±8.4 (33–65)
vs. 50.5±13.4 (19–68) for visual stimuli. Whereas about the same
number of trials entered into new ERP averages for controls and
patients (56.9±7.0 vs. 56.9±7.5), owing to their better performance,
controls had more old trials than patients (53.5±8.4 vs. 42.8±12.3;
group×condition interaction, F[1,38]=12.9, p=0.0009), but the
number of old trials were nonetheless sufficient in each group.
Furthermore, a satisfactory signal-to-noise ratio for each condition
was confirmed by visual inspections of the individual ERP waveforms
of each participant. ERP waveforms were screened for electrolyte
bridges (Tenke and Kayser, 2001), low-pass filtered at 12.5 Hz
(−24 dB/octave), and baseline-corrected using the 100 ms preceding
stimulus onset.

Response-locked ERP waveforms were averaged from 1-s sub-
epochs including 700 ms before and 300 ms after the recorded
response and applying the stimulus-locked baseline correction. Al-
though trials with responses faster than 400 ms or slower than
1400 ms had to be excluded when computing response-locked ERPs,
because of insufficient sample points at the beginning or end of the
sub-epochs, the number of remaining trials was still sufficient in each
group (92.3% for controls and 85.7% for patients of stimulus-locked
trials).

2.4. Current source density (CSD) and principal components analysis
(PCA)

Averaged ERP waveforms were transformed into current source
density (CSD) estimates (µV/cm2 units) using a spherical spline
surface Laplacian (Perrin et al., 1989) as detailed elsewhere (e.g.,
Kayser and Tenke, 2006a; Kayser et al., 2007). To determine common
sources of variance in these reference-free transformations of
the original ERP data, CSD waveforms were submitted to temporal
principal components analysis (PCA) derived from the covariance
matrix, followed by unrestricted Varimax rotation of the covariance
loadings. However, only a limited number of meaningful, high-
variance CSD factors are retained for further statistical analysis (for
complete rationale, see Kayser and Tenke, 2003, 2005, 2006a,c). By
virtue of the reference-independent Laplacian transform, CSD factors
have an unambiguous component polarity and topography.

Auditory and visual stimulus-locked CSD waveforms (400 sample
points spanning the time interval from −300 to 1695 ms around
stimulus-onset) and response-locked CSD waveforms (201 sample
points spanning the time interval from −700 to 300 ms around
response onset) were submitted to four separate temporal PCA to
better account for the modality-dependent ERP/CSD component
structure and to isolate their stimulus and response contributions
(MatLab emulation of BMDP-4M algorithms; cf. appendix of Kayser
and Tenke, 2003). Hence, input data matrices consisted of either 400
or 201 variables and 2480 observations stemming from 40 partici-
pants, 2 conditions (new/old pooled across short and long lags) and
31 electrode sites, including the nose.

Additional temporal PCAs were computed for combined stimulus-
and response-locked CSD waveforms (cf. Kayser et al., 2007). The
extracted factors and the ensuing statistical analysis were entirely
consistent with the extracted factors and statistical results stemming
from the separated CSD waveforms. However, because one primary
objective was to contrast stimulus- and response-locked old/new
effects, the findings for the combined analysis are not detailed in this
report.

2.5. Statistical analysis

Factor scores of meaningful PCA factors for each modality were
submitted to repeatedmeasures ANOVAwith condition (old, new) as a
within-subjects factor and group (controls, patients) as a between-
subjects factor. Because lag emerged as an insufficient manipulation of
task difficulty and did not differ between groups, it was not included
as an independent variable for electrophysiologic data. Gender was
also omitted as a design factor given the imbalance of men and
women in each group (3:1 ratio), rendering very small cell sizes for
females (n=5). The ANOVA designs included one or more recording
sites at which PCA factor scores were largest and most representative
of the associated CSD components (cf. Kayser et al., 2006; Kayser and
Tenke, 2006a). Subsets of recording sites consisted of either midline
sites or lateral, homologous recording sites over both hemispheres, in
which case either site, or site and hemisphere were added as within-
subjects factors to the design. However, because recording sites were
selected on the premise that they collectively represent sink or source
activity targeted in these statistical analyses, site effects were of se-
condary interest.

Greenhouse–Geisser epsilon (ε) correction was used to compen-
sate for violations of sphericity when appropriate (e.g., Keselman
1998). Simple effects (BMDP-4V; Dixon 1992) provided means to
systematically examine interaction sources, or to further explore
group effects even in the absence of superordinate interactions. A
conventional significance level (pb0.05) was applied for all effects.

For analyses of the behavioral data, response latency (mean
response time of correct responses) and percentages of correct
responses were submitted to repeated measures ANOVA with condi-
tion (old, new), lag (short, long), and modality (visual, auditory) as
within-subjects factors and group (controls, patients) as the between-
subjects factor. As in our previous word recognition memory studies,
the d′-like sensitivity measure dL (logistic distribution; cf. footnote 5
in Kayser et al., 1999) was calculated from hit and false alarm rates
(Snodgrass and Corwin, 1988) and submitted to a similar ANOVA
without the condition factor.

3. Results

3.1. Behavioral data

Table 2 summarizes the behavioral performance for both groups
andmodalities. Both patients and controls distinguished old from new
items well above chance for both modalities, as can be seen from both
the correct responses for old items and the sensitivity measure (dL).
Still, patients' accuracy was significantly poorer compared to controls,
and this performance impairment was not affected by modality.
Patients had also about 200-ms longer response latencies than
controls, but this overall group difference did not interact with



Table 2
Behavioral data summary: grand means (SD) and ANOVA F ratios.

Modality Group Correct responses [%] Sensitivity
[dL]

Latency [ms]

New Old New Old

Auditory Controls 90.3 (9.3) 86.2 (12.4) 4.53 (1.26) 920 (180) 883 (177)
Patients 89.1 (9.0) 66.4 (15.1) 3.13 (1.41) 1106 (178) 1111 (142)

Visual Controls 91.5 (8.9) 83.3 (12.4) 4.41 (1.27) 619 (136) 668 (141)
Patients 93.5 (6.2) 63.7 (19.1) 3.49 (1.35) 743 (166) 873 (166)

Effecta F p F p F p

Group 21.8 b0.0001 15.5 0.001 17.4 0.002
Conditionb 47.1 b0.0001 – – 4.11 b0.05
Condition×Groupb 18.3 0.0001 – –

Modality 366.5 b0.0001
Modality×Conditionb 4.86 .03 – – 76.8 b0.0001

a For all effects, df=1, 38. Only F ratios with pb0.10 are reported.
b Not applicable to dL sensitivity measure.
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modality or condition. However, as expected, mean response latency
was about 200–300 ms longer for auditory than visual stimuli, and
this modality effect interacted with condition.

Lag showed only small and inconsistent effects on behavioral
measures of accuracy, sensitivity and response latency, and did not
appear to corroborate the intended manipulation of task difficul-
ty. Thus, these effects will not be further detailed for sake of bre-
vity. Most importantly, lag failed to interact with group in any
performance measure. As a consequence, electrophysiologic mea-
sures were pooled across lag to increase their signal-to-noise ratio
and to reduce the complexity of the design (cf. Kayser et al., 2003,
2007).
Fig.1.Nose-referenced, stimulus-locked (−200 to 1600ms) grand average event-related sur
visual (B) stimuli (averaged across old and new items) comparing 20 patients (dashed black
and midline (Fz, Cz, Pz) recording sites (indicated by black dots in inset). Horizontal and v
Distinct ERP components are labeled for auditory stimuli at Cz (N1, P2, N2), for visual stim
3.2. Electrophysiologic data

3.2.1. Stimulus-locked ERP and CSD waveforms
Auditory and visual nose-referenced, grand mean surface poten-

tials locked to stimulus onset (averaged across condition) are shown
in Fig. 1 for patients and controls at nine selected sites, along with the
bipolar eye activity traces. Whereas horizontal and vertical eye
movements differed across modalities, these eye movements were
largely comparable across groups. Furthermore, blink activity was
effectively removed by the spatial blink filter applied to the con-
tinuous data and did not differentially affect the ERPs of either group.
The overall ERP deflections were highly comparable to our prior
face potential (ERP) [μV] waveforms (100ms pre-stimulus baseline) for auditory (A) and
lines) and 20 healthy controls (solid gray lines) at selected lateral (F7/8, T7/8, P9/10)
ertical electrooculograms (EOG) are shown at a smaller scale before blink correction.
uli at P9 (P1, N1, N2), and for both modalities at Pz (P3, LN).



Fig. 2. Stimulus-locked, reference-free current source density (CSD) [μV/cm2] waveforms for auditory stimuli (averaged across old and new items) comparing 20 patients and 20
controls at all 31 sites (lines as in Fig. 1). Distinct CSD components included central N1 and N2 sinks (approximate peak latencies 120 and 420 ms at C3 for controls), central P2
(200 ms at Cz) and lateral–posterior P3 sources (620 ms at P7).
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studies (Kayser et al., 1999, 2003). For the auditory task, distinct ERP
deflections were identified as N1, P2, and N2, particularly over central
sites (e.g., see Cz in Fig. 1A), and as P3 and a late negativity (LN) over
posterior sites (e.g., see site P3 in Fig. 1A). For the visual task, distinct
ERP deflections were identified as P1, N1, and N2, particularly over
inferior-parietal sites (e.g., see P9 in Fig. 1B), and as P3 and LN over
posterior sites (e.g., see Pz in Fig. 1B). As can be seen, peak latencies
and regional maxima of individual ERP deflections varied according
to modality. They were, however, comparable across groups, despite
patients showing notable reductions inmost of these prominent peaks.2

The CSD transformations of these ERP waveforms, which eliminate
reference-dependent ambiguities, are given in Figs. 2 and 3, showing
sink (negative) and source (positive) activity collapsed across new
and old stimuli for controls and patients at each recording site.3

Distinct stimulus-locked auditory CSD components (Fig. 2) included
central N1 and N2 sinks (approximate peak latencies 120 and 420 ms
2 It should be obvious that a linked-mastoids reference (i.e., the mean of sites TP9
and TP10) would render a substantial and inverted potential at frontal sites, mostly
affecting visual ERPs of healthy adults (i.e., a different reference will result in a
different pattern of positive and negative ERP activity, and will differentially impact on
visual and auditory ERPs of controls or patients; e.g., cf. Fig. 8 in Kayser et al., 2007),
thereby likely altering group and/or condition effects.

3 Animated topographies of stimulus- and response-locked CSD waveforms can be
obtained at URL http://psychophysiology.cpmc.columbia.edu/cwrm2007csd.html.
at C3 for controls) and a central P2 source (200 ms at Cz). Lateral-
parietal P3 sources (685 ms at P3, P7) were accompanied by lateral–
frontal sinks (700 ms at F7, F8). Whereas early central sink activity
(N1, N2) and the late lateral–posterior P3 source appeared markedly
reduced in patients, the lateral–frontal sink activity was not, or was
even more robust at lateral–temporal sites (e.g., see T7, T8).

Prominent stimulus-locked visual CSD components (Fig. 3)
included inferior lateral–parietal P1 sources (approximate peak
latency 80 ms at P8 in controls) and N1 sinks (145 ms at P7),
followed by an occipital P2 source (210 ms at Oz), a central N2 sink
(270 ms at Cz), and mid-parietal P3 sources (500 ms at Pz). In
contrast to nose-referenced ERPs, which showed a visual N2 ma-
ximum over the left inferior-parietal region, the reference-free CSDs
revealed a vertex maximum for a visual N2 sink, indicating that the
true origin of the underlying N2 generator is substantially masked
by volume-conduction when using a nose reference. Like its ERP
counterpart, however, the vertex N2 sink was severely diminished in
patients compared with controls, and earlier N1 sink activity was
also reduced in patients over left occipital–parietal sites (at O1, P7).
Furthermore, an extended late source at Cz in controls that followed
the N2 sink was almost absent in patients. In contrast, P3 source
amplitude was comparable in controls and patients at site P3 where
it was greatest.

The corresponding auditory and visual old/new effects over-
lapping the stimulus-locked CSD component structure are depicted in

http://psychophysiology.cpmc.columbia.edu/cwrm2007csd.html


Fig. 3. Stimulus-locked CSD waveforms as in Fig. 2 for visual stimuli. Distinct CSD components included inferior lateral–parietal N1 sinks (approximate peak latency 145 ms at P7 for
controls), occipital P2 sources (210 ms at Oz), a central N2 sink (270 ms at Cz), and mid-parietal P3 sources (500 ms at Pz).

4 Separate PCA solutions derived from the patients' CSD data only (n=20) revealed
a highly comparable factor structure, thereby validating the use of a common
extraction with both groups.
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Fig. 4 at nine representative sites for controls and patients. Across
groups and tasks, increased parietal P3 sources (at P3, Pz, P4) were
accompanied by increased lateral–frontal sinks (at F7, F8) for old
compared to new stimuli, although these effects were somewhat
weaker in patients. Interestingly, for spoken words, patients showed
increased lateral–temporal sinks (at T7, T8; Fig. 4C) for old than new
items that coincided with the frontal–parietal sink-source pattern
associated with P3 amplitude. A posterior late negativity (LN) that
peaked at or around response onset showed inverted old/new effects
across modalities and groups.

3.2.2. Stimulus-locked PCA component waveforms and topographies
Fig. 5 shows the time courses of factor loadings for the first six CSD

factors extracted for each modality (both more than 85% explained
variance after rotation) and the corresponding topographies for
factors peaking before response onset. Labels were chosen to indicate
the peak latency of the factor loadings relative to stimulus onset, along
with brief functional interpretations of factors given a signature
topography. However, these identifying labels refer nevertheless to an
entire CSD factor, which consists of characteristic time courses and
topographies.

As the present CSD–PCA solutions were entirely consistent with
those of the combined stimulus- and response-locked analyses for
the larger sample of healthy adults (Kayser et al., 2007), the
stimulus-locked analysis focused on factors summarizing stimulus-
driven, modality-specific CSD activity preceding the response.4

Auditory CSD factors corresponded to N1 sink (peak latency 110 ms;
left mid-central maximum; 1.7% explained variance), P2 source
(210 ms; frontocentral maximum; 3.9%), N2 sink (385 ms; vertex
maximum; 13.6%), and P3 source (685 ms; lateral–parietal sources
paired with lateral–frontal sinks; 28.1%; Fig. 4C). Similarly, visual
CSD factors corresponded to N1 sink (130 ms; left lateral inferior–
parietal maximum; 2.8%), P2 source (195 ms; occipital maximum
with lateral–parietal sinks; 6.0%), N2 sink (270 ms; mid-frontocen-
tral maximum with medial–parietal sources; 3.8%), and P3 source
(490 ms; mid-parietal and frontopolar sources paired with lateral–
frontal sinks; 21.1%; Fig. 5D).

3.2.3. Stimulus-locked repeated measures ANOVA
Table 3 summarizes the primary statistics obtained for stimulus-

locked auditory and visual CSD–PCA factors at targeted regions (i.e.,
where sink or source activity was most prominent). There were no
significant effects involving group or condition for either N1 sink
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Fig. 4. Stimulus-locked CSD waveforms from controls (A, B) and patients (C, D) for auditory (A, C) and visual (B, D) stimuli comparing old (dashed black lines) and new (solid gray
lines) stimuli at selected lateral (F7/8, T7/8, P3/4) and midline (Fz, Cz, Pz) sites (indicated by black dots in inset). Increased medial- and mid-parietal P3 sources (P3/4, Pz) and
lateral–frontal sinks (F7/8) were seen for old compared to new auditory and visual stimuli in both groups. These old/new effects, however, were generally smaller in patients.
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(auditory or visual). The only significant N1 sink finding was a
hemisphere main effect for visual stimuli confirming a left-greater-
than-right N1 sink across groups (cf. factor 130 in Fig. 5D). However,
a simple hemisphere effect for the visual N1 sink was observed
for controls, F(1, 38)=7.12, p=0.01, but not for patients, F(1, 38)b
1.0, ns.

Likewise, there were no significant effects involving group or con-
dition for the auditory or visual P2 source, only significant hemisphere
main effects for both modalities. An overall left-greater-than-right
auditory P2 source at lateral frontocentral sites was comparable in
both groups (cf. factor 210 in Fig. 5C; simple hemisphere effects for
controls, F(1, 38)=6.68, p=0.01; for patients, F(1, 38)=3.91,
p=0.05). For visual stimuli, there was a significant right-greater-
than-left P2 source at lateral occipital sites, which was largely due to a
hemispheric asymmetry in patients, F(1, 38)=9.86, p=0.003, but
not in controls, F(1, 38)=1.47, p=0.23 (cf. factor 195 in Fig. 5D).5

Thus, the statistical analyses performed on early stimulus-locked CSD
factors (N1 sink, P2 source) did not reveal prominent group or con-
dition differences.

In contrast, robust group and condition differences were found for
late stimulus-locked CSD factors (N2 sink, P3 source). Across
modalities, the vertex N2 sink was significantly reduced in patients
5 The analysis for the associated sink activity over inferior temporoparietal sites
(TP9/10, P9/10, P7/8) for factor 195 (visual P2 source) revealed no significant effects
(see supplementary material).
compared to controls (cf. factors 385 and 270 in Fig. 5C and D;
Table 3). The vertex N2 sink was also greater for old than new
visual stimuli.6 Likewise, the analysis for the auditory N2 sink
at medial central sites yielded a strong group difference, an old-
greater-than-new condition main effect (M±SD, old=−0.76±1.04,
new=−0.62±0.98), and a left-greater-than-right hemisphere main
effect (cf. factor 385 in Fig. 5C; Table 3A). Although there was only
a marginally significant group×hemisphere interaction, a significant
simple hemisphere main effect was observed for controls, F(1, 38)=
14.2, p=0.0006 (M±SD, C3=−1.57±0.78, C4=−0.90±1.00),
but not patients, F(1, 38)=1.09, p=0.30 (M±SD, C3=−0.24±
0.76, C4=−0.05±0.68).

Robust overall auditory old/new effects were also observed for P3
source over lateral–parietal sites (Fig. 6A; Table 3A). However, a sig-
nificant group×condition interaction revealed that the old-greater-
than-new P3 source was only significant in controls, F(1, 38)=38.8,
pb0.0001, but not in patients, F(1, 38)=1.18, p=0.28. Moreover,
patients had overall reduced auditory P3 source compared to controls.
Although auditory P3 source was overall strongly left-lateralized, a
significant simple hemisphere effect was only observed for controls,
We note, however, that this condition effect is not apparent from the grand mean
CSD waveforms or the corresponding animated topographies. This presumably
indicates that higher-variance factors removed overlapping, condition-related variance
associated with the time course of this N2 sink, thereby unmasking relevant
differences, although it is still prudent to evaluate this finding cautiously.



Fig. 5.Unrestricted PCA solutions using auditory (A, C) or visual (B, D) stimulus-locked CSDwaveforms. A, B: Time courses of Varimax-rotated covariance loadings for the first six CSD
factors extracted for auditory (86.5% total variance explained) or visual (85.2%) stimuli. Labels indicate the peak latency of the factor loadings relative to stimulus onset. C, D:
Corresponding factor score topographies (nose at top) with percentage of explained variance for the earliest four factors in each PCA solution (peak latencyb900 ms) corresponding
to N1 and N2 sinks and P2 and P3 sources for each modality, separately plotted for controls (top row) and patients (bottom row). The same symmetric scale was used for all
topographic maps within a modality.
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F(1, 38)=9.94, p=0.003, but not patients, F(1, 38)=1.92, p=0.17.
Thus, patients showed markedly reduced and less asymmetric old/
new effects for auditory P3 source.

Similarly, robust overall visual old/new effects for P3 source
were observed over mid-centroparietal sites (Fig. 6B; Table 3B).
Although old-greater-than-new P3 source was again more robust in
controls, F(1, 38)=23.4, pb0.0001, than patients, F(1, 38)=6.96,
p=0.01, there was no significant group×condition interaction.
Likewise, patients showed only marginal reductions in overall visual
P3 source compared to controls at these midline sites. In contrast, the
analysis for the lateral–parietal extension (P3/4, P7/8, CP5/6) of
visual P3 source revealed a marked amplitude reduction for patients
compared with controls, along with a significant group×condition
interaction stemming from an old-greater-than-new P3 source
in controls, F(1, 38)=5.70, p=0.02, but not in patients, F(1, 38)b
1.0, ns. Analogous to the auditory modality, the visual P3 source was
greater over the left than right hemisphere, and a significant simple
hemisphere effect was again observed for controls only, F(1, 38)=
14.8, p=0.0004, but not for patients, F(1, 38)=1.45, p=0.24,
providing the basis for a marginally significant group×hemisphere
interaction. An additional analysis for the frontopolar source of factor
490 using sites Fp1/2 (Fig. 5D) revealed only a significant right-larger-
than-left hemisphere main effect, F(1, 38)=5.72, p=0.02, but no
group or condition effects. Thus, at off-midline parietal sites, patients
showed also markedly reduced and less asymmetric old/new effects
for visual P3 source.

Finally, the prominent inverted old/neweffects for the associated sink
activity at lateral-frontotemporal sites (FC5/6, F7/8, FT9/10, T7/8) for
auditory P3 source were targeted in an additional analysis (Fig. 6A;
Table 3A), which confirmed the presence of this condition effect across
groups. There was also a group main effect stemming from increased
sinks in patients compared with controls, but a group×site interaction
(see Supplementary material) and simple group effects at each site
revealed that this group difference was significant at lateral–temporal
sites only (at T7/8, F(1, 38)=14.3, p=0.0005; at FT9/10, F7/8, FC5/6,
all F(1, 38)≤2.61, all p≥0.11). A significant three-way group×condi-
tion×hemisphere interaction originated from greater inverted old/new
effects over right than left sites for controls, F(1, 38)=4.44, p=0.04,
whereas patients had no asymmetric condition effects, F(1, 38)=1.40,
p=0.24 (cf. old-minus-new difference maps in Fig. 6A). Thus, inverted
lateral-frontotemporal old/new effects for stimulus-locked auditory P3
sourcewere present in both groups but most robust in patients over the
left lateral–temporal region.

3.2.4. Response-locked CSD waveforms and topographies
Fig. 7 gives the reference-free CSD transformations of the

response-locked auditory and visual ERP waveforms at a representa-
tive subset of recording sites for both groups and conditions. Across
modality, a mid-frontal response-related negativity (FRN), peaking at
approximately 50ms after response onset, was prominent for controls
(Fig. 7AB) but markedly reduced in patients (Fig. 7CD). The FRN was
preceded in both groups by distinct old/new effects overlapping the
P3 source at medial–parietal (auditory) and mid-parietal (visual)
sites, which were larger over the left than right hemisphere,
particularly for auditory stimuli (cf. sites P3 and P4 in Fig. 7AC). The
P3 source was evidently terminated by the response, giving rise to a
late negativity (LN) sink over posterior sites, which appeared to be
more robust for old than new words.

The time courses of factor loadings for the first five response-
locked CSD factors extracted for each modality (both more than 90%



Table 3
Summary of F ratios from repeated measures ANOVA performed on stimulus-locked
CSD–PCA factors at selected sites.

A

Variable Auditory factor (sites)

110
N1 sink

210
P2 source

385
N2 sink

685
P3 source

(C3/4) (FC5/6,
C3/4)

(Cz) (C3/4) (P3/4, P7/8,
CP5/6)

(FC5/6, F7/8,
FT9/10, T7/8)

G 9.79⁎⁎ 27.0⁎⁎⁎⁎ 19.5⁎⁎⁎⁎ 6.25⁎
C 4.62⁎ 26.7⁎⁎⁎⁎ 42.0⁎⁎⁎⁎
C×G 13.2⁎⁎⁎
H 10.4⁎⁎ – 11.6⁎⁎ 10.3⁎⁎
H×G – 3.72
H×C×G – 3.13 5.41⁎

B

Variable Visual factor (sites)

130
N1 sink

195
P2 source

270
N2 sink

490
P3 source

(P7/8, P9/10,
O1/2)

(O1/2) (Cz) (P3/4, P7/8,
CP5/6)

(Cz, Pz)

G 6.94⁎⁎ 11.0⁎⁎ 3.17
C 6.81⁎⁎ 27.9⁎⁎⁎⁎
C×G 5.22⁎
H 4.90⁎ 9.47⁎⁎ – 12.7⁎⁎ –

H×G – 3.49 –

H×C×G – –

Note. G = Group (patients, controls); C = condition (new, old); H = hemisphere (left,
right). Only F ratios with pb0.10 are reported for effects pooled over site (subsets as
indicated; for all tabled effects, df=1, 38; see Supplementary material for complete
ANOVA summary).
– Effect not applicable.
⁎ p≤0.05.
⁎⁎ p≤0.01.
⁎⁎⁎ p≤0.001.
⁎⁎⁎⁎ p≤0.0001.
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explained variance after rotation) and corresponding factor score
topographies of primary interest are given in Fig. 8. Labels were
chosen to indicate the peak latency of the factor loadings relative to
response onset. In each modality, three CSD factors corresponded to
the P3 source immediately preceding the response (auditory peak
latency −150 ms; lateral–parietal sources paired with lateral–frontal
sinks; 35.3% explained variance; visual −135 ms; mid-parietal and
frontopolar sources; 25.1%), the FRN (auditory 45 ms; 4.7%; visual
40 ms; 4.4%; Fz sink maxima with centroparietal sources) and the LN
sink (auditory 205 ms; 27.0%; visual 175 ms; 38.6%; occipital sinks
Fig. 6.Mean topographies of CSD factor scores for PCA components corresponding to auditor
shown for new and old stimuli and their respective old-minus-new difference for 20 cont
channel EEG montage (nose at top). All maps are 2D-representations of spherical spline surfa
each recording site.
with centrotemporal sources) following the response. In each mo-
dality, two earlier factors gathered variance evidently associated with
stimulus-related activity.

3.2.5. Response-locked repeated measures ANOVA
Table 4 summarizes the primary statistics obtained for response-

locked auditory and visual CSD–PCA factors at targeted regions (i.e.,
where sink or source activity was most prominent). As for the
stimulus-locked data, robust auditory old/new P3 source effects were
observed over lateral–parietal sites, and patients had overall reduced
auditory P3 source compared to controls (Fig. 9A; cf. factor −150 in
Table 4A). There was only a marginal group×condition interaction,
and significant old/new effects for auditory P3 source were present in
controls, F(1, 38)=32.2, pb0.0001, and patients, F(1, 38)=9.81,
p=0.003. Moreover, the left-greater-than-right hemisphere asym-
metry of the response-locked auditory P3 source was weaker than its
stimulus-locked counterpart, although a simple hemisphere main
effect was still present for controls, F(1, 38)=6.15, p=0.02.

Likewise, old/new effects for visual P3 source effects were
observed over mid-centroparietal sites (Fig. 9B; cf. factor −135 in
Table 4B) for both controls, F(1, 38)=8.66, p=0.006, and patients, F
(1, 38)=4.28, p=0.046, but there were no significant effects in-
volving group. In contrast, and similar to the stimulus-locked analysis,
visual P3 source was markedly reduced in patients compared with
controls at lateral–parietal sites. The overall old-greater-than-new P3
source at these sites was modulated by a marginal group×condition
interaction due to a significant simple condition effect in controls, F(1,
38)=7.55, p=0.009, but not patients, F(1, 38)b1.0, ns. Visual P3
source was again left-lateralized but the hemispheric asymmetry did
not interact with group. Thus, the response-locked findings for au-
ditory and visual P3 source are in close agreementwith their stimulus-
locked counterparts.

As for the inverted auditory old/new sink effects, the analysis at
lateral–frontotemporal sites (Fig. 9A; cf. factor −150 in Table 4A)
revealed an overall condition main effect and a group×condition
interaction stemming from old-greater-than-new sinks in controls, F(1,
38)=22.0, pb0.0001, but not patients, F(1, 38)b1.0, ns. In contrast to
the stimulus-locked analysis, there were no increased sinks in patients
comparedwith controls. Thus, the response-lockedfindings for inverted
lateral–frontotemporal old/new effects for auditory P3 source differ
from their stimulus-locked counterparts in that patients did not show
increased lateral–frontotemporal sinks for old items seen in controls.

The auditory response-related mid-frontal sink (FRN) was sig-
nificantly reduced in patients compared with controls (Fig. 9C; cf.
factor 45 in Table 4A). A group×condition interaction confirmed that
an old-greater-than-new sink was present in controls, F(1, 38)=10.5,
y (A; factor 685) and visual (B; factor 490) stimulus-locked P3 source. Topographies are
rols (top) and 20 patients (bottom). Circles indicate the spherical positions of the 31-
ce interpolations (Perrin et al., 1989) derived from the mean factors scores available for
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p=0.003, but not patients, F(1, 38)b1.0, ns. The corresponding
centroparietal source was also smaller in patients compared to
controls but there were no condition effects at these sites. In contrast,
the visual FRN revealed only an overall significant old/new effect (cf.
factor 40 in Table 4B) stemming from greater sinks to old than new
stimuli. The corresponding centroparietal source, which also revealed
an overall old/new effect originating from old-greater-than-new
sources (M±SD, old=0.78±0.85, new=0.54±0.70), was again
reduced in patients (cf. factor 40 in Fig. 8D). Thus, a response-related
mid-frontal sink and centroparietal source activity was markedly
reduced in patients, particularly for auditory stimuli.

Therewere no significant group or condition effects for the auditory
late occipital negativity (LN sink; cf. factor 205 in Fig. 8C; Table 4A).
However, the corresponding centrotemporal sourcewas greater for old
than new stimuli (M±SD, old=0.90±1.04, new=0.59±0.89). In
contrast, the visual LN sink (cf. factor 175 in Fig. 8D; Table 4B) was
reduced in patients compared with controls, and so was the
corresponding centrotemporal source. Despite these reductions,
inverted old/new effects at mid-centroparietal sites (Fig. 9D) were
more robust in patients, F(1, 38)=51.9, pb0.0001, than in controls, F
(1, 38)=5.70, p=0.02, resulting in a significant group×condition
interaction (cf. factor 175 in Table 4B). Thus, although their response-
Fig. 7. Response-locked CSD waveforms (−700 to 300 ms, 100 ms baseline preceding stimu
(indicated by black dots in inset) comparing new and old items for each group and modality
source in all conditions, giving rise to a late inverted old/new effect (LN sink) over mid-po
locked visual LN sink was markedly reduced, patients showed, unlike
controls, a prominent old/new effect in this component.

4. Discussion

In agreement with prior evidence of impaired verbal learning and
memory in schizophrenia (e.g., Saykin et al., 1991; Gur et al., 1994;
Mozley et al., 1996; Baving et al., 2000; Tendolkar et al., 2002; Barch,
2005), patients having schizophrenia or schizophrenia spectrum
disorders showed poorer word recognition memory and increased
response latencies than healthy adults during visual and auditory
tasks. The extent of this deficit was comparable to that previously seen
for schizophrenic patients for a visual version of the continuous
recognition memory task (Kayser et al., 1999), and equal in size for
auditory stimuli (cf. Kayser et al., 2003). Still, patients' performance
was adequate and well above chance for both modalities, rendering
mere task disengagement an unlikely source for the observed
electrophysiologic abnormalities.

Benefiting from the improved spatial resolution and reference-
independence of CSD–transformed ERPs, the present study confirmed
a largely preserved visual old/new effect in schizophrenia over mid-
parietal sites (cf. Kayser et al., 1999), but found marked old/new
lus onset) at selected midline (Fz, Cz, Pz) and adjacent medial (F3/4, C3/4, P3/4) sites
. A distinct mid-frontal response-related negativity (FRN) terminated the preceding P3
sterior sites. However, the focal Fz sink was markedly reduced in patients.



Fig. 8. Unrestricted PCA solutions using auditory (A, C) or visual (B, D) response-locked CSD waveforms. A, B: Time courses of Varimax-rotated covariance loadings for the
first five CSD factors extracted for auditory (90.7% total variance explained) or visual (92.6%) stimuli. Labels indicate the peak latency of the factor loadings relative to
response onset. C, D: Corresponding factor score topographies (nose at top) with percentage of explained variance for the three factors in each PCA solution corresponding to
P3 source (peak latencies −150 and −135 ms), FRN (45 and 40 ms), and LN sink (205 and 175 ms) for each modality, separately plotted for controls (top row) and patients
(bottom row). The same symmetric scale was used for all topographic maps within a modality.
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source reductions over lateral–parietal regions for both visual and
auditory tasks. Schizophrenic patients also lacked the left-greater-
than-right hemisphere asymmetry observed for healthy adults, the
typical topographical finding for the late old/new effect (e.g., Johnson,
1995; Allan et al., 1998; Friedman and Johnson, 2000). Most
importantly, impairments of these electrophysiologic correlates of
conscious memory retrieval were more robust for auditory word
recognition, suggesting a particular deficit in encoding and/or
retrieval of phonological information. A completely new finding is
that the abnormalities of prominent CSD/ERP effects were followed by
marked reductions in a distinct, response-related mid-frontal nega-
tivity, which is likely associated with performance monitoring (e.g.,
Luu et al., 2000; Ullsperger, 2006; Botvinick, 2007). These reductions
were also most prominent for auditory stimuli.

4.1. Left-parietal old/new effects and temporal lobe abnormalities in
schizophrenia

Both healthy adults and schizophrenic patients showed late
parietal old/new effects that overlapped distinct auditory and visual
P3 sources, which may reflect conscious experience of item retrieval
(e.g., Friedman and Johnson, 2000; Rugg and Curran, 2007). This is
entirely consistent with other neuroimaging evidence implicating
old/new effects for the lateral–posterior parietal cortex (e.g., Wagner
et al., 2005). However, there were several topographical abnormalities
associated with this parietal old/new effect in schizophrenia. First,
whereas old/new source effects were fairly preserved over posterior
midline sites, particularly in the visual modality, more lateral old/new
sources were more severely reduced in patients. This was more
obvious for the lateral–parietal auditory source pattern but never-
theless also present for visual stimuli. Second, these findings were
bolstered by the failure of patients to show the typical left-lateralized
asymmetry of this parietal old/new effect, matching our prior data
(Kayser et al., 1999). These abnormalities of parietal old/new source
effects in this continuous recognition memory paradigm, as well as
reduced overall P3 source amplitude and asymmetry, are not merely
the result of slower or more variable responses in schizophrenia
because the response-locked data indicated comparable, but some-
what weaker, reductions over left lateral–parietal sites.

These results are in striking agreement with the reduced left
inferior parietotemporal P3 source found during visual word encoding
in schizophrenia (Kayser et al., 2006). In their meta-analysis of P3
asymmetry in schizophrenia for auditory oddball data, Jeon and Polich
(2001) reported no reliable effect sizes for lateral–temporal (T7/8)
scalp locations, but instead for homologous sites located more pos-
teriorly, towards the medial–parietal regions (referred to as TCP1/2),
which more closely matches the present results. It is generally well-
known that multiple generators contribute to the scalp-recorded P3
potential, and although task-specific requirements, including stimulus
modality and response mode, critically affect and modulate its topo-
graphy, temporal–parietal activity is considered a main source con-
tributing to stimulus-driven P3b (e.g., Picton, 1992; Halgren et al.,
1995a,b; Molnar, 1994; Brazdil et al., 2003; Polich, 2007). Tenke et al.
(2008) recently supplemented the current CSD–PCA approach with a
hemispatial PCA to disentangle parietal and temporal neuronal ge-
nerators as contributors to P3 source activity during a dichotic oddball



Table 4
Summary of F ratios from repeated measures ANOVA performed on response-locked
CSD–PCA factors at selected sites.

A

Variable Auditory factor (sites)

−150
P3 source

45
FRN

205
LN sink

(P3/4, P7/8, CP5/6) (FC5/6, F7/8,
FT9/10, T7/8)

(Fz) (CP5/6,
P3/4)

(O1/2) (C3/4,
T7/8)

G 4.34⁎ 9.16⁎⁎ 14.3⁎⁎⁎
C 38.8⁎⁎⁎⁎ 16.1⁎⁎⁎ 3.58 3.72 21.2⁎⁎⁎⁎
C×G 3.22 6.84⁎⁎ 7.26⁎⁎
H 3.04 –

H×G 3.11 –

H×C 2.85 – 7.05⁎⁎
H×C×G 3.41 – 5.37⁎

B

Variable Visual factor (sites)

−135
P3 source

40
FRN

175
LN sink

(P3/4, P7/8,
CP5/6)

(Cz, Pz) (Fz) (CP5/6,
P3/4)

(O1/2) (C3/4,
T7/8)

(Cz, Pz)

G 10.0⁎⁎ 6.62⁎⁎ 10.8⁎⁎ 5.97⁎ 13.4⁎⁎⁎
C 4.70⁎ 12.6⁎⁎⁎ 6.50⁎⁎ 10.4⁎⁎ 46.0⁎⁎⁎⁎
C×G 2.95 11.6⁎⁎
H 15.4⁎⁎⁎ – –

H×C – – 5.44⁎ 5.82⁎

Note. G=Group (patients, controls); C= condition (new, old); H=hemisphere (left,
right). Only F ratios with pb0.10 are reported for effects pooled over site (subsets as
indicated; for all tabled effects, df=1, 38; see Supplementary material for complete
ANOVA summary).
– Effect not applicable.
⁎ p≤0.05.
⁎⁎ p≤0.01.
⁎⁎⁎ p≤0.001.
⁎⁎⁎⁎ p≤0.0001.
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task. Interestingly, by tackling the recording reference conundrum
of auditory oddball data with CSD transformations and spatial PCA,
Turetsky et al. (1998a,b) identified a reduction of a left temporal
P3 source subcomponent as a unifying ERP feature among various
schizophrenic subgroups.

The current study adds to this more differentiated picture of P3
generator patterns by clearly identifying the contributions of lateral
frontocentral sinks to the late parietal old/new source effects (cf.
Kayser et al., 2007). These sinks were broader and asymmetrically
enhanced in schizophrenic patients during the auditory task,
predominantly affecting the left lateral–temporal recording site
(T7), reminiscent of left hemisphere overactivation in schizophrenia
during verbal processing (cf. Gur 1978; Ragland et al., 2005). Although
the implications of this unexpected finding remain unclear, it is ob-
vious that the neuronal generator patterns underlying the (left)
parietal old/new effect (i.e., the relative orientation of the lateral
frontocentral sinks compared to the parietal sources) differed
between patients and controls, a group difference with profound
implications for ERP studies relying on referenced surface potentials.
Given that the generator patterns of the old/new effects resembled
the pattern for auditory P3 but differed from that for visual P3, one
may contemplate whether this pattern reflects phonological proces-
sing common to both modalities (e.g., Price, 2000), and therefore
indicates disturbed temporal integration in schizophrenia within a
recognition memory network involving frontal and parietal regions
(e.g., Kim et al., 2003; Iidaka et al., 2006).

The importance of the lateral–parietal cortex for memory
processes, particularly successful retrieval, has been rediscovered by
functional neuroimaging findings, which more frequently implicate
lateral–parietal cortex in recognition memory than other brain areas
generally recognized as key components for memory, including
temporal lobe regions (Simons and Mayes, 2008). Researchers, how-
ever, are puzzled by the exact meaning of this contribution because
lesion studies indicate that the lateral–parietal cortex, while activated
during conscious item recollection, is not necessary for successful
retrieval (Cabeza, 2008; Simons et al., 2008). If parietal ERP old/new
effects are the electrophysiologic correlate of the subjective experi-
ence of recollection (Ally et al., 2008), preserved old/new effects in
schizophrenia for correct trials may come as less of a surprise. On the
other hand, Cabeza (2008) has proposed that the contributions of
dorsal and ventral regions of the parietal cortex can be dissociated
on the basis of top-down (dorsal) and bottom-up (ventral) attentional
processes. Following this distinction, our findings of largely intact late
old/new source effects over mid-parietal sites but weakened old/new
source effects over inferior lateral–parietal sites in schizophrenia
may be indicative of a largely preserved goal-directed effort to retrieve
memory information as opposed to a compromised retrieval output.

We should note that a mid-frontal extension of the parietal old/
new effect was present in the visual but not auditory modality (cf.
discussion in Kayser et al., 2007). To the extent that this positive-going
old/new difference reflects the mid-frontal FN400 effect linked to
item familiarity (e.g., Rugg and Curran, 2007), the present data do not
provide evidence of abnormal implicit knowledge of previous word
presentations in schizophrenia (cf. Tendolkar et al., 2002). However,
as a continuous recognition memory paradigm does not specifically
probe predictions stemming from the dual-process model of episodic
memory, no definitive conclusions are possible.

4.2. Modality-independent reductions of early negativities in
schizophrenia

Although visual and auditory N1 sink amplitudes were nominally
smaller in schizophrenic patients than controls, there was no sta-
tistical support for these group differences, which is in agreement
with our previous studies using visual word stimuli in the same
recognition memory paradigm with nose-referenced ERPs (Kayser
et al., 1999, footnote 6) and in a working memory tasks with CSD
waveforms (Kayser et al., 2006). This suggests that reductions of early,
mostly stimulus-driven ERP components in schizophrenia, which are
frequently observed during simple auditory or visual tasks (e.g., Ford
et al., 1994; Bruder et al., 1998; Kayser et al., 2001; Doniger et al., 2002;
Clunas and Ward, 2005; Butler et al., 2007) and likely indicative of a
deficit of attention or early perceptual processing (e.g., P50, MMN, P1,
N1; cf. Javitt et al., 2008), were of subordinate importance to the
deficits in later components observed during the more cognitively-
demanding memory tasks. Nevertheless, while both groups showed
left-larger-than-right visual N1 sinks over inferior-parietal sites, an
asymmetry linked to the recognition of linguistic visual material (e.g.,
Dehaene, 1995; Hauk et al., 2006), this effect was only significant for
healthy adults. The reduced N1 sink asymmetry in schizophrenia
closely matches recent N150 findings for a small sample of chronic
schizophrenic outpatients, which have been taken as evidence for a
deficit of automatically activating linguistic networks (Spironelli et al.,
2008).

In contrast to N1, robust reductions of N2 sink amplitudes were
found for patients across modalities (cf. Alain et al., 2001, 2002a).
Interestingly, the presence of a left-lateralized auditory N2 sink at
medial central sites in controls but not patients parallels the visual N1
sink findings, which may also hint at a failure of automatically
accessing phonological/semantical word representations in the left
hemisphere (cf. Price et al., 2003). ERP studies reporting robust N2
reductions in schizophrenia have often used a nose reference (e.g.,
Bruder et al., 1998, 1999; Kayser et al., 1999, 2001) or target-minus-
standard difference waveforms (e.g., O'Donnell et al., 1993; Umbricht
et al., 2006), whereas a linked-mastoids or ear lobe reference tends to
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lessen its noticeability. While temporal characteristics of the visual N2
sink and its group difference in the current study were in close
agreement with our previous findings (Kayser et al., 1999), the
reference-free CSD transform revealed maximum current flow at
vertex and not over the left inferior-parietal region, as presumed
when interpreting our nose-referenced ERP data. Therefore, we must
conclude that early, left-lateralized inferior-parietal ERP negativities
(N1, N2) to visual stimuli observed with a nose reference are due to a
volume-conducted fusion of two or more (cf. inferior-parietal sinks
associated with visual P2 source) partly-overlapping potentials of
different cortical origin. In fact, a linked-mastoids reference will likely
project an N2 towards the mid-frontocentral region, a location con-
veniently fitting dipole models suggesting an underlying ACC source
(van Veen and Carter, 2002). More importantly, almost the same
cortical region was implicated in both neuronal generator patterns
underlying the visual and auditory N2 sink, which may suggest
reduced, modality-independent ACC contribution to this frontocentral
component in schizophrenia. This is also entirely consistent with
recent combined fMRI and ERP evidence in healthy adults during
auditory and visual oddball tasks, showing for both modalities similar
overall ACC activation, the main contributor of N2b, but modality-
specific connectivity to primary auditory (Heschl's gyrus) and visual
(striate) cortices (Crottaz-Herbette and Menon, 2006). These findings
suggest top-down attentional modulation of sensory processing by
ACC, which may be compromised in schizophrenia.

Nevertheless, patients and controls showed comparable condition-
dependencies of these N2 sinks (i.e., inverted old/new effects), which
fits well with the idea that N2 indexes stimulus classification (e.g.,
Simson et al., 1976). There appears also to be a striking analogy between
the sequence of the current N2 sinks and P3 sources and the N2/P3
complex typically observed for target stimuli during oddball tasks, with
Fig. 9. Mean topographies of CSD–PCA components corresponding to auditory (A; factor−1
and visual LN sink (D; factor 175). As in Fig. 6, topographies are separately shown for con
difference.
both components showing condition sensitivity but with opposite
polarity. However, exceeding caution is warranted when likening the
present N2 generator patterns, which were derived by means of CSD–
PCA in the context of a specific recognition memory task, to previous
discourses on the meaning of N2 derived from surface ERPs using
various reference schemes and other paradigms (e.g., Fabiani et al.,
2000; Folstein and Van Petten, 2008). These data suggest that several
functional processes can be associated with negative ERP deflections in
the 200–400 ms time range after stimulus onset, with some processes,
such as attention, tied in with modality-specific N2 topographies and
generators. It is also plausible to conjecture that these vertex N2 sinks
belong in the class of N400-like potentials indexing decision making
during linguistic processes (cf. Silva-Pereyra et al., 2003). In anycase, the
marked N2 sink reductions across modality for words are similar to
those seen for schizophrenic patients in visual or auditory discrimina-
tion tasks (e.g., O'Donnell et al.,1993; Egan et al.,1994; Strandburg et al.,
1994; Bruder et al.,1998,1999;Kayser et al., 2001;Umbricht et al., 2006).
They are also consistent with our ERP findings involving phonetic
discrimination of consonant–vowel syllables, in which smaller N2
amplitude in schizophrenic patients was associated with poorer verbal
memory performance (Bruder et al., 2001). In context of these con-
verging findings, we interpret the present N2 sink results as evidence of
impaired stimulus categorization in schizophrenia at a cognitive stage
beyondvisual or auditoryword formprocessing,which adversely affects
word recognition memory.

4.3. Impaired medial frontal cortex function and performance monitoring
in schizophrenia

Whereas anterior cingulate involvement in the generation of vi-
sual and auditory N2 sink activity may be debatable, there is little
50) and visual (B; factor−135) response-locked P3 source, auditory FRN (C; factor 45)
trols and patients and for new and old stimuli with their respective old-minus-new
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doubt that the response-related, mid-frontal negativity (FRN) belongs
to the class of ERN-like components attributed to generators within
the ACC (e.g., van Veen and Carter, 2002, 2006). The present findings
of markedly smaller auditory FRN in patients, combined with their
reduced old/new sink effects across modalities, matches previous
evidence of reduced error-related and feedback negativity in schizo-
phrenia (e.g., Kopp and Rist, 1999; Mathalon et al., 2002; Alain et al.,
2002b; Bates et al., 2002; Morris et al., 2006, 2008), which is likely
linked to structural and/or functional ACC impairments (e.g., Carter et
al., 2001; Laurens et al., 2003; Baiano et al., 2007; Polli et al., 2008).
Still, only correct trials were analyzed in the present study, which
appears to be at odds with prior reports of normal or even larger CRN
amplitude in schizophrenic patients (e.g., Kopp and Rist 1999;
Mathalon et al., 2002). However, a comparison of these findings
may be difficult due to differences in experimental task and ERP
methods, which apart from the CSD–PCA approach also include using
a pre- rather than post-stimulus baseline for response-locked ERP
activity to avoid the confound of subtracting stimulus-locked topo-
graphies (cf. Urbach and Kutas, 2006; Kayser et al., 2007). The
presence of this component in healthy adults during these word
recognition memory tasks is presumably an index of active perfor-
mance monitoring to adaptively adjust response behavior in subse-
quent trials (Debener et al., 2005), and conversely, its reduction in
schizophrenic patients reflects a dysfunction in effectively monitoring
their ongoing response behavior (cf. Ullsperger, 2006), again impact-
ing more severely on auditory information processing. These findings
are consistent with evidence suggesting that a dysfunction of corollary
discharge in schizophrenia, in which a failure to build internal re-
presentations of self-generated behavioral responses (efference
copies) may be associated with, and specific to, auditory hallucina-
tions (e.g., Ford et al., 2001, 2007; Ford andMathalon, 2004; Mathalon
and Ford, 2008).

The reduced visual centrotemporal source, which followed the
FRN as part of the generator pattern associated with a late occipital
negativity, underscores the failure of schizophrenic patients to show
response-related brain activation. Topography (vertex maximum)
and time course of this distinct response-locked source suggest that
it belongs to the family of Pe-like components reflecting different
monitoring processes than the ERN/Ne but also of cingulate origin
(e.g., Falkenstein et al., 2000; Vocat et al., 2008). The late occipital
negativity, which has frequently been observed in visual recognition
memory tasks showing an inverted old/new effect (cf. Johansson
and Mecklinger, 2003), was also reduced in the visual modality for
schizophrenic patients. Despite this overall reduction in amplitude,
no abnormalities were found for the overlapping inverted late
episodic memory effect over centroparietal midline sites consistent
with a generator pattern posteriorly along the cingulate sulcus (cf.
Kayser et al., 2007). However, more research is clearly needed on
how different response-related ERP components relate to and reflect
impaired performance monitoring in schizophrenia.

4.4. Limitations and conclusions

Typical limitations of ERP studies in schizophrenia concern
small and heterogeneous samples, the potential influence of
antipsychotic medication on cognition and brain function, and the
tendency of patients to perform more poorly than healthy controls
(e.g., Barch, 2005).With regard to sample size, the current number of
20 individuals ranks among the largest patient groups tested during a
recognitionmemory paradigm (only exceeded by Kayser et al., 1999).
Furthermore, patients were particularly well-matched (yoked) to
controls in core demographic variables (gender, age, ethnicity) as
well as handedness, which is a crucial moderator of lateralized brain
functions, including language (e.g., Annett,1991; Knecht et al., 2000).
Although the sample was heterogeneous, most of the patients in the
present study met DSM-IV criteria for schizophrenia (n=15), and all
had schizophrenia spectrum disorders. The reductions of the
response-related mid-frontal sink in the current patient sample,
with a majority being of paranoid subtype (n=11), are of interest in
light of previous reports linking reduced ERN to paranoid schizo-
phrenia patients (Kopp and Rist, 1999; Mathalon et al., 2002). How-
ever, subtyping with small samples is likely to be problematic
because of unpredictable differences in other variables (e.g., gender,
age, etc.), thereby severely limiting the ability to draw valid
conclusions. Because most of the current patients were off medica-
tion during testing (n=11), it is unlikely that the observed
recognition memory deficits and associated electrophysiologic
abnormalities were a mere by-product of drug treatment, and this
appears to be a widely-accepted notion (cf. Barch, 2005). The ade-
quate task performance of patients and confining the ERP/CSD
analysis to correct trials, combined with a distinct ERP/CSD com-
ponent structure in patients indicative ofmodality-specific activation
of auditory and visual processing streams, strongly suggest that our
findings are indicative of impaired word recognition memory
processing in schizophrenia.

While the present study focused on the influence of modality
on verbal recognition memory in schizophrenia, it does not address
whether abnormalities in patients are specific to linguistic or
language-related aspects of episodic memory. One meta-analysis
found that non-word stimuli yielded even larger effect sizes of com-
promised recognition memory performance in schizophrenia (Pel-
letier et al., 2005), and old/new ERP abnormalities in schizophrenia
have been reported for unfamiliar faces that are difficult to verbalize
(Guillem et al., 2001). To further address these issues of material
specificity in a within-subjects design, we are now recording ERPs of
larger samples of schizophrenia patients and healthy adults during
continuous recognition memory tasks using both words and
unfamiliar faces.

Whereas ERPs provide direct, real-time measures of brain
activity associated with successive stages of information proces-
sing, they lack the spatial resolution supplied by other neuroima-
ging methods that indirectly quantify neuronal activity. However,
the reference-free ERP/CSD approach addresses this limitation by
eliminating many of the pitfalls of volume-conducted scalp
potentials (e.g., redundancy, reference-dependence), thereby effec-
tively bridging the gap between surface potentials and their
underlying neuroanatomical generators (Kayser and Tenke,
2006a). Future approaches will likely include combined measure-
ments of electrophysiologic and metabolic brain responses in
schizophrenia during word recognition memory tasks to further
narrow the gap between scalp current flow estimates and under-
lying brain activation.

Merging CSD and PCA methods into a generic ERP strategy and
applying it to both stimulus- and response-locked activity has
again been found to be a potent approach in advancing knowledge
of cognitive dysfunction in schizophrenia. The present findings
establish robust reductions of the ERP old/new effects over left
lateral temporoparietal, but not mid-parietal, sites as an electro-
physiologic correlate of word recognition memory deficits in
schizophrenia, implicating impaired stimulus representation invol-
ving posterior regions. Marked reductions of stimulus-related
vertex N2 sinks preceded and response-related mid-frontal sink
activity followed these impairments, indicating additional deficits
in word classification (i.e., stimulus categorization) and perfor-
mance monitoring in schizophrenia involving anterior cingulate
cortex. These impairments, while essentially present for both
visual and auditory recognition memory tasks, were clearly more
robust for spoken words, suggesting a specific impairment of
temporal integration and retrieval of semantic information by
means of a phonological code (cf. Baddeley, 1983; see also Kayser
et al., 2003, p. 12) involving left-parietotemporal regions typically
associated with language-related processing.
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