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People with schizophrenia (PSZ) demonstrate reliable reductions in
working memory (WM) capacity (i.e., the number of objects that can
be held in memory). The present study asked whether WM impair-
ments in PSZ can be explained by the same neural mechanisms that
underlie individual differences in WM capacity among healthy individ-
uals. Specifically, we examined event-related potentials in PSZ and
healthy matched controls during a change detection task that required
the storage of multiple objects in WM. The amplitude of contralateral
delay activity (CDA), which correlates with WM capacity in healthy
individuals, was larger in controls than in PSZ for memory loads of 3
and 5 objects, but larger in PSZ than in controls for a memory load of
1. This same pattern was found in the subgroups of PSZ and controls
with an equivalent WM capacity. Moreover, the increase in CDA am-
plitude was correlated with individual differences in capacity in con-
trols, but not in PSZ. These results demonstrate that WM impairment
in PSZ is not associated with the same patterns of neural activity that
characterize low WM capacity in healthy individuals. We propose that
WM impairment in PSZ instead reflects a specific impairment in the
ability to distribute attention broadly.
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Introduction

Working memory (Miller 1956; Cowan 2001) provides a tem-
porary storage buffer that is used to facilitate temporally ex-
tended tasks in everyday behavior (Hayhoe and Ballard
2005). People with schizophrenia (PSZ) show working-
memory (WM) impairments across a range of paradigms
(Park and Holzman 1992; Gold et al. 2003, 2010; Barch
2005). Although computational neuroscience models of the
underlying deficit have been proposed (Durstewitz and
Seamans 2008; Lisman et al. 2008; Rolls et al. 2008), there is
insufficient evidence about the nature of the WM impairment
in PSZ to adequately constrain these models. In contrast,
much is known about the neural activity that underlies indi-
vidual differences in WM among healthy people, and our goal
was to determine whether these mechanisms can also explain
the observed WM impairment in PSZ.

Recent research on WM has often used visual change detec-
tion tasks (e.g., Fig. 1A; Luck and Vogel 1997) to compute K, an
estimate of how many objects an individual has stored in WM
(Pashler 1988). In healthy young adults, K is strongly correlated
with the effectiveness of attentional selection: People who
cannot filter irrelevant information have reduced an effective
storage capacity for task-relevant objects (Vogel et al. 2005). In
these paradigms, reduced storage of task-relevant objects is in
turn associated with a corresponding reduction in electro-
physiological and hemodynamic responses in the posterior par-
ietal cortex (Todd and Marois 2004; Vogel and Machizawa 2004;
Robitaille et al. 2009; Mitchell and Cusack 2011).

Much research on impaired WM in schizophrenia has
focused on the involvement of frontal cortical networks (e.g.,
Goldman-Rakic 1994; Manoach 2003), with less work directly
examining the active storage of WM content in the posterior
cortex. In the current study, we measured the neural activity
associated with the maintenance of information in WM to ask
whether the neural processes that vary with WM capacity in
healthy control subjects (HCS) are also associated with the
reduction in WM capacity observed in PSZ. That is, are PSZ
simply at a lower point along the continuum of WM capacity
than HCS, showing the same patterns of brain activity as
healthy individuals who have relatively low capacity? Or is
WM capacity reduced in PSZ because of a distinctive neural
pathology that differs from the factors that are responsible for
variation in capacity among healthy individuals?

Because PSZ are thought to have attentional impairments
(Nuechterlein and Dawson 1984) and disruptions of the
underlying prefrontal and striatal circuitry (Pantelis et al.
1997), one might expect that the increased storage of
task-irrelevant information may explain the reduced WM
capacity estimates in PSZ, just as it does in healthy individ-
uals. However, prior studies have demonstrated no impair-
ment in the ability of PSZ to selectively encode
task-relevant information when it is embedded among
equally salient distractors (Gold et al. 2006; Hahn et al.
2010; Spencer et al. 2011). Recent work has instead found
that schizophrenia is associated with a “failure” to attend
broadly (Elahipanah et al. 2011; Hahn et al. 2012),
suggesting that impaired WM capacity estimates in PSZ may
reflect a tendency to hyperfocus on a subset of the relevant
information rather than an inability to filter irrelevant
information.

To examine the neural activity associated with the active
storage of information in WM, we recorded event-related
potentials (ERPs) and measured the contralateral delay activity
(CDA), a sustained negative voltage at posterior electrodes
during the maintenance of WM. To isolate this ERP activity
from other overlapping components, CDA experiments use a
lateralized memory task, in which participants are cued to re-
member the information on one side of the display and
ignore the information on the other side. By examining the
difference in voltage between the hemisphere contralateral to
the to-be-remembered information and the ipsilateral hemi-
sphere, it is possible to subtract away other brain activity.
This is especially important when comparing PSZ and con-
trols, who may differ in other late ERP components that are
unrelated to WM. We have previously shown that PSZ are un-
impaired at using cues to select the appropriate subset of
information for storage in WM under similar or even more
challenging conditions (Gold et al. 2006).
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A hallmark of the CDA is that its amplitude increases as the
number of objects in the encoding array increases but reaches
an asymptote at an individual’s WM capacity (Vogel and
Machizawa 2004; Anderson et al. 2011; Gao et al. 2011). If
PSZ have the same pattern of neural activity as healthy indi-
viduals with a low WM capacity, the relationship between
CDA and capacity should be equivalent across groups, with
the CDA reaching asymptote with fewer objects in PSZ than
in HCS. Moreover, this hypothesis predicts that the CDA
pattern in PSZ should be equivalent to that observed in low-
capacity HCS who are matched for WM capacity with the PSZ.
In contrast, the hypothesis that WM capacity is reduced in
PSZ because of a different mechanism predicts that the CDA
should be qualitatively different in PSZ and HCS, even in sub-
groups that are matched on behavioral measures of capacity.

Materials and Methods

Participants
Twenty-seven participants meeting the criteria for schizophrenia or
schizoaffective disorder and 23 HCS completed the task. Three par-
ticipants in the PSZ group and 2 in the HCS group were excluded due

to excessively noisy electroencephalogram (EEG) data leading to the
rejection of >25% of trials after artifact correction (see details below),
which exceeds our standard criterion for study inclusion. The final
sample described below therefore consisted of 24 PSZ and 21 HCS.

Diagnosis was established using a best estimate approach, which
combines material from past medical records, collateral informants
(when available), and the results of the Structured Clinical Interview
for DSM-IV-TR Axis I Disorders to make a diagnosis based on the
standard operational criteria in the Diagnostic and Statistical Manual
of Mental Disorders IV (DSM-IV). Final diagnosis was reached at a
consensus conference involving clinical staff chaired by co-author
J.M.G. All PSZ were clinically stable outpatients who had been receiv-
ing the same medications, at the same dose, for at least 4 weeks prior
to study participation (6 were receiving typical antipsychotics, 18 aty-
pical antipsychotics, with 1 participant on both typical and atypical
antipsychotics, and 1 participant stable without antipsychotics). Of
these participants, 10 were diagnosed as paranoid, 8 as undifferen-
tiated, 2 as residual, 1 as catatonic, and 3 as having schizoaffective
disorder.

Control participants were recruited by random-digit dialing of
households in nearby zip codes, and they were screened using the
complete Structured Clinical Interview for DSM-IV Axis I Disorders
(SCID-I; First et al. 2002) and Axis II Personality Disorders (SCID_IV;
Pfhol et al. 1995). Controls had no current diagnosis of any Axis I
disorder, Axis II schizophrenia-spectrum disorder, and denied a life-
time history of psychosis as well as no family history of psychotic dis-
orders in first-degree relatives.

The demographics of the participants are shown in Table 1. No
significant differences were found between groups in age, race,
gender, parental education, or handedness. There was a difference in
the number of years of education completed, which is typical given
that the disease onset is generally in early adulthood.

All participants (PSZ and HCS) were free of other medical or
neurologic comorbidity that might interfere with test performance, in-
cluding substance abuse or dependence within the last 12 months. All
participants were between the ages of 21 and 58 years of age, and
gave written informed consent before taking part in the study. The
protocol was approved by the Institutional Review Board at the Uni-
versity of Maryland School of Medicine.

Task Overview
Participants performed a lateralized change detection task akin to that
of Vogel and Machizawa (2004), while the EEG was recorded. Each
trial consisted of an encoding array in which to-be-remembered
shapes appeared on one side of the display and the same number of
irrelevant shapes on the other. Participants were required to remem-
ber the colors of the objects on one side of the encoding array (either
the rectangles or the circles depending on block; see Fig. 1A). They
maintained these objects in WM over the delay period, and then de-
termined whether or not one of the to-be-remembered objects
changed color in the test array.

Figure 1. (A) A no-change trial with memory load 3 in a block in which circles are
to be remembered (as indicated by the outline shape at fixation). (B) K-score at each
memory load. Group means with error bars representing the standard error are
presented and values for individual participants in each group are plotted alongside
the group means. Oval indicates those control participants included in the
matched-group analysis that contained all PSZ. Box indicates those individuals
included in the matched-group analysis that eliminated extreme participants from
both groups. (C) Grand-average ERP waveforms time-locked to encoding array onset
for HCS and PSZ groups, averaged across memory load. CDA is the differential
activity between the contralateral and ipsilateral waveforms (shown filled in gray).

Table 1
Demographic features of sample

HCS group PSZ group Statistical comparison

Mean Standard
deviation (SD)

Mean SD

Age 40.4 10.3 40.2 10.7 t(43) = 0.07, P= 0.94
Education (years) 15.4 2.1 13.4 2.2 t(43) = 3.13, P< 0.01
Parental education (years)a 14.5 2.7 14.3 2.9 t(41) = 0.21, P= 0.83
Male/female 14:7 17:7 χ2(1) = 0.09 P= 0.76
Race (AA:W:O) 8:13:0 10:13:1 χ2(2) = 0.53, P= 0.59
Handedness (R:L:A) 18:2:1 23:1:0 χ2(1) = 2.6, P= 0.11

Note: AA = African American, W=white, O = other, R = right-handed, L = left-handed,
A = ambidextrous (not included in χ2 analysis).
aTwo participants in the PSZ group were not able to report parental education levels.
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Stimuli
The stimuli were presented on a cathode ray tube monitor at a dis-
tance of 70 cm, with a medium gray background (5.7 cd/m2). Each
object subtended 0.65°. One, 3, or 5 objects of the to-be-remembered
shape were presented on each trial in a lateralized fashion, occurring
either all to the left or the right of fixation. On the opposite side, the
same number of objects was shown in the irrelevant shape. The
objects were positioned within 2 invisible rectangular regions, each
4° wide and 7.3° tall, positioned with the inner boundary either 1.5°
to the left or the right of fixation. Object locations were chosen ran-
domly within the appropriate region, except that a minimum distance
of 2° between object centers was required.

On each trial, the color of each object in the encoding display was
randomly chosen from a set of 12 colors without replacement. These
colors were red (Commission Internationate de l’Eclairage x, y coordi-
nates = 0.615, 0.351), green (0.205, 0.649), blue (0.148, 0.063), yellow
(0.444, 0.470), purple (0.333, 0.315), cyan (0.227, 0.312), pink (0.416,
0.322), gray (0.250, 0.405), black (0, 0), white (0.338, 0.310), orange
(0.458, 0.474), and magenta (0.319, 0.183). On a no-change trial, the
test array was identical to the encoding array. On a change trial, the
color of one randomly selected object from the attended side was
changed to one of the remaining colors not used in the test display.
This new color was constrained to be 1 of the 4 colors that were maxi-
mally distant from the original color in the color space, which ensured
that the color changes were always highly perceptually discriminable.

Procedure
The encoding array was presented for 200 ms and the
to-be-remembered objects were defined by shape. One side of the
screen contained circles and the other side contained rectangles, with
the side allocation varying randomly between trials. Participants were
instructed to remember the colors of the circles for half the blocks
and to remember the colors of the rectangles for the other half. The
encoding array was followed by an 800-ms delay period in which
only the fixation was shown (see Fig. 1A). A test display was then
shown, and the participant had a maximum of 2000 ms to make a
forced-choice response indicating whether one of the
to-be-remembered objects had changed color or whether the display
was the same as the encoding display. This was followed by a
1000-ms intertrial interval that only contained the fixation marker. A
color change was present in one of the to-be-remembered objects on
50% of trials (changes never occurred in the other objects). Partici-
pants responded by pressing a button on a handheld gamepad with
the index finger to indicate “change” and with the middle finger to
indicate “no change.” We have previously shown that PSZ are unim-
paired at the type of selection required in this task, even under more
difficult conditions in which the squares and circles are spatially inter-
mixed (Gold et al. 2006). To ensure that participants could easily re-
member the task rule, an outline of the to-be-remembered shape for
the current block was shown at fixation throughout the block. Each
array had 1, 3, or 5 task-relevant objects; the number of task-relevant
objects will be subsequently referred to as the “memory load.” The
instructions emphasized accuracy rather than speed. Participants were
instructed to maintain the fixation at the center of the screen during
each trial.

There were 12 trial blocks, with the to-be-remembered shape alter-
nating between blocks. Overall, there were 300 trials at each memory
load (i.e., 1, 3, or 5 to-be-remembered objects). At the beginning of
the session, participants completed a practice block that contained
only memory load 1 trials. Once the task was understood, another
practice block containing both memory loads 1 and 3 trials was run,
followed by a final practice that included memory loads 1, 3, and 5
trials.

After every 2 task blocks, participants performed a short eye move-
ment block in which they were instructed to make an eye movement
to an object that appeared briefly at a peripheral location for 750 ms.
The object randomly appeared at 1 of 8 locations, which consisted of
the 4 corners of the invisible regions in which objects could appear
during the memory task. In each of the 6 eye movement blocks, 16
trials were completed. The EEG data from these blocks were used to

improve the ability of our artifact correction methods to separate eye
movements from other sources of activity (see details below).

EEG Recording and Data Processing
The EEG was recorded from Ag/AgCl electrodes in an elastic cap,
using a subset of the International 10/20 system sites (O1, O2, Oz,
P3, P4, Pz, P7, P8, T7, T8, TP7, TP8, CP3, CP4, CPz, C3, C4, Cz, F3,
F4, and Fz). Data were recorded online with a left-mastoid reference,
and re-referenced offline to the average of the left and right mastoids.
Eye activity was monitored with 3 external electrodes. Blinks were
monitored with an electrode placed below the left eye (using F3 as
the reference). Eye movements were monitored using the horizontal
electrooculogram (HEOG), measured between electrodes placed 1 cm
lateral to the external canthi. Signals were amplified, filtered, and digi-
tized with a Neuroscan Synamps amplifier (gain = 5000, half-
amplitude bandpass = 0.05–100 Hz with a 60-Hz notch filter, sampling
rate = 500 Hz).

Signal processing and analysis were performed in Matlab using the
EEGLAB toolbox (Delorme and Makeig 2004) and ERPLAB toolbox
(http://www.erpinfo.org/erplab). Preprocessing included the removal
of time intervals that contained large muscle artifacts or extreme
offsets (identified by visual inspection) and the application of a But-
terworth high-pass filter with a half-amplitude cutoff of 0.05 Hz
(roll-off = 12 dB/octave). Data were downsampled to 250 Hz (an anti-
aliasing filter was automatically applied by the downsampling
routine). Independent component analysis (ICA) was then performed
on the continuous data to identify and remove components associated
with eye movements and eye blink activity (Jung et al. 2000). Follow-
ing the removal of these ICA components, a Butterworth low-pass
filter was applied (half-amplitude cutoff = 36 Hz, roll-off = 12 dB/
octave).

The ICA-corrected EEG data were segmented into epochs that
began 200 ms prior to the onset of the encoding display and ended at
the onset of the test display. Baseline correction was performed by
subtracting the mean of the 200-ms pre-stimulus period. Epochs were
rejected if any electrode contained offsets >200 µV over the course of
the epoch. At each scalp site and the bipolar vertical electrooculo-
gram (VEOG) channel, a window of 200 ms was moved across the
data (in 100-ms increments) and any epoch where the peak-to-peak
offset exceeded 150 µV in any window was also rejected. Finally, a
100-ms step function was applied to the bipolar HEOG (Luck 2005),
and epochs were rejected if they contained changes >25 µV, equival-
ent to saccades >1.5° (Lins et al. 1993). We also analyzed the data
solely using artifact rejection, without any ICA correction, and the
results were comparable to those presented here (but with reduced
statistical power owing to the smaller number of trials in the averages).

Measures and Analyses
Our primary behavioral measure was K, an estimate of the number of
objects held in WM (Pashler 1988; Cowan 2001). Pashler’s formula
was used because the design did not include a postcue (see Rouder
et al. 2011). Specifically, K = n × (HR− FA)/(1− FA), where n is the
number of to-be-remembered objects, HR is the hit rate, and FA is the
false alarm rate.

The CDA was measured as the difference between contralateral
and ipsilateral waveforms during the delay period, averaged over the
lateral posterior electrode sites (O1, O2, P3, P4, P7, P8, CP3, CP4,
TP7, and TP8). Contralateral waveforms were computed by averaging
the right electrode sites for trials on which to-be-remembered objects
occurred on the left side with the left electrode sites for trials on
which to-be-remembered objects occurred on the right side. Ipsilat-
eral waveforms were computed by averaging the right electrode sites
for trials on which to-be-remembered objects occurred on the right
side with the left electrode sites for trials on which to-be-remembered
objects occurred on the left side. Figure 1C depicts the contralateral
and ipsilateral waveforms (averaged over memory load) for each
group. We initially measured CDA amplitude as the mean amplitude
in separate early (400–700 ms) and late (700–1000 ms) time windows,
but the pattern of results did not differ between these windows, so a
single 400–1000 ms window was used for the main analyses.
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The P1 wave was measured to assess differences between groups
in early sensory processing. P1 amplitude was measured in 2 comp-
lementary ways. First, we measured the mean voltage of the P1 by
using a typical range of 70–130 ms. Secondly, to account for individ-
ual differences in P1 latency, we also measured the local peak ampli-
tude (Luck 2005) between 75 and 200 ms. These measurements were
taken from the occipital electrode sites (waveforms averaged over O1,
O2, and Oz), collapsing over those trials where the to-be-encoded
objects were on the left and right of the display.

Analysis of variance (ANOVA) was used for all statistical analyses.
Greenhouse–Geisser-corrected P-values are presented when viola-
tions of sphericity occurred (Jennings and Wood 1976).

Results

Behavioral Performance
Figure 1B shows K scores as a function of memory load, with
the values from individual participants plotted alongside the
group means. Mean K was near ceiling in both groups at
memory load 1, but was reduced in PSZ compared with HCS
at memory loads 3 and 5. K was entered into a 2-way ANOVA,
with memory load (1, 3, and 5) and group (PSZ and HCS) as
factors. Confirming the higher overall K in HCS, there was a
significant main effect of the group (F1,43 = 5.8, P = 0.02).
There was also the expected increase in K as more objects
were available to be encoded (F2,86 = 95.9, P < 0.001). Impor-
tantly, the interaction was significant (F2,86 = 4.4, P = 0.02),
indicating that PSZ showed a specific impairment with larger
memory loads. Planned comparisons showed a significantly
lower K in PSZ than in HCS for memory loads 3 (t(43) = 2.6,
P = 0.013) and 5 (t(43) = 2.19, P = 0.034), but not for memory
load 1 (t(43) = 1.7, P = 0.09). These results replicate a previous
study showing that K is substantially reduced in PSZ for
arrays that are near or above capacity, but not for arrays of
1–2 objects (Gold et al. 2006). The presence of reduced K pri-
marily at larger set sizes, but not at set size 1, suggests that
the observed deficit in PSZ does not reflect nonspecific
factors such as lapses of attention or poor perceptual abilities.

Contralateral Delay Activity
Grand-average ERP difference waves (contralateral minus ipsi-
lateral) are shown in Figure 2A for both PSZ and HCS, illus-
trating the CDA at each memory load; mean CDA amplitudes
are summarized in Figure 2B. In both groups, the difference
waves diverged from 0 µV approximately 200 ms after the
onset of the encoding array. The initial part of this effect (ca.
200–300 ms) presumably included activity associated with the
N2pc component, which is lateralized like the CDA but re-
flects perceptual-level selection (Luck 2012). However, this
early portion may have included CDA as well as N2pc, so the
present design does not provide a pure measure of N2pc
activity (which is normal in PSZ when attention is directed to
a single visual search target; Luck et al. 2006). To avoid con-
taminating our CDA measure with N2pc activity, we began
the CDA measurement period at 400 ms, by which time the
N2pc has ordinarily terminated.

In both groups, the CDA was larger at memory loads 3 and
5 than at memory load 1. The CDA was substantially smaller
for PSZ than for HCS at memory loads 3 and 5, which is con-
sistent with the lower K observed for PSZ than for HCS at
these memory loads. In contrast, the CDA was larger in PSZ
than in HCS at memory load 1. Thus, PSZ do not simply
exhibit decreased CDA amplitude but actually have a larger
CDA than HCS under some conditions.

To assess the statistical significance of these results, we
initially measured CDA amplitude in separate early (400–700
ms) and late (700–1000 ms) time windows and conducted a
3-way ANOVA with factors time window (early vs. late),
memory load (1, 3, and 5) and group (PSZ and HCS). There
was no main effect of time window (F1,43 = 1.98, P = 0.17).
However, time did interact with memory load (F2,86 = 4.34,
P = 0.02), reflecting a drop in CDA amplitude over time in
both PSZ and HCS that were particularly pronounced at the
higher memory loads. Importantly, there was no interaction
of time window and group (F1,43 = 0.03, P = 0.96) and no time
window ×memory load × group interaction (F2,86 = 1.15, P =
0.32). The finding that CDA amplitude does not decline faster

Figure 2. (A) Grand-average ERP waveforms time-locked to encoding array onset showing the CDA difference waves (computed by subtracting the ipsilateral from the
contralateral waveforms seen in Fig. 1C). (B) The mean amplitude of CDA between 400 and 1000 post-stimulus.
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in PSZ than in HCS is consistent with recent empirical work
by Gold et al. (2010) and a meta-analysis by Lee and Park
(2005) that found no evidence of faster decay of WM rep-
resentations in PSZ than in HCS.

The ANOVA yielded a significant main effect of memory
load (F2,86 = 34.7, P < 0.001), reflecting the increase in CDA
with increasing memory load. The interaction of memory load
and group was also significant (F2,86 = 12.4, P < 0.001), reflect-
ing the fact that the CDA was larger in HCS than in PSZ at
memory loads 3 and 5 but larger in PSZ than in HCS at
memory load 1. Given that there were no significant inter-
actions of group with time window, the average over the full
time window (400–1000 ms) is used in all subsequent ana-
lyses. CDA amplitude in this time window is summarized in
Figure 2B, which confirms the patterns visible in the wave-
forms in Figure 2A.

Pairwise t-tests in this window confirmed a larger CDA for
HCS than for PSZ at memory loads 3 (t(43) = 2.1, P = 0.046)
and 5 (t(43) = 3.0, P = 0.004), along with the larger CDA for
PSZ than for HCS at memory load 1 (t(43) = 2.06, P = 0.046).
Moreover, 1-sample t-tests demonstrated that the CDA
for memory load 1 was significantly >0 µV in PSZ (t(23) = 3.2,
P = 0.009) but not in HCS (t(20) = 0.58, P = 0.57). Note that
the CDA reflects the difference in activity between the hemi-
sphere contralateral to the to-be-remembered side and the
hemisphere contralateral to the to-be-ignored side, and it is
therefore, in part, a measure of selective processing. The
finding of a greater CDA in PSZ than in HCS at memory load
1 therefore suggests that PSZ were actually more selective
than HCS in representing only the relevant object when the
display contained a single object on each side.

Matched-Group Analysis
The finding of a larger CDA at memory load 1 in PSZ com-
pared with HCS argues against the hypothesis that PSZ, like
low-K healthy individuals, have a low K because of a deficit
in preventing task-irrelevant information from reaching WM.
However, to conclusively demonstrate that PSZ are not simply
like low-K HCS, it is necessary to show that the pattern of
neural activity in PSZ is different from that exhibited by HCS
who have the same WM capacity. We therefore analyzed CDA
amplitude in subsets of our PSZ and HCS samples that were
matched for K scores at memory load 3. We used memory
load 3 rather than memory load 5 because filtering deficits
may produce declines in K for supracapacity arrays (Weiss
et al. 1988; Gold et al. 2003; Vogel et al. 2005; McNab and
Klingberg 2008). There are many different ways to create
matched subgroups. We report the results from 2 complemen-
tary approaches, both of which equate the mean K values as
well as possible while excluding as few participants as necess-
ary to avoid jeopardizing the generality of the findings and
reducing statistical power.

Our first approach involved comparing the entire group of
PSZ to a subgroup of HCS that excluded the individuals with
relatively high K values. This allowed us to ask very directly
whether the reduced capacity in PSZ is accompanied by the
same neural activity that characterizes HCS who have rela-
tively low capacity. To accomplish this, we included all except
the 7 HCS who had the highest K scores and who formed an
obvious cluster at the top of the K distribution. The remaining
subgroup of HCS (indicated by an oval in Fig. 1B) did not

differ significantly in K from the PSZ (F1,36 = 0.32, P = 0.58),
nor was there a group by memory load interaction (F2,72 =
0.58, P = 0.56). Despite having approximately the same be-
havioral performance (Fig. 3A), the groups did not exhibit the
same CDA pattern. Just as in our comparison of the whole
HCS group to the PSZ, we found that the CDA was elevated at
memory load 1 and reduced at memory loads 3 and 5 in PSZ
relative to the K-matched HCS subgroup (see Fig. 3B). In a
group ×memory load CDA analysis, the different CDA pat-
terns led to a significant group ×memory load interaction
(F2,72 = 5.45, P = 0.013), just as in the original whole-groups
analysis. Moreover, the CDA was significantly elevated at
memory load 1 for PSZ relative to the K-matched HCS sub-
group (t(36) = 1.85, P = 0.05). The CDA at memory loads 3
and 5 was lower in this HCS subgroup than in the whole HCS
group, as would be expected given that the CDA typically
asymptotes at a lower level in healthy individuals with low
capacity (Vogel and Machizawa 2004; see also the correla-
tional analyses in the next section). T-tests comparing the
CDA between PSZ and the K-matched HCS subgroup were no
longer significant at memory loads 3 (t(36) = 0.97, P = 0.33)
and 5 (t(36) = 1.81, P = 0.12).

Our second approach to comparing K-matched subgroups
was to eliminate individuals from both groups who had very
high or very low K values, making it possible to ask whether
the effects observed in our previous analyses remain when
the most extreme individuals are excluded. Specifically, we
eliminated 3 HCS whose K scores were above the range of the
PSZ group, as well as the 2 HCS who performed well below
everyone else in the HCS group. We also eliminated the 8 PSZ
with the lowest K scores. This led to approximately equal
mean K values for the 2 subgroups, with no significant effect
of group (F1,30 = 0.62, P = 0.44) or group ×memory load inter-
action (F2,60 = 0.48, P = 0.62). The rectangle in Figure 1B indi-
cates the individuals who were included in this
matched-group analysis (N = 16 per subgroup). Despite the
fact that behavioral performance was nearly equal in the
matched subgroups (Fig. 3C), we found very different CDA
patterns in these subgroups (see Fig. 3B). As before, CDA am-
plitude in these subgroups was greater in PSZ than in HCS at
memory load 1, but smaller in PSZ than in HCS at memory
loads 3 and 5, yielding a significant memory load × group
interaction (F2,60 = 11.7, P < 0.001). The CDA at memory load
1 was again greater for PSZ than for HCS in these matched
subgroups (t(30) = 2.2, P = 0.04). Conversely, the CDA was
marginally significantly larger for HCS than for PSZ at
memory load 3 (t(30) = 1.9, P = 0.056) and significantly larger
at memory load 5 (t(30) = 2.4, P = 0.025). These results
suggest that PSZ and HCS with intermediate WM capacity
levels achieve these levels via different neural mechanisms.

These 2 methods represent 2 distinct ways of matching per-
formance, but they converge on the same pattern of results.
In both methods, the crucial group ×memory load interaction
was significant. Moreover, both methods yielded a signifi-
cantly greater CDA amplitude at memory load 1 in the PSZ
group compared with the matched HCS group. The only
difference between these approaches was that, although the
mean CDA amplitude at memory loads 3 and 5 was numeri-
cally lower in the PSZ group relative to the matched HCS
group in both approaches, these differences reached a statisti-
cal significance only in the second approach. The most parsi-
monious explanation for this minor difference is that the
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reduction in sample size in the subgroup analyses led to a
reduction in statistical power, increasing variability and
making it more difficult to reach a statistical significance.

Correlations Between CDA and Behavior
To more specifically examine the relationship between the
CDA and K, we examined correlations between measures
(using the full sample of participants to avoid a restriction of
range). In previous research with healthy young adults, CDA

increased with memory load up to an individual’s capacity,
which led to a strong correlation between capacity and the
change in CDA between small and intermediate memory
loads (Vogel and Machizawa 2004). Figure 4 shows this K–
CDA relationship in PSZ and HCS. Specifically, we examined
the correlation between the K-score at memory load 3 and the
increase in CDA amplitude between memory loads 1 and
3. Consistent with previous research, this correlation was sig-
nificant in HCS (Pearson’s r = 0.59, P = 0.005) but not in PSZ

Figure 3. (A) K scores for groups containing all PSZ, with the best performing HCS eliminated. (B) The mean amplitude of CDA between 400 and 1000 post-stimulus for the
group in (A). (C) K scores for groups matched by eliminating participants from both groups that had extreme K-scores at memory load 3. (D) The mean amplitude of CDA
between 400 and 1000 post-stimulus for the groups shown in (C).

Figure 4. A scatter plot showing each participant’s K score at memory load 3 against the increase in CDA amplitude between memory loads 1 and 3 for the HCS and PSZ
groups.
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(Pearson’s r = 0.03, P = 0.987), and the difference in corre-
lation between groups was statistically significant (z = 2.0,
P = 0.045, 2-tailed). Due to the skewed distribution of K
values, we also calculated these correlations using Spearman’s
rank order correlation and found the same pattern (HCS: rs =
0.51, P = 0.017; PSZ: rs = 0.01, P = 0.96). Note that K was as-
sessed at memory load 3 because K declined at memory load
5 in some participants, but the same pattern of results was
obtained when we used K at memory load 5. Thus, PSZ did
not show the typical relationship between K and CDA ampli-
tude, providing further evidence for a qualitative rather than a
quantitative difference in WM between PSZ and HCS.

We also examined correlations between K and the CDA at
memory load 1 to see if hyperfocusing in PSZ (i.e., a large
CDA at memory load 1) was associated with individual differ-
ences in memory performance. Because the analyses de-
scribed above showed that the overselection effect was
present in PSZ even when subgroups with equal K were com-
pared, overselection does not seem like a likely explanation
for the overall group difference in K at memory load
3. However, PSZ tend to exhibit a drop in K as the memory
load increases beyond their storage capacity (Gold et al. 2003,
2006), and this may reflect an increasing tendency to overse-
lect among the to-be-remembered objects when the WM
system is challenged by higher loads. That is, the same ten-
dency that leads to hyperfocusing on the attended side when
each side contains only one object might lead to hyperfocus-
ing on a subset of the information on the attended side when
the display contains 5 items on each side. In this case, we
would expect that K would drop between memory loads 3
and 5 in those PSZ who exhibit evidence of overselection
(large CDA at memory load 1). To examine this, we correlated
the amplitude of the CDA at memory load 1 with the change
in K between memory loads 3 and 5 (Fig. 5). HCS showed no
significant relationship between these 2 measures (Pearson’s
r =−0.211, P = 0.36). In contrast, PSZ exhibited a strong nega-
tive correlation (Pearson’s r = 0.649, P = 0.001). That is, PSZ
with a large CDA amplitude (i.e., a large negative value) at
memory load 1 were also likely to exhibit reduced K at
memory load 5 relative to memory load 3 (i.e., a negative

change in K). The difference in correlation between PSZ and
HCS was marginally significant (z = 1.74, P = 0.08, 2-tailed), so
we cannot conclude with confidence that this overselection
pattern is present only in PSZ. However, the correlation
within PSZ was quite high, accounting for 42% of the var-
iance, so we can confidently conclude that the ERP evidence
of overselection at memory load 1 in PSZ is strongly related to
their behavioral performance at higher memory loads. (Spear-
man’s rho was also significant for PSZ, rs = 0.67, P < 0.001,
but not for HCS, rs = 0.26, P = 0.26.)

Hemispheric and Laterality Effects
Previous work has suggested that there may be atypical hemi-
spheric asymmetry in PSZ, with impairments specific to the
left prefrontal system (Posner et al. 1988; Park 1999). Because
a lateralized frontal impairment might lead to deficits in pos-
terior memory maintenance specific to one hemisphere, we
ran an additional ANOVA that the contained electrode hemi-
sphere (left and right) and attended side (contra and ipsi) as
factors, in addition to the group (HCS and PSZ) and memory
load (1,3, and 5). There was no main effect of hemisphere
(F1,43 = 0.09, P = 0.77), nor was there any significant inter-
actions involving both the hemisphere and group (all P’s
>0.33). In addition, we conducted separate analyses of CDA
amplitude for trials in which the attended items were in the
left and right visual fields. For both visual fields, the inter-
action of group and memory load was significant (left: F2,86 =
6.1, P < 0.01; right: F2,86 = 4.6, P = 0.02), providing further
evidence that our CDA effect was not driven by a single
hemisphere.

Because a relationship between left-handedness and
schizophrenia has been reported (Green et al. 1989), we also
conducted the main CDA analyses excluding the left-handed
and ambidextrous participants from both groups. The signifi-
cant interaction of memory load and group was again found
(F2,78 = 10.4, P = 0.001), accompanied by a significantly larger
CDA for memory load 1 in PSZ than in HCS (t(39) = 2.10, P =
0.04) and a significantly smaller CDA for memory load 5 in
PSZ than in HCS (t(39) = 2.67, P = 0.01).

Figure 5. A scatter plot showing each participant’s K score between memory loads 3 and 5 against the CDA amplitude at memory load 1.
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Early Sensory Activity: Correlations with P1 Amplitude
Recent studies have suggested that WM deficits in PSZ could
stem from low-level sensory deficits (Haenschel et al. 2007;
Dias et al. 2011), although other studies have demonstrated
that reduced visual WM capacity can be observed in PSZ even
when sensory precision is factored out (Gold et al. 2010).
Despite this controversy, it is clear that the amplitude of the
P1 sensory response is reduced in PSZ (Foxe et al. 2001;
Schechter et al. 2005; Luck et al. 2006). This reduction in P1
amplitude was also observed in the present data, especially at
the most posterior occipital electrode sites. Separate ANOVAs
were conducted with the mean and peak P1 amplitude
measures, using factors of memory load and group. The
reduced P1 amplitude in PSZ led to a significant main effect of
group for the peak amplitude measure (F1,43 = 6.1, P = 0.018)
and a strong trend for the mean amplitude measure (F1,43 =
3.6, P = 0.06). However, there was no main effect of memory
load (peak: F2,86 = 0.20, P = 0.82; mean: F2,86 = 2.5, P = 0.11),
nor an interaction of memory load and group (peak: F2,86 =
0.02, P = 0.98; mean: F2,86 = 0.57, P = 0.5).

To determine whether this reduction in the sensory
response might explain the WM impairments in PSZ, we
examined correlations between P1 amplitude and multiple
WM measures, separately for PSZ and HCS (see Table 2).
None of these correlations approached significance except for
a marginally significant correlation between P1 mean ampli-
tude and CDA amplitude at memory load 3 in HCS (P =
0.056). Overall, there was no evidence that sensory proces-
sing deficits could explain either the reduced K or the CDA
abnormalities in PSZ. Thus, although there was a significant
evidence for sensory impairment in PSZ, there was no evi-
dence that this contributed to the WM impairments in our
study.

Medication Analyses
It is always challenging to rule out the possibility that differ-
ences in neural activity between PSZ and HCS are a conse-
quence of medications. However, it is possible to determine
whether the considerable individual differences among PSZ
could be explained by the different types of medications they
are receiving. We examined CDA amplitude using ANOVAs
with memory load and drug group as factors, comparing
those who were taking typical (n = 5) versus atypical antipsy-
chotics (n = 17), those taking selective sertonin reuptake
inhibitors (n = 11) versus those not (n = 13), those taking a
benzodiazepine (n = 15) versus those who were not (n = 9),
and those taking antiparkinsonian drugs (n = 4) versus those

not (n = 20). In none of these analyses did the main effect of
drug group or the interaction between drug group and
memory load approach significance. In addition, we com-
puted chlorpromazine equivalents for each of the PSZ and
examined the correlation between this measure and several
CDA measures: CDA amplitude at each memory load, differ-
ence in CDA between memory loads 1 and 3, and difference
in CDA between memory loads 3 and 5. None of these corre-
lations approached significance
(P > 0.31 in all cases). Thus, there was no evidence that
medications influenced the present results, which accord with
previous evidence indicating that WM deficits in PSZ are not a
consequence of medication (Barch et al. 2001; Brahmbhatt
et al. 2006).

Other Correlated Measures
Working memory is a complex construct that includes, in
addition to storage capacity, the maintenance of information
for several seconds in the face of distraction and the updating
and manipulation of this information. Many different para-
digms can be used to investigate WM, but we have chosen the
change detection task because it provides a relatively pure
measure of the storage capacity component. To ensure that
our K measure is related to standard clinical measures of WM
performance, we calculated the correlation between K and
the Working Memory Domain score from the MATRICS
battery (which is composed of a spatial span task and the
letter-number sequencing test; Nuecherlein and Green 2006).
These data were available for 19 of the 21 participants in the
HCS group and for 23 of the 24 participants in the PSZ group.
We found significant correlations between K and the
MATRICS WM score in both HCS and PSZ (see Table 3).
Similar correlations between K and the MATRICS battery were
observed previously, using a related method for measuring K
(Gold et al. 2010).

Because the groups were not matched on education (PSZ
had 2 years less than HCS), we also examined the relationship
between education and K. There was a strong positive
correlation in HCS (memory load 3: r = 0.46, P = 0.04; memory
load 5: r = 0.049, P = 0.03), such that those with higher K
tended to have higher education. However, there was no sig-
nificant correlation between K and education in PSZ (memory
load 3: r = 0.19, P = 0.35; memory load 5: r = 0.25, P = 0.23).
The most plausible explanation for this pattern of results is
that better WM allows some healthy people to progress
further than others in education, but that schizophrenia typi-
cally prevents people from attaining higher levels of edu-
cation (irrespective of their WM capacity). There were no
significant correlations between education level and CDA am-
plitude in HCS (memory load 1: r = 0.33, P = 0.14; memory
load 3: r = 0.04, P = 0.87; memory load 5: r = 0.03, P = 0.89) or
in PSZ (memory load 1: r = 0.12, P = 0.56; memory load 3: r =

Table 2
P1 correlations with K and CDA

HCS group PSZ group

Mean amplitude Peak amplitude Mean amplitude Peak amplitude

K at 1 −0.140 −0.070 −0.144 −0.165
K at 3 0.248 0.070 −0.184 −0.214
K at 5 0.208 0.041 −0.226 −0.151
CDA at 1 −0.399* −0.135 0.043 0.363*
CDA at 3 −0.425** −0.344 0.190 0.221
CDA at 5 −0.315 −0.225 0.237 0.324

*0.073 < P< 0.10.
**P= 0.056.

Table 3
Correlations between K and the WM domain score from the MATRICS battery

Group Memory load Pearson’s r (P-value) Spearman’s rho (P-value)

HCS 3 0.51 (0.03) 0.29 (0.24)
HCS 5 0.49 (0.03) 0.30 (0.22)
PSZ 3 0.53 (0.01) 0.53 (0.01)
PSZ 5 0.36 (0.09) 0.54 (0.01)
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0.25, P = 0.23; memory load 5: r = 0.39; P = 0.06). Note also
that the groups were equated for parental education.

We also examined the potential impact of illness duration
on our results. There was a strong negative correlation
between K at memory loads 3 and 5 and illness duration
(memory load 3: r =−0.41, P = 0.05; memory load 5: r =
−0.48, P = 0.02). However, illness duration was highly corre-
lated with age at the time of testing (r = 0.93, P < 0.001). In
HCS, age at testing was significantly correlated with K
(memory load 3: r =−0.56, P = 0.01; memory load 5: r =
−0.61, P < 0.01), which matches many previous studies
showing age-related declines in WM function (e.g., Park et al.
2002; Brockmole et al. 2008). In PSZ, illness duration was no
longer correlated with K when the influence of age was par-
tialled out (memory load 3: r = 0.26, P = 0.23; memory load 5:
r = 0.26, P = 0.24). Thus, there was no evidence that illness
duration per se influenced K. There was also no significant
correlation between CDA amplitude and illness duration in
PSZ (memory load 1: r =−0.3, P = 0.15; memory load 3: r =
−0.20, P = 0.36; memory load 5: r =−0.36, P = 0.09).

Discussion

The main question addressed by this experiment was whether
the pattern of neural activity in PSZ, who have been shown to
have a reduced WM capacity (Gold et al. 2003, 2010), is
similar to that of HCS who have similarly low WM capacity.
The answer is clearly “no.” The most direct evidence for this
conclusion comes from the relationship between CDA ampli-
tude and memory load, which was strikingly different
between PSZ and HCS, even in analyses of subgroups that
were matched for K. PSZ exhibited increased CDA amplitude
relative to HCS for memory load 1 but tended to exhibit de-
creased CDA amplitude relative to HCS for memory loads 3
and 5. This pattern of results indicates that the neural mechan-
isms that produce a given level of WM performance are differ-
ent for PSZ and HCS. Moreover, whereas we replicated
previous studies showing that the change in CDA between
low and intermediate memory loads is predictive of WM
memory capacity in healthy individuals (Vogel and Machiza-
wa 2004; Anderson et al. 2011), this correlation was absent in
PSZ. In contrast, we found that larger CDA amplitudes at
memory load 1 strongly predicted a drop in our behavioral
measure of capacity, K, at memory load 5 in PSZ, whereas
this relationship was absent in HCS. Thus, the typical pattern
of neural activity is different in PSZ than it is in HCS, even for
individuals with similar WM capacity, and the neural factors
that accompany individual differences in WM performance
are different in PSZ and HCS. Specifically, a primary source of
WM variability in PSZ appears to be the mechanism that con-
trols the amplitude of the CDA at memory load 1, whereas a
primary source of WM variability in HCS appears to be the
mechanism that controls the increase in CDA from memory
loads 1 to 3.

The most striking effect in the present study was the larger
CDA amplitude for PSZ than for HCS at memory load 1. An
analogous pattern has been observed in the prefrontal blood
oxygenation level-dependent signal (BOLD) during the per-
formance of N-back tasks (see Manoach 2003 for a review).
Specifically, PSZ showed increased BOLD activity at low loads
(i.e., 1-back) relative to HCS, but decreased BOLD activity
relative to HCS at high loads (i.e., 2- or 3-back). This was

interpreted as indicating that both PSZ and HCS exhibit
maximal prefrontal activation when they are at the peak of
their behavioral performance, with PSZ peaking at lower
loads than HCS. However, this cannot explain the present
results, because PSZ exhibited larger CDA activity than HCS
at memory load 1 even in subgroups who were matched for
behavioral performance.

Because the CDA reflects, in part, the selective mainten-
ance of information from the to-be-remembered side relative
to the to-be-ignored side, our results suggest that PSZ are
more selective than HCS at memory load 1. This contrasts
with previous work in healthy individuals showing that low K
is correlated with a failure to select among distractors
(Conway et al. 2001; Bleckley et al. 2003; Vogel et al. 2005;
McNab and Klingberg 2008). Thus, whereas low K in healthy
individuals is associated with impaired selection, the lower K
of PSZ compared with HCS may reflect an opposite tendency
to hyperfocus.

It should be noted that WM is a complex construct, and the
change detection paradigm used in the present study provides
a relatively pure measure of storage capacity over a very short
duration, with minimal demands on maintenance or executive
processes. Nevertheless, K was strongly correlated with the
WM score from the MATRICS battery, indicating that it shares
variance with the broader construct of WM. Other tasks that
are widely used to measure WM capacity, such as the N-back
and Sternberg tasks, require additional manipulation pro-
cesses that are not captured by our K measure and may be
disrupted in PSZ. Thus, the present study shows that PSZ
exhibit a specific impairment in the storage of multiple object
representations in WM, and additional research is needed to
determine how this impairment is related to impairments in
other components of the WM system.

We hypothesize that hyperfocusing exhibited by PSZ
impairs their ability to maintain multiple simultaneous rep-
resentations. Hyperfocusing on a single memory represen-
tation would not impair performance when there is only one
object that should be stored in memory. At higher memory
loads, however, a tendency to hyperfocus might lead PSZ to
select a subset of the to-be-remembered objects, which would
be deleterious to performance and lead to a reduced capacity
estimate. Indeed, individual differences in our CDA measure
of hyperfocusing (i.e., CDA at memory load 1) were strongly
correlated in PSZ with a drop in behavioral performance
when the memory load increased from 3 to 5. In other words,
PSZ who were prone to hyperfocusing on the
to-be-remembered side under low-load conditions also had
greater difficulty in remembering all of the information from
the to-be-remembered side when the memory load was high.

Although the idea that hyperfocusing can explain impaired
WM capacity in PSZ is merely a conjecture at this point, the
present findings converge with other recent results suggesting
that PSZ have a general deficit when required to divide atten-
tion among multiple task-relevant sources of information, and
that they tend to engage in abnormally enhanced selectivity
under these conditions. First, spatial cuing studies have
shown that PSZ exhibit no impairment in focusing attention
onto a single location (Luck et al. 2006), but they are impaired
when endogenously cued to attend to multiple locations
(Elahipanah et al. 2011; Hahn et al. 2012). Another study
has shown that PSZ are actually more effective than HCS at
clearing an object from WM when it is no longer relevant
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(Hahn et al. 2012). In addition, although it did not reach sig-
nificance, a previous study found that the N2pc component—
a neural signature of attentional selection—was greater in PSZ
than in HCS when attention was focused onto a single target
object in a visual search task (Luck et al. 2006). Previous re-
search suggests that similar mechanisms of attention may
operate in both perception and WM (Awh and Jonides 2001;
Kuo et al. 2011), suggesting the possibility that a specific
deficit in schizophrenia could cause a widespread impairment
across a range of seemingly disparate tasks. All of these
results point to a deficit in simultaneously processing multiple
sources of information—whether in perception or in WM—

and a tendency toward hyperfocusing on a subset of
to-be-attended sources of information.

Funding

This work was supported by the NIH (grant numbers
R01MH076226 to S.J.L. and R01MH065034 to S.J.L. and J.M.G.).

Notes
Conflict of Interest: none declared.

References
Anderson DE, Vogel EK, Awh E. 2011. Precision in visual working

memory reaches a stable plateau when individual item limits are
exceeded. J Neurosci. 31:1128–1138.

Awh E, Jonides J. 2001. Overlapping mechanisms of attention and
spatial working memory. Trends Cogn Sci. 5:119–126.

Barch DM. 2005. The cognitive neuroscience of schizophrenia. Ann
Rev Clin Psychol. 1:321–353.

Barch DM, Carter CS, Braver TS, Sabb FW, MacDonald A, Noll DC,
Cohen JD. 2001. Selective deficits in prefrontal cortex function in
medication-naive patients with schizophrenia. Arch Gen Psychia-
try. 58:280–288.

Bleckley MK, Durso FT, Crutchfield JM, Engle RW, Khanna MM. 2003.
Individual differences in working memory capacity predict visual
attention allocation. Psychon Bull Rev. 10:884–889.

Brahmbhatt SB, Haut K, Csernansky JG, Barch DM. 2006. Neural cor-
relates of verbal and nonverbal working memory deficits in indi-
viduals with schizophrenia and their high-risk siblings. Schizophr
Res. 87:191–204.

Brockmole JR, Parra MA, Della Sala S, Logie RH. 2008. Do binding
deficits account for age-related decline in visual working memory?
Psychon Bull Rev. 15:543–547.

Conway AR, Cowan N, Bunting MF. 2001. The cocktail party phenom-
enon revisited: the importance of working memory capacity.
Psychon Bull Rev. 8:331–335.

Cowan N. 2001. The magical number 4 in short-term memory: a re-
consideration of mental storage capacity. Behavior Brain Sci.
24:87–185.

Delorme A, Makeig S. 2004. EEGLAB: an open source toolbox for
analysis of single-trial EEG dynamics including independent com-
ponent analysis. J Neurosci Methods. 134:9–21.

Dias EC, Butler PD, Hoptman MJ, Javitt DC. 2011. Early sensory con-
tributions to contextual encoding deficits in schizophrenia. Arch
Gen Psychiatry. 68:654–664.

Durstewitz D, Seamans JK. 2008. The dual-state theory of prefrontal
cortex dopamine function with relevance to catechol-
o-methyltransferase genotypes and schizophrenia. Biol Psychiatry.
64:739–749.

Elahipanah A, Christensen BK, Reingold EM. 2011. Controlling the
spotlight of attention: visual span size and flexibility in schizo-
phrenia. Neuropsychologia. 49:3370–3376.

First MB, Spitzer RL, Miriam G, Williams JBW. 2002. Structured Clini-
cal Interview for DSM-IV-TR Axis I Disorders, Research Version,
Patient Edition with Psychotic Screen. New York: Biometrics Re-
search, New York State Psychiatric Institute.

Foxe JJ, Doniger GM, Javitt DC. 2001. Early visual processing deficits
in schizophrenia: impaired P1 generation revealed by high-density
electrical mapping. Neuroreport. 12:3815–3820.

Gao Z, Xu X, Chen Z, Yin J, Shen M, Shui R. 2011. Contralateral delay
activity tracks object identity information in visual short term
memory. Brain Res. 1406:30–42.

Gold JM, Fuller RL, Robinson B, McMahon RP, Braun EL, Luck SJ.
2006. Intact attentional control of working memory encoding in
schizophrenia. J Abnorm Psychol. 115:658–673.

Gold JM, Hahn B, Zhang W, Robinson BM, Kappenman ES, Beck VM,
Luck SJ. 2010. Reduced capacity by spared precision and mainten-
ance of working memory representations in schizophrenia. Arch
Gen Psychiatry. 67:570–577.

Gold JM, Wilk C, McMahon R, Luck SJ. 2003. Working memory for
visual features and conjunctions in schizophrenia. J Abnorm
Psychol. 112:61–71.

Goldman-Rakic PS. 1994. Working memory dysfunction in schizo-
phrenia. J Neuropsychiatry Clin Neurosci. 6:348–357.

Green MF, Satz P, Smith C, Nelson L. 1989. Is there atypical handed-
ness in schizophrenia? J Abnorm Psychol. 98:57–61.

Haenschel C, Bittner RA, Haertling F, Rotarska-Jagiela A, Maurer K,
Singer W, Linden DE. 2007. Contribution of impaired early-stage
visual processing to working memory dysfunction in adolescents
with schizophrenia: a study with event-related potentials and func-
tional magnetic resonance imaging. Arch Gen Psychiatry.
64:1229–1240.

Hahn B, Hollingworth A, Robinson BM, Kaiser ST, Leonard CJ, Beck
VM, Kappenman ES, Luck SJ, Gold JM. 2012. Control of working
memory content in schizophrenia. Schizophr Bull. 134:70–75.

Hahn B, Robinson B, Harvey AN, Kaiser ST, Leonard CJ, Luck SJ,
Gold JM. 2012. Visuospatial attention in schizophrenia: deficits in
broad monitoring. J Abnorm Psychol. 121:119–128.

Hahn B, Robinson BM, Kaiser ST, Harvey AN, Becky VM, Leonard CJ,
Kappenman ES, Luck SJ, Gold JM. 2010. Failure of schizophrenia
patients to overcome salient distractors during working memory
encoding. Biol Psychiatry. 68:603–609.

Hayhoe M, Ballard D. 2005. Eye movements in natural behavior.
Trends Cogn Sci. 9:188–193.

Jennings JR, Wood CC. 1976. The e-adjustment procedure for
repeated-measures analyses of variance. Psychophysiology.
13:277–278.

Jung TP, Makeig S, Humphries C, Lee TW, McKeown MJ, Iragui V,
Sejnowski TJ. 2000. Removing electroencephalographic artifacts
by blind source separation. Psychophysiology. 37:163–178.

Kuo BC, Stokes MG, Nobre AC. 2011. Attention modulates mainten-
ance of representations in visual short-term memory. J Cogn
Neurosci. 24:51–60.

Lee J, Park S. 2005. Working memory impairments in schizophrenia:
a meta-analysis. J Abnorm Psychol. 114:599–611.

Lins OG, Picton TW, Berg P, Scherg M. 1993. Ocular artifacts in EEG
and event-related potentials I: scalp topography. Brain Topogr.
6:51–63.

Lisman JE, Coyle JT, Green RW, Javitt DC, Benes FM, Heckers S,
Grace AA. 2008. Circuit-based framework for understanding neu-
rotransmitter and risk gene interactions in schizophrenia. Trends
Neurosci. 31:234–242.

Luck SJ. 2012. Electrophysiological corrleates of the focusing of atten-
tion within complex visual scenes: N2pc and related ERP com-
ponents. In: Luck SJ, Kappenman ES, editors. Oxford Handbook
of ERP components. New York: Oxford University Press.
p. 329–360.

Luck SJ. 2005. An introduction to the event-related potential tech-
nique. Cambridge (MA): MIT Press.

Luck SJ, Fuller RL, Braun EL, Robinson B, Summerfelt A, Gold JM.
2006. The speed of visual attention in schizophrenia: electro-
physiological and behavioral evidence. Schizophr Res.
85:174–195.

Cerebral Cortex July 2013, V 23 N 7 1591



Luck SJ, Vogel EK. 1997. The capacity of visual working memory for
features and conjunctions. Nature. 390:279–281.

Manoach DS. 2003. Prefrontal cortex dysfunction during working
memory performance in schizophrenia: reconciling discrepant
findings. Schizophr Res. 60:285–298.

McNab F, Klingberg T. 2008. Profrontal cortex and basal ganglia
control access to working memory. Nat Neurosci. 11:103–107.

Miller GA. 1956. The magical number seven, plus or minus two: some limits
on our capacity for processing information. Psychol Rev. 63:81–97.

Mitchell DJ, Cusack R. 2011. The temporal evolution of electromag-
netic markers sensitive to the capacity limits of visual short-term
memory. Front Hum Neurosci. 5:18.

Nuecherlein KH, Green MF. 2006. MATRICS Consensus Cognitive
Battery Manual. Los Angeles (CA): MATRICS Assessment Inc.

Nuechterlein KH, Dawson ME. 1984. Information processing and at-
tentional functioning in the developmental course of schizo-
phrenic disorders. Schizophr Bull. 10:160–203.

Pantelis C, Barnes TR, Nelson HE, Tanner S, Weatherley L, Owen AM,
Robbins TW. 1997. Frontal-striatal cognitive deficits in patients
with chronic schizophrenia. Brain. 120(Pt 10):1823–1843.

Park DC, Lautenschlager G, Hedden T, Davidson NS, Smith AD, Smith
PK. 2002. Models of visuospatial and verbal memory across the
adult life span. Psychol Aging. 17:299–320.

Park S. 1999. Hemispheric asymmetry of spatial working memory
deficit in schizophrenia. Int J Psychophysiol. 34:313–322.

Park S, Holzman PS. 1992. Schizphrenics show spatial working
memory deficits. Arch Gen Psychiatry. 49:975–982.

Pashler H. 1988. Familiarity and visual change detection. Percept Psy-
chophys. 44:369–378.

Pfhol B, Blum M, Zimmerman M. 1995. Structured Interview for
DSM-IV Personality Disorders (SIDP-IV). Iowa City: University of
Iowa, Department of Psychiatry.

Posner MI, Early TS, Reiman E, Pardo PJ, Dhawan M. 1988. Asymme-
tries in hemispheric control of attention in schizophrenia. Arch
Gen Psychiatry. 45:814–821.

Robitaille N, Grimault S, Jolicoeur P. 2009. Bilateral parietal and con-
tralateral responses during maintenance of unilaterally encoded
objects in visual short-term memory: evidence from magnetoence-
phalography. Psychophysiology. 46:1090–1099.

Rolls ET, Loh M, Deco G, Winterer G. 2008. Computational models of
schizophrenia and dopamine modulation in the prefrontal cortex.
Nat Rev Neurosci. 9:696–709.

Rouder JN, Morey RD, Morey CC, Cowan N. 2011. How to measure
working memory capacity in the change detection paradigm.
Psychon B Review. 18:324–330.

Schechter I, Butler PD, Zemon VM, Revheim N, Saperstein AM, Jalbr-
zikowski M, Pasternak R, Silipo G, Javitt DC. 2005. Impairments in
generation of early-stage transient visual evoked potentials to
magno- and parvocellular-selective stimuli in schizophrenia. Clin
Neurophysiol. 116:2204–2215.

Spencer KM, Nestor PG, Valdman O, Niznikiewicz MA, Shenton ME,
McCarley RW. 2011. Enhanced facilitation of spatial attention in
schizophrenia. Neuropsychology. 25:76–85.

Todd JJ, Marois R. 2004. Capacity limit of visual short-term memory
in human posterior parietal cortex. Nature. 428:751–754.

Vogel EK, Machizawa MG. 2004. Neural activity predicts individual
differences in visual working memory capacity. Nature. 428:
748–751.

Vogel EK, McCollough AW, Machizawa MG. 2005. Neural measures
reveal individual differences in controlling access to working
memory. Nature. 438:500–503.

Weiss KM, Vrtunski PB, Simpson DM. 1988. Information overload dis-
rupts digit recall performance in schizophrenics. Schizophr Res.
1:299–303.

1592 WM in schizophrenia • Leonard et al.


