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Abstract
This study investigated working memory (WM) consolidation, that is, the time required to create
durable WM representations, at different levels of WM load in schizophrenia. Twenty-three
schizophrenia spectrum patients and 16 control subjects participated in a change-detection task in
which a sample array of 1–3 squares appeared followed by a delay and a test array. An array of pattern
masks was inserted into the delay interval—covering the locations of the sample-array squares—
100–800 ms after the offset of the sample array. If a durable WM representation is formed prior to
mask onset, the mask should not impair performance. The degree of masking at an interval reflects
the degree of WM consolidation at that time. Neither group showed masking at set size 1. Unlike
controls, patients demonstrated robust masking effects at set size 2. Both groups showed masking at
set size 3, but masking effects were larger and longer lasting in patients. These data demonstrate
abnormally prolonged WM consolidation in schizophrenia. This impairment may slow the formation
of stable representations of the visual environment, impacting everyday visually guided behavior.
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Working memory (WM) impairments have been widely documented in the schizophrenia
literature, but the precise nature of the underlying deficit(s) remains unspecified (Gold,
Carpenter, Randolph, Goldberg, & Weinberger, 1997; Goldman-Rakic, 1994; Park &
Holzman, 1992). The literature does, however, provide important empirical constraints on
theories of the impairment. The fact that deficits are observed across a wide variety of stimulus
types argues for an amodal level of impairment (Coleman et al., 2002; Fleming et al., 1995;
Fleming et al., 1997; Javitt, Strous, Grochowski, Ritter, & Cowan, 1997; see Lee & Park,
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2005, for a review; Park & Holzman, 1992). The fact that deficits are apparent at short as well
as long retention intervals, with inconsistent evidence of magnified impairment with increasing
delay, argues against maintenance being the primary locus of impairment (Javitt et al., 1997;
Lencz et al., 2003). Although deficits are magnified at higher levels of WM load (Carter et al.,
1998), the fact that deficits may also be observed when subjects are asked to remember only
1–2 highly discriminable targets (Park & Holzman, 1992) suggests that a simple reduction in
storage capacity cannot explain the overall pattern of results documented in the literature.
Further, the fact that deficits are observed with unspeeded free response and forced choice
methods argues against an impairment localized at the level of response selection. We view
these as the core findings that any theory of WM impairments in schizophrenia must explain.

It is clearly plausible that multiple independent specific impairments underlie the performance
deficits observed in schizophrenia patients in WM tasks. However, an explanation of this broad
range of findings based on a single underlying impairment would be far more satisfying and
would point toward specific neural mechanisms. One such explanation is that the processes
that transform perceptual representations into WM representations are impaired in
schizophrenia, resulting in the creation of imprecise and noisy WM representations.1 This
hypothesis explains the core findings reviewed above in the following manner. First, evidence
from the basic science literature indicates that amodal, central processes are involved in
creating WM representations (Jolicoeur, 1999;Jolicoeur & Dell’Acqua, 1998), consistent with
the finding of WM deficits across modalities in schizophrenia. Second, noisier representations
may lead to impaired performance even when the number of items being remembered is within
the subject’s storage capacity. However, the impact of noisy representations on performance
may be amplified as memory load increases. Finally, the effects of inaccurate or noisy WM
encoding would be expected to influence performance regardless of the nature of the responses
required by the task (assuming that the task is sufficiently sensitive). While this hypothesis is
speculative, an impairment of WM encoding processes may provide an integrative account of
many of the deficits documented in the schizophrenia WM literature. The goal of the present
study was to specifically test the hypothesis that the process of transforming perceptual
representations into WM representations—called WM consolidation—is impaired in patients
with schizophrenia.

It should be noted that there have been prior hints of prolonged WM consolidation in the
schizophrenia literature. Some studies have equated baseline WM performance in
schizophrenia patients and healthy controls by increasing exposure time, allowing more time
for consolidation, and these studies have found that patients require far longer than controls to
reach criterion levels of performance (Hartman, Steketee, Silva, Lanning, & McCann, 2003;
Tek et al., 2002). Knight and colleagues (1985) previously showed prolonged vulnerability to
pattern masks (random arrays of shapes) in a subgroup of schizophrenia patients and suggested
that patients have a deficit in consolidating information in WM. Studies using attentional blink
paradigms have demonstrated that patients require longer intervals between two target stimuli
in order to accurately report the occurrence of the second target, suggestive of prolonged
encoding times for the first target stimulus (Cheung, Chen, Chen, Woo, & Yee, 2002; Li et al.,
2002; Wynn, Breitmeyer, Nuechterlein, & Green, 2006). Related evidence has been produced
from studies using rapid serial visual presentation (RSVP) tasks, for which patients have been
observed to remain susceptible to disruption for longer than controls (Park & Hooker, 1998).
Although these results are consistent with the idea of slowed WM consolidation, the attentional
blink and RSVP tasks also involve aspects of task switching that make it impossible to use
these paradigms to measure the speed of WM consolidation (see Vogel, Woodman, & Luck,

1For an interesting mathematical modeling analysis supporting the view that slowing of early processing contributes to some aspects of
WM impairment see Neufeld, Vollick, Carter, Boksman, and Jette (2002).
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2006, for an extensive discussion). Thus, although findings from other paradigms are consistent
with impaired WM consolidation, these findings are only suggestive.

We recently reported empirical evidence of a deficit in the rate at which patients with
schizophrenia are able to perform WM consolidation using a masking paradigm that was
originally developed by Vogel et al. (2006). In this experiment (Fuller, Luck, McMahon, &
Gold, 2005), observers were presented with a sample array of three colored squares for 100
ms, which was followed after a 1000-ms retention interval by a test array (see Figure 1a for
an example of a similar paradigm). The test array was identical to the sample array on half the
trials, and on the other half, the color of one square changed. Observers were asked to make
an un-speeded same-different judgment. On some trials, the delay interval was unfilled,
allowing 1000 ms of uninterrupted processing time. On other trials, an array of pattern masks
was presented at an interval varying from 17–483 ms following the offset of the sample array.
These masks were intended to overwrite the perceptual representation of the sample array
before this representation could be transformed into a more durable, distraction-resistant WM
representation. If the mask array is presented before the WM representation is formed,
performance of the change-detection task should be poor; if the mask array is presented after
a durable WM representation has been formed, the mask should not interfere with change-
detection performance. By varying the interval between the sample array and the mask, it is
possible to estimate the time course of the consolidation process: consolidation is complete
when masked performance equals no-mask performance.

Control subjects reached their no-mask performance within 250 ms, indicating that WM
consolidation was complete by this time. In contrast, patients with schizophrenia failed to reach
their no-mask performance by 483 ms, the longest interval tested. This result indicates a marked
prolongation of consolidation. Although exaggerated perceptual-level masking effects have
been frequently documented in schizophrenia (Green & Nuechterlein, 1999; Green,
Nuechterlein, Breitmeyer, & Mintz, 1999; Rassovsky, Green, Nuechterlein, Breitmeyer, &
Mintz, 2005), there are several reasons to believe that the effects we observed do not reflect
an effect of the masks on the formation of the perceptual representations. First, masking was
observed at intervals that were more than twice as great as those that lead to conventional
backward masking. Second, the original study of Vogel et al. (2006) demonstrated that masks
in this paradigm do not influence the formation of perceptual representations. Third, we
included a carefully matched control condition to show that perceptual masking does not occur
at the delay intervals for which patients showed the largest consolidation impairments. In this
control condition, observers searched for a prespecified target color in a test array of three
colored rectangles. This array was presented for 100 ms, just like the sample array in the main
experiment, and it was followed by masks using the same intervals as in the WM paradigm.
Although significant perceptual masking was observed with a 17-ms delay, no masking was
observed at longer delay intervals. Thus, the patient deficits observed in the WM paradigm at
longer delays were not caused by perceptual masking, but instead reflect a slowing of the
consolidation process. This prolonged consolidation time suggests that WM representations
remain abnormally vulnerable to the impact of external distraction. The representations may
also be vulnerable to internally generated “noise,” leading to reduced storage capacity even in
the absence of external distractors.

The present study was designed to replicate our prior evidence of prolonged WM consolidation
and extend that evidence in two important ways. First, in our prior study, patients continued
to demonstrate masking with three item arrays for the longest interval tested, 483 ms. Although
the entire pattern of results was consistent with a slowing of the consolidation process, it was
difficult to rule out the possibility that consolidation was simply ineffective rather than slowed.
The present study included an 800-ms masking interval to determine the outer temporal limits
of masking vulnerability. Second, WM consolidation is load-sensitive: the time required to
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consolidate an array of items increases substantially as the number of items in the array
increases. In normal subjects, arrays of 1–2 items can be consolidated in a short amount of
time, with more gradual consolidation for arrays of 3–4 items. The present study tested set
sizes 1, 2, and 3 to assess interactions between memory load and masking interval. If
consolidation is slower in patients than in control subjects, then masking should be evident at
smaller set sizes in patients than in control subjects. For example, consolidation in healthy
individuals may be complete for a set size of only two items at the shortest masking intervals
that can easily be tested, leading to no effect of masking at this set size. If consolidation is
slowed in patients, however, the masks may disrupt the representation before it has been
consolidated even with a set size of only two items, leading to significant masking effects in
these individuals. By testing multiple set sizes and a broader range of masking intervals, we
sought to buttress our previous evidence that the process of forming WM representations is
impaired in schizophrenia, consistent with the broader hypothesis that impairments in this
process may underlie many of the performance deficits observed in schizophrenia patients in
WM tasks.

Method
Participants

Twenty-three patients meeting DSM–IV criteria for schizophrenia (14 undifferentiated, 7
paranoid) or schizoaffective disorder (2) and 16 healthy controls participated in the study. The
patients were clinically stable outpatients who had been receiving the same medication at the
same dose for at least eight weeks. Nineteen patients were receiving second-generation
antipsychotics, and four were receiving first generation antipsychotics. Patient diagnosis was
determined using a best estimates approach that combined information from previous medical
records, collateral informants (when available), and the results of the Structured Clinical
Interview for DSM–IV Diagnosis. Diagnosis was established at a consensus conference
including clinical staff that worked with the patient, chaired by a senior research psychiatrist
or by one of the authors (JG).

Seventeen healthy control subjects were recruited from the community by newspaper
advertisements, wall notices, and word of mouth. All controls were screened using the complete
Structured Clinical Interview for DSM–IV Axis I Disorders (SCID I; First, Spitzer, Miriam, &
Williams, 1997a) and the complete Structured Clinical Interview for DSM–IV Personality
Disorders (SCID II; First, Spitzer, Miriam, & Williams, 1997b). One volunteer revealed a
history of psychiatric treatment after completing the study and was therefore excluded from
analysis, leaving a total of 16 healthy subjects. These subjects were free of a current or past
history of major psychiatric illness, including depressive or psychotic disorders, as well as
personality disorders or mental retardation and denied a family history of psychotic disorders
in first-degree relatives. All subjects (patients and controls) were free of a DSM–IV diagnosis
of substance abuse or dependence within the last 12 months and other medical or neurological
disorders that might interfere with test performance. All subjects were between 18 and 55 years
of age.

Demographic features are shown in Table 1. The patient group scored significantly lower than
the control group on the Repeatable Battery for Assessment of Neuropsychological Status
(RBANS; Randolph, 1998; p < .05), but the two groups did not differ significantly in age, race,
sex, Wide Range Achievement Test (3rd Edition; Wilkinson, 1993) scores, years of education,
or father’s education (p > .5). We therefore conclude that the differences in RBANS score
reflect the cognitive consequences of schizophrenia rather than differences in the demographics
of the two groups.
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Stimuli
Stimuli were presented on a computer monitor with a gray background and a continuously
visible central fixation point at a nominal viewing distance of 70 cm. Each sample array
consisted of 1, 2, or 3 colored squares placed randomly around a notional circle with a radius
of 2.93° of visual angle (see Figure 1). When three squares were presented, they were separated
from each other by 120° of polar angle around the circle. When two squares were presented,
they were separated by 120° of polar angle around the circle in one direction and 240° in the
other. Each square subtended 0.78 × 0.78° of visual angle, and the color of each square was
randomly selected without replacement from a set of highly discriminable colors: red, white,
black, blue, violet, green, and yellow. The test array was identical to the sample array, except
that on 50% of the trials the color of one square changed to a new color that had not been
present at any location in the target array. Each mask array contained one mask item at the
location of each item in the sample array. Each mask item consisted of four colored squares,
each of which subtended 0.78 × 0.78° of visual angle, joined to make a larger square centered
over the location of the previously seen target square (see Figure 1). The four colors were
chosen randomly without replacement from the same set of colors used for the sample and test
arrays with the constraint that a given mask did not contain the color of the sample-array or
test-array item at the same location.

Procedure
After hearing a detailed description of the study, each subject gave written informed consent
to participate. The University of Maryland Institutional Review Board approved the study.
Each subject performed one trial block of the WM task without any masks, three trial blocks
of the WM task with masks, and one trial block of the control task. The order of blocks was
counterbalanced with the constraint that the three WM blocks with masks were always
presented consecutively. One block of 20 practice trials preceded each condition and was
repeated if necessary.

Working Memory Condition—Each trial began with a delay of 1500 ms followed by a
100-ms presentation of the sample array, which contained 1, 2, or 3 colored squares. After a
delay period of 100, 200, 400, or 800 ms, during which only a fixation cross was visible, an
array of 1, 2, or 3 masks appeared for 100 ms, with one mask centered on the location of each
previously presented sample square. Thus, the sample-to-mask interstimulus interval ranged
from 100–800 ms, but the stimulus onset asynchrony (SOA) ranged from 200–900 ms. The
delay between sample array offset and test array was 2000 ms, irrespective of the masking
interval. The test array remained visible until the subject responded. The target array was
identical to the test array on 50% of the trials (same trials), and one item changed in color on
50% of the trials (different trials). Participants made an unspeeded same/different button press
on a labeled response box. The three set sizes (1, 2, 3) and four masking intervals (100, 200,
400, 800 ms) were randomly intermixed in three blocks of 120 trials each. There were 30 trials
at each set size for each masking interval.

No-mask trials were presented in a separate block. There were 90 trials, 30 at each set size.
These trials were identical to the mask trials except that no masks were presented. The interval
between the target array and test array allowed for 2000 ms of uninterrupted consolidation and
maintenance time.

Perceptual Control Condition—The perceptual control condition was designed to have
the same perceptual requirements as the WM task without requiring WM consolidation. This
condition required subjects to search an array of three masked items for a predefined target
color, which was cued at the beginning of the trial. This task was identical to the WM condition
except as follows. The cue (a single colored square at the center of the screen) appeared for
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1000 ms at the beginning of the trial. This was followed by a 1000-ms delay and then a 100-
ms target array consisting of three colored squares, which was masked after a delay of 50, 100,
or 200 ms. A response screen then appeared, in which the fixation cross became a question
mark, and participants made an unspeeded button press to indicate whether or not the target
color had been present in the test array. The target color was present in 50% of the trials. The
three array-to-mask intervals were mixed in one block of 90 trials with 30 trials at each interval.

Statistical Methods
The major dependent variable was A′, a measure of sensitivity (similar to d′) that is widely
used in signal detection experiments. To compute A′, the hit rate (H) was first quantified as
the proportion of correct responses for trials in which the target and test arrays were identical,
and the false alarm rate (F) was quantified as the proportion of incorrect responses in which
the two test stimuli were different.2 A′ scores were calculated using the formulae: A′ = 0.5 +
(H − F) (1 + H − F)/4 H (1 − F), when H = F, and A′ = 0.5 + (F − H) (1 + F − H)/4 F(1 − H),
when F > H (Stanislaw & Todorov, 1999, Equation 2). Extreme values of H or F were adjusted
by replacing zero values with 0.5/n and values of 1.0 with (n − 0.5)/n, where n is the number
of trials; this prevents values of zero from appearing in the denominator of the A′ equation.

The data were analyzed with the generalized estimating equations (GEE) method for repeated
measures ANOVA (Lang & Zeger, 1986), as implemented in SAS® PROC MIXED (Cary,
2006), with five levels of masking (no mask, 100 msec, 200 msec, 400 msec, and 800 msec)
× 3 levels of WM load (set size = 1, 2, or 3) within each subject, and the two groups as a
between-subjects factor. The GEE method allows testing repeated measures hypotheses with
a working model for the within-subject covariance matrix, while not requiring as extremely
conservative a correction for model misspecification as the Geisser-Greenhouse procedure.
The GEE method also allows some missing within-subject data (e.g., when subjects do not
complete a full testing sequence due to fatigue or technical malfunction).

The primary analysis questions related to how the effects of group and WM load in the no mask
condition were modified by onset of masking at different delays. To address these question,
we used a cell mean parametrization of the overall ANOVA model, where Yijkl = Xijkl μjkl +
eijkl, where Yijkl is the observation for the i-th individual in group j at set size k and masking
condition l, Xijkl = 1 for an observation from group j at set size k and masking condition l, and
= 0 otherwise, μjkl is the mean for group j at set size k and masking condition l, and eijkl is a
random error term, with the errors correlated within subject. With this parametrization,
ANOVA hypotheses about how group, set size, and masking onset delay modify the effect of
masking can be formulated in terms of contrasts of differences between appropriately chosen
subsets of the 30 cell means. As a simple example, if μ111 is the mean for the no mask condition
in Group 1 at set size 1, the hypothesis that the effect of masking depends on the delay interval
in Group 1 at set size 1 can be tested by an F test of the null hypothesis that the three contrasts
(μ111 −μ112) − (μ111 −μ113), (μ111 −μ112) − (μ111 −μ114), and (μ111 −μ112) − (μ111 −μ115) are
all equal to zero. In a similar fashion, one can build other contrasts to examine ANOVA
contrasts of main effects of group, delay interval, set size, and interactions of group × set size,
set size × delay interval, and group × set size × delay interval, which look at how these factors
or combinations of factors modify the basic effect of masking versus the no masked condition.
By analyzing the effect of all factors in terms of the masking difference score (mean mask
performance minus mean no-mask performance), we may directly estimate impact of decreased
consolidation time on accuracy under varying conditions.

2We analyzed the false alarm rates and found no significant differences between the groups. In a repeated measures ANOVA on false
alarm rates, the main effect of Group, F(1, 36) = 0.15, p = .7, was not significant nor was the Group × Set size, F(2, 67) = 0.54, p = .5;
Group × Interval, F(2, 61) = 2.33, p = .11; or Group × Set size × Interval, F(2, 80) = 0.41, p = .6, interactions (Huyn-Feldt corrections).
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To reduce Type I error rates while performing these ANOVA tests, they were done in
hierarchical fashion, first testing to see if the 3-way group × set size × delay interval interaction
was significant. Given that the overall interaction was significant, we then performed post hoc
tests at each level of set size to determine whether the group × delay interval interaction was
significant. If that interaction was significant, we tested group differences at individual levels
of delay interval. If it was not significant, we tested for a main effect of group. An additional
set of post hoc analyses was performed from the overall ANOVA model using contrasts among
the means for the no mask condition to examine group × set size interactions when masking
is not present.

Effect sizes for healthy control-patient differences under the no-mask condition and in the
masking difference scores are presented in Table 3. They were calculated using the GEE
estimates of the A′ difference between controls and patients at each combination of set size
and masking delay divided by a pooled estimate of the within-cell standard deviation. The
pooled estimate of the standard deviation was estimated as the square root of the sum of the
within- and between-subjects variance components of error from a repeated measures model
with fixed effects for group, set size, condition (no mask and four masked conditions), and
their interactions.

Results
Perceptual Control Task

The purpose of this perceptual control condition was to confirm that each masking interval in
the WM task was free from perceptual masking effects. As seen in Figure 2, although patients
were somewhat less accurate than controls overall, the manipulation of target-mask interval
had very little effect in either group. In an ANOVA with factors of Group and SOA, there was
no significant main effect of Group (p = .14), SOA (p = .12), or Group × SOA interaction (p
= .92). Thus, the two groups were not differentially affected by perceptual (backward) masking.
This is not a surprising finding, given that the interval between target onset and mask onset
was 150 ms, longer than the intervals typically tested in backward masking experiments (Green
et al., 1999;Rassovsky et al., 2005;Rund, Landro, & Orbeck, 1993;Schechter, Butler, Silipo,
Zemon, & Javitt, 2003). Because no substantial masking was observed with a 50-ms mask
delay, we can be confident that no perceptual masking was present in the WM condition, in
which the minimum delay was 100 ms.

Working Memory Task
The mean A′ values from the WM task are displayed in Figure 3, which shows no-mask
performance as a broken line. Healthy controls performed at ceiling levels across masking
intervals at set size 1, showed only a hint of masking effects at the shortest interval tested at
set size 2, and showed substantial masking effects at the shortest SOAs at set size 3. This is
the same pattern that was observed previously in healthy young adults by Vogel et al.
(2006). In contrast, patients showed a hint of masking at the shortest intervals at set size 1,
clear masking at the three shortest intervals at set size 2, and marked masking effects through
the 400-ms delay at set size 3. Thus, the patients exhibited masking at smaller set sizes and at
longer masking intervals than did the control subjects.

In the overall ANOVA model (see Table 2), the three way group × set size × condition
(unmasked vs. each level of masked delay) contrast was statistically significant, (F(8, 516) =
2.19, p = .027. Accordingly, post hoc tests were performed examining group × condition
interactions at each level of set size.
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At set size 1, the overall masking effect did not differ between groups (p = .86), and there was
no significant overall masking effect for either group (minimum p = .23). In addition, the
masking difference scores did not differ significantly between groups for any of the delay
intervals (minimum p > .37). Thus, both groups were able to consolidate a single item for WM
storage within the 100 ms interval prior to the mask.

At set size 2, the overall masking effect was significantly different between groups (p = .003).
The overall masking effect was not significant for the control group when analyzed separately
(p = .47), suggesting that they were able to fully consolidate two items before the appearance
of the 100-ms mask. The overall masking effect was highly significant in the patient group
(p < .001), indicating that the average A′ under masked conditions was significantly reduced
compared to no-mask performance. Follow-up tests in patients comparing the no-mask
condition with each of the masking delay intervals indicated that the masking was significant
at each masked interval (maximum p < .01). Further, there was no significant × masking delay
interaction (p = .47), indicating that the magnitude of the patient-control difference in masking
difference scores was relatively constant across delay intervals. We note that the masking
difference scores were significantly greater in patients than in controls for the 100, 200, and
400 ms intervals (maximum p = .03), with a trend at the 800 ms interval (p = .07).

At set size 3, the overall masking effect did not differ between groups (p = .24); the overall
masking effect was significant in both controls (p < .001) and patients (p < .001). Moreover,
both groups showed statistically significant reductions in A′ (p < .05) at all mask intervals
except 800 ms (minimum p = .22) when compared to their own no-mask baseline condition.
While the masking difference scores were significantly greater in patients than in controls at
200 ms (p = .04), but not at other masking intervals (p = .97 at 100 ms, p = .45 at 400 ms, p
= .58 at 800 ms, as seen in Table 3), this could be a Type I error given that there was no
significant group × masking delay interaction (p = .16).

To summarize, no masking effects were present for either group at set size 1; masking effects
were present only for the patients at set size 2; and masking effects were present for both groups
at set size 3. As in our previous study, there is a suggestion that the masking function had a
different shape for patients than for controls at set size 3, with a rapid improvement in
performance between 100 and 200 ms in control subjects but not in patients, although this was
not statistically significant.

Discussion
The results of this study replicate the findings of Fuller et al. (2005) by providing evidence that
patients with schizophrenia require longer than control subjects to fully consolidate items into
visual WM. The current results extend the previous findings in several ways. First, the current
study investigated the effects of varying set size on consolidation. We found that patients with
schizophrenia, similar to controls, were able to fully consolidate a single item into WM with
a masking interval as short as 100 ms, the shortest interval tested. At set size 2, controls were
able to complete consolidation within this 100-ms masking interval and showed no significant
masking at any interval. In patients, however, statistically significant masking effects were
evident from the 100-ms interval through the 800-ms interval, and the masking effect was
significantly larger in patients than in controls through the 400-ms interval (with a marginally
significant difference at the 800-ms interval). Thus, patients may take many times longer than
controls to create a durable WM representation of two items.

At set size 3, the pattern of results was quite to similar to those observed by Fuller et al.
(2005), although slightly different masking delays were used in the two studies. Across the
two studies, both patients and control subjects showed significant masking at the shortest
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intervals tested at set size 3. In addition, the performance of control subjects in both studies
improved between a delay of 100 or 133 ms and a delay of 200 or 250 ms, whereas patient
performance in both studies showed little substantial improvement until 367 or 400 ms. As a
result, the main difference between groups in the degree of masking was observed at a masking
interval of 200 or 250 ms. Thus, the two studies together provide replicable evidence of
impaired consolidation at set size 3.

It is important to consider whether consolidation is actually slowed in schizophrenia or whether
it is simply ineffective, such that WM representations are never as fully consolidated in patients
as in control subjects. The data from this experiment, combined with our earlier study, suggest
that both formulations may be correct. Arguing in favor of consolidation slowing is that fact
that patient performance improves as a function of increasing masking delay intervals at set
size 2 and 3. That is, the impact of the mask on patient performance clearly varies as a function
of time, with patients demonstrating more severe and prolonged vulnerability to masks than
seen in controls. If patients were simply more prone to the impact of distraction, there would
be no reason for this problem to show such clear time dependence. Indeed, our results do
suggest that patients are more prone to the impact of distractors, but this vulnerability varies
as a function of how much uninterrupted processing time is available to consolidate working
memory representations. If consolidation is slowed, why do patients show no reliable masking
effects at set size 1? As seen here, and in the prior work of Vogel, vulnerability to masking
varies as a function of working memory load. Single items are consolidated very rapidly,
perhaps because as new onset objects they attract attention in a nearly automatic fashion, and
it would be nearly impossible to demonstrate working memory masking with single items
without testing at such short durations that perceptual level backward masking might
contaminate performance. Thus, the fact that single items are consolidated normally in patients
does not in any way contradict the claim that consolidation is slowed in schizophrenia:
consolidation slowing should be expected with displays that include more than one item, the
pattern documented here. This evidence of masking cannot be explained by a difference in
baseline performance levels across set sizes 1 and 2, because accuracy for no-mask trials was
virtually identical for these two set sizes. Thus, the two studies together provide excellent
evidence for a slowing of consolidation.

However, slowing may not be the whole story. Masks impaired patient performance, but not
control performance, even out to a masking interval of 800 ms at set size 2, suggesting that the
patients were unable to fully consolidate the items. Our previous study also found significant
masking for set size 3 at a delay interval of 483 ms in patients with no sign of masking in
control subjects. However, the data from set size 3 in the present study are less clear, with both
groups showing significant masking at 400 ms and no significant masking at 800 ms. The lack
of a difference between groups at set size 3 is, of course, a null result and is therefore less
interpretable than the significant differences observed at set size 2 in the present study and at
set size 3 in our prior study. Thus, the combination of the results across the two studies strongly
suggests that the slowing of consolidation in patients is accompanied by a reduced effectiveness
of the consolidation process, such that patient performance remains vulnerable to the impact
of distractors.

Is it possible that impairments in other processes could yield this pattern of findings? It is
known that patients with schizophrenia have reduced working memory capacity, and we have
argued that consolidation speed varies as a function of load. In the current experiment, a
working memory capacity limitation in patients would be expected to differentially impact
masking performance at set size 3, where there were trend level differences in no mask
performance. Instead, between group differences in masking are most apparent at set size 2
where the groups performed similarly in the no-mask baseline condition. Alternatively, is it
possible to invoke perceptual deficits to explain the pattern of findings? This does not appear
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to be plausible given results in the perceptual control condition where patients were able to
search three item displays to identify a target item in the face of masking intervals that disrupt
consolidation. Further, in an earlier experiment using array sizes of six items, we found no
differences in patient performance between 100ms and 500ms target array exposures,
suggesting that perceptual limitations are unlikely to be implicated (Gold, Wilk, McMahon,
Buchanan, & Luck, 2003). Thus it seems unlikely that either working memory capacity or
perceptual deficits can account for the pattern of results documented here and in our earlier
study.

We cannot directly rule out the possibility that the patient deficits are secondary to the impact
of antipsychotic medications, although this seems unlikely. Antipsychotic medications have
minimal effects on perceptual level masking and on measures that tax WM capacity (Butler,
Harkavy-Friedman, Amador, & Gorman, 1996; Daban et al., 2005; Green et al., 1999; Lee &
Park, 2005). Further, deficits in these processes have been documented in asymptomatic first-
degree relatives who are not taking antipsychotics (Conklin, Curtis, Katsanis, & Iacono,
2000; Green, Nuecherlein, & Breitmeyer, 1997; Green, Nuechterlein, Breitmeyer, & Mintz,
2006; Myles-Worsley & Park, 2002; Park, Holzman, & Goldman-Rakic, 1995). While relevant,
the evidence from these other types of tasks may not generalize to consolidation, and we are
unaware of any direct experimental evidence on this issue. There is conflicting evidence on
whether antipsychotic medication worsens (McGurk et al., 2005; Reilly, Harris, Keshavan, &
Sweeney, 2006) or improves (McGurk et al., 2005) spatial WM. However, these effects depend
on whether patients were drug naïve or using conventional drugs at baseline and additional
controlled clinical trial evidence is necessary to fully evaluate the role of medication effects.
Furthermore, it is unclear if this finding would extend to the consolidation process of object
WM.

In summary, patients with schizophrenia demonstrate marked impairment in WM
consolidation, with a clear slowing of consolidation accompanied by a likely impairment in
the degree of consolidation that can be accomplished. This impairment in consolidation may
play a causal role in the wide range of WM deficits that have been documented in schizophrenia.
Moreover, the need to rapidly form stable, distraction-resistant visual representations may be
of fundamental importance outside the laboratory. Healthy individuals typically make
approximately three saccadic eye movements per second as they view natural scenes, and each
saccade causes a large sensory transient as the visual input shifts rapidly across the retina. This
sensory transient is a highly effective masking stimulus, which overwrites any perceptual
representations that have not been consolidated into stable WM representations (Irwin,
1991). A slowing of the consolidation process would necessarily lead to either a slowing in
the rate of saccades or a reduced ability to integrate visual information across saccades.
Previous studies have shown that schizophrenia patients exhibit a reduced rate of saccades
during the viewing of natural images (Kojima et al., 1992; Matsushima et al., 1992, 1998; Ryu,
Morita, Shoji, Waseda, & Maeda, 2001), and the present finding of slowed consolidation may
be the explanation of this slowed rate of eye movements. Patients may also exhibit poorer
integration of information across saccades while viewing scenes, but this has yet to be tested.
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Figure 1.
(A) Example of the stimuli used in the working memory task. Subjects indicated by button
press whether the squares in the sample and test array were identical or one item changed in
color. (B) Example of the stimuli used in the perceptual control task. When the response
window appeared (question mark), subjects indicated by button press whether or not the square
in the sample array was present in the test array.
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Figure 2.
The results of the perceptual control task are presented as A′ values. Controls (filled circles)
and Patients (empty circles) did not differ from each other in levels of perceptual (backward)
masking. Error bars represent standard error of the mean.
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Figure 3.
The results of the working memory task. Each group’s no mask performance for each set size
is shown as a dotted line. Patients’ performance (empty circles) differed from their no-mask
performance at set size 2 and 3 whereas control subjects’ performance (filled circles) differed
from their no-mask performance at set size 3 only. Error bars represent standard error of the
mean.
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Table 1

Demographic Features of Sample

Control group (n =16) Patients (n = 23)

Age 40.2 (10.26) 43.6 (8.7)

Years of education 13.9 (1.5) 12.9 (2.6)

Father’s years of education* 13.0 (4.3) 13.7 (3.7)

RBANS total score+ 89.9 (7.2) 76.3 (13.5)***

WRAT 3rd edition† 95.6 (13.6) 92.1 (18.1)

Sex

 Male 9 (56%) 19 (83%)

 Female 7 (44%) 4 (17%)

Race

 African American 8 (50%) 9 (39%)

 Asian 1 (6%) 0

 Hispanic 1 (6%) 0

 White 6 (38%) 13 (57%)

 Other 0 1 (4%)

Note. RBANS = Repeatable Battery for the Assessment of Neuropsychological Status; WRAT = Wide Range Achievement Test, 3rd Edition. Standard
deviations are provided in parentheses.

*
Data missing for 1 patient.

+
Data missing for 1 patient and 3 controls.

†
Data missing for 2 patients and 2 controls.

***
p < .05.
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Table 2

A′ Analysis of Variance for Group, Set Size, and Masking Condition

Effect F ndf ddf p-value

ANOVA for no masked condition

Group 3.77 1 516 0.053

Set size 10.23 2 516 0.000

Group × set size 2.03 2 516 0.132

ANOVA for no masked versus masked conditions

Group × set size × no mask versus masked SOA 2.19 8 516 0.027

Post hoc ANOVAs by set size:

Set size = 1

 Group diff in mask effect (avg over SOA) 0.03 1 516 0.855

 SOA difference in mask effect (avg over group) 1.91 3 516 0.128

Group × SOA 3.03 3 516 0.029

Set size = 2

 Group diff in mask effect (avg over SOA) 8.88 1 516 0.003

 SOA difference in mask effect (avg over group) 5.37 3 516 0.001

 Group × SOA 0.84 3 516 0.471

Set size = 3

 Group diff in mask effect (avg over SOA) 1.36 1 516 0.244

 SOA difference in mask effect (avg over group) 7.47 3 516 0.000

 Group × SOA 1.76 3 516 0.155
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