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People with schizophrenia show enhanced cognitive costs of
maintaining a single item in working memory

James M. Gold?, Sonia Bansall, John M. Gaspar?, Shuo Chenl, Benjamin M. Robinsonl,
Britta Hahn!, Steven J. Luck?

IMaryland Psychiatric Research Center, Dept of Psychiatry, University of Maryland School of
Medicine

2Center for Mind & Brain and Department of Psychology, University of California Davis

Abstract

Background—Working memory (WM) deficits are seen as a core deficit in schizophrenia,
implicated in the broad cognitive impairment seen in the illness. Here we examine the impact of
WM storage of a single item on the operation of other cognitive systems.

Methods—We studied 37 healthy controls (HCS) and 43 people with schizophrenia (PSZ). Each
trial consisted of a sequence of two potential target stimuli, T1 and T2. T1 was a letter presented
for 100 ms. After delays of 100-800 ms, T2 was presented. T2 was a 1 or a 2 and required a
speeded response. In one condition, subjects were instructed to ignore T1 but respond to T2. In
another condition, they were required to report T1 after making their speeded response to T2 (i.e.,
to make a speeded T2 response while holding T1 in WM).

Results—PSZ were dramatically slowed at responding to T2 when T1 was held in WM. A
repeated measures ANOVA yielded main effects of group, delay, and condition with a group by
condition interaction (p’s < 0.001). Across delays, the slowing of the T2 response when required
to hold T1 in memory, relative to ignoring T1, was nearly 3 times higher in PSZ than HCS (633 vs
219 ms).

Conclusions—Whereas previous studies have focused on reduced storage capacity, the present
study found that PSZ are impaired at performing tasks while they are successfully maintaining a
single item in WM. This may play a role in the broad cognitive impairment seen in PSZ.

Working memory (WM) impairment has been a central focus of clinical cognitive
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neuroscience research in schizophrenia for over two decades. Interest in this area has been
driven by the important role that WM is thought to play in many forms of complex cognition
(Baddeley, 2012; Luck & Vogel, 2013). Maintaining representations in an activated, easily
accessible state is needed for a broad range of cognitive tasks such as reasoning and
language comprehension (Engle et al., 1999; Unsworth et al., 2009). Thus, an impairment of
WM is a plausible candidate mechanism for the broad cognitive impairment observed in
people with schizophrenia (PSZ). This theoretical possibility has received empirical support:

Financial disclosures: None of the authors have any financial disclosures related to this manuscript.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gold et al.

Page 2

individual differences in WM capacity are highly correlated with general measures of
cognitive performance in PSZ, as they are in healthy populations (Johnson et al., 2013).

WM performance is commonly quantified in two different ways in the literature: storage
capacity and precision. Studies of storage capacity using paradigms such as the N-Back and
Complex Span tasks have shown reduced accuracy in patients as WM load increases
(Callicott et al., 2000; Perlstein et al., 2001; Gold et al., 2018). It is straightforward to
imagine how reductions in the amount of information that can be maintained would impact
other cognitive functions that require the use multiple activated representations. Other
studies have assessed the precision of WM representations, primarily using spatial WM
tasks, and have reported that PSZ have less precise representations (Badcock et al., 2008;
Starc et al., 2017). Again, it is easy to imagine how “noisy” representations could negatively
impact cognitive functions that rely on WM.

The present study asks a somewhat different question about WM: when an item is
successfully maintained in WM for one task, how does this impact other ongoing cognitive
activity? For example, if you are cooking from a recipe, how does maintaining the needed
amount of an ingredient in WM impact your ability to search for the spoon you need to
measure this ingredient? That is, we focused on the interaction between the WM system and
other cognitive systems, a different issue than addressed by measures of WM capacity or
precision. However, this issue may be particularly informative about the consequences of
WM impairment for the operation of other cognitive systems. For example, if an item is
maintained in WM with greater intensity in PSZ than in HCS (Leonard et al., 2013; Hahn et
al., 2017; 2018), this item may cause more interference with other ongoing cognitive
processes. Similarly, if maintaining an item in WM leaves less remaining capacity available
in PSZ than in HCS, this could also slow the processing of other information.

The effects of WM encoding/maintenance on subsequent processing has previously been
addressed using Attentional Blink paradigms. In the Attentional Blink, subjects are shown a
very rapid series of visual stimuli at fixation (typically 100 ms per stimulus with no gap
between successive stimuli) and are asked to report one or two target stimuli out of the
series. In many experiments, the targets are letters that are presented amidst a stream of
numeric stimuli. People show reduced accuracy for reporting the second target if it closely
follows the first target (within 200-500 ms) (Dux & Marois, 2009). It is thought that
processing of the second target is impaired if it appears while attention is still focused on the
first target. Thus, the processing of the first target produces a brief “blink” of attention that
compromises the ability to detect the second target. This blink is reliably increased in
magnitude and/or prolonged in PSZ, suggesting greater interference between focusing
attention and WM encoding processes on the first target and the second target (Cheung et al.,
2002; Jimenez et al., 2016; Mathis et al., 2011). However, the interpretation of this effect is
not straightforward because PSZ performed at lower levels of baseline accuracy in these
studies, which makes it difficult to compare the magnitude of the AB across groups (see Su
et al, 2015). Thus, while impaired performance in AB tasks are robust in PSZ, the nature of
the impairment remains unclear.
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Our paradigm (see Figure 1) is designed to avoid the challenges arising from different
baseline accuracy rates by using response time (RT) measures to examine the consequences
of holding an item in WM. Two target stimuli are presented on each trial, a letter (X or Y)
followed after a delay by a number (1 or 2). In one trial block, the subject is instructed to
ignore the first target (T1) and just make a speeded response to the second target (T2). We
refer to this as the 7.2-only condition. In another trial block, subjects are asked to store T1 in
WM and make a speeded button press to T2. After making the speeded response to T2, the
subject is asked to report the remembered identity of T1. We refer to this as the 7172
condition. The RT for T2 should be increased in the T1T2 condition relative to the T2-only
condition to the extent that maintaining T1 in WM interferes with the processing of T2. ERP,
fMRI, and eye tracking studies from our group suggest that PSZ represent a single item in
WM more intensely than do controls (Leonard et al., 2013; Luck et al., 2014; Hahn et al.,
2017; 2018). Thus, we predicted that the cost of holding a single item in WM would be
greater in PSZ than in HCS, as assessed by examining slowing of T2 processing. At short
T1-T2 delays, such an effect could reflect interference caused by T1 encoding, but at long
delays this effect would reflect interference caused by the maintenance of T1 in WM.

Methods

2.1 Participants

We report results from 37 healthy controls (HCS) and 43 PSZ. We excluded one patient
participant who did not appear to understand task instructions. The PSZ were recruited from
the two outpatient clinics at the Maryland Psychiatric Research Center, other local outpatient
clinics and by word of mouth among study participants. There were no significant
differences between HCS and PSZ in age, race, sex, or parental education (see Table 1). As
is typically found, PSZ completed significantly fewer years of education than HCS, likely
due to disease onset in late adolescence/early adulthood. Material from past medical records,
collateral informants (when available), and the results of the Structured Clinical Interview
for DSM-IV-TR Axis 1 Disorders (First et al., 2002) were combined to make a diagnosis
based on the standard operational criteria in the Diagnostic and Statistical Manual of Mental
Disorders 1V (DSM-1V; APA, 2000). Final diagnoses were reached at a consensus
conference chaired by author J.M.G. All PSZ were clinically stable outpatients who had
been receiving the same medications, at the same dose, for at least 4 weeks prior to study
participation. In terms of medication use, clozapine was the most frequently used
antipsychotic either as antipsychotic monotherapy (N = 18) or combined with a second
antipsychotic (N = 6). Six PSZ were receiving monotherapy with a second generation
antipsychotic other than clozapine. Three PSZ were taking a first generation antipsychotic.
Ten patients were taking two different antipsychotics (not including clozapine).
Antidepressants were widely used (N = 27) as were anxiolytics (N=16). In addition, 8 PSZ
were taking an anticholinergic and 9 were taking a mood stabilizer.

HCS were recruited via online advertisements, wall notices in local libraries and businesses,
and word of mouth. They were screened using the complete Structured Clinical Interview
for DSM-IV Axis 1 Disorders (SCID-I; (First, et al., 2002) and Axis 11 Personality Disorders
(SIDP-R; (Pfhol et al., 1989). All had no current diagnosis of any Axis | disorder or any
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Axis Il schizophrenia-spectrum disorder, and all denied a lifetime history of psychosis or
any family history of psychotic disorders in first-degree relatives.

We administered the Brief Psychiatric Rating Scale (BPRS, Overall & Gorham, 1962) to
quantify symptom severity, the Clinical Assessment Interview for Negative Symptoms
(Kring et al., 2013) to quantify negative symptoms, the Specific Levels of Function
informant report (SLOF) to measure level of community function (Schneider & Struening,
1983), and the UCSD Performance-Based Skills Assessment-Brief (UPSA-B) to quantify
functional capacity (Patterson et al., 2001). In addition, all subjects received the Wechsler
Test of Adult Reading (Wechsler, 2001), the Wechsler Abbreviated Scale of Intelligence-11
(2011), and the MATRICS Consensus Cognitive Battery (MCCB, Nuechterlein et al., 2008)
and completed a visual change localization test to measure WM capacity (termed K)
(Johnson et al., 2013 ). In this task, participants first see an encoding array of four colored
rectangles for 100 ms, followed by a 900 ms delay. A four-item test array follows and
participants are asked to identify the rectangle that changed color. As seen in Table 1, HCS
showed better performance than PSZ on all of the cognitive measures.

All participants (PSZ as well as HCS) were free of other medical or neurologic comorbidity
that could reasonably influence test performance, including substance abuse or dependence
within the last 12 months. This protocol was approved by the Institutional Review Board at
the University of Maryland, Baltimore, and all participants gave written informed consent
before taking part in this study.

2.2 Task and design

Stimuli were presented on a Dell U2412M display with a black background at a viewing
distance of 70 cm. Each trial began with the presentation of a fixation cross for 1.10-1.25
seconds, followed by the T1 and T2 stimuli. The T1 stimulus was either an “X” or a “Y”
(approximately 0.8° of visual angle) and was presented at fixation for 100 ms. This was
followed by a blank delay period with equal numbers of trials at 100, 200, 300, 400, 600, or
800 ms delays. Following the delay, the T2 stimulus (a “1” or a “2”, 0.8°) was presented at
fixation and stayed on-screen until a response was made. The 1 required a left index finger
response on a game pad whereas the 2 required a right index finger response. Participants
were instructed to respond to T2 as quickly and accurately as they could. The response was
followed by a 500 ms blank screen.

In the T1T2 condition, a T1 response cue then appeared, indicating that participants should
report the remembered identity of T1. This cue showed a diagram of the game pad and
indicated which response should be made for each of the two possible T1 stimuli. The T1
response was unspeeded and was followed by a blank display. Thus, the total delay for
reporting the T1 stimulus includes both the initial 200-800ms delay and the RT to the T2
stimulus plus the time that is taken to make the T1 response. In the T2-only condition,
subjects were instructed to ignore T1, and the T1 report cue was not presented.

To avoid carryover effects, the T2-only condition always preceded the T1T2 condition. Each
condition started with 12 practice trials to ensure task comprehension and was comprised of
5 blocks of 48 trials each.

Psychol Med. Author manuscript; available in PMC 2020 April 22.
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The main measure of interest was the RT to the T2 stimulus when either ignoring or
remembering the T1 letter stimulus. We calculated median RTs to minimize the impact of
outlier trials. Data were analyzed using ANOVA, and the degrees of freedom and p values
were adjusted with the Greenhouse-Geisser correction for nonsphericity for any effects
involving a factor with more than two levels (i.e., the T1-T2 delay). Considering that the RT
distributions for each of the conditions were skewed, (as revealed by a Shapiro Wilk test of
normality, p < 0.001 for all), we also subjected raw RTs to a log transformation to reduce the
impact of long response times. These transformed data were subjected to an ANOVA, and
we observed the same pattern of results as when we used untransformed median RTs. For
reasons of interpretability, and considering that our results hold true even with log-
transformed RTs, descriptive statistics and ANOVA results in the manuscript will be shown
for untransformed RTs.

3. Results

This task was designed to put minimal stress on WM storage capacity so that we could
examine the effects of successful maintenance of T1 on the processing of T2. Consistent
with this goal, T1 was correctly reported at the end of the trial in the T1T2 condition on
92.1% of trials in PSZ and on 96.7% of trials in HCS. The difference in accuracy between
groups was numerically small but statistically significant (Mann-Whitney U = 1105.50, p =
0.003). Given that the T1T2 task required storing only a single item in WM, this difference
likely reflects lapses of attention rather than differences in WM storage abilities (Gold et al.,
2018). To minimize any effects of the difference in T1 accuracy on the RT analyses, trials
with an incorrect T1 response were excluded from further analysis of the T1T2 condition.

Figure 2 shows several large main effects: 1) RTs were generally faster in HCS than in PSZ
across all conditions; 2) RTs were substantially slower in the T1T2 condition than in the T2-
only condition in both groups; and 3) RTs were slowed at the shortest T1-T2 delays in both
groups. An ANOVA with a between-subjects factor of group and within-subjects factors of
condition (T2-only vs. T1T2) and T1-T2 delay confirmed significant main effects for group
[F(1,78) =55.71, p<.001, n?,=0.42], condition [F(y 7g) =178.26, p<.001, n2,=0.70], and delay
[F(3.55, 276.77) = 59.34 p <.001, n?;=0.43].

These main effects were qualified by two significant interactions. The key finding was a
significant group by condition interaction [F(y 7g) =41.57, p<.001, nzp:0.35], which resulted
from PSZ showing greater slowing in the T1T2 condition relative to the T2-only condition
than did HCS. This is illustrated on the right side of Figure 2, which shows that the overall
difference between the T1T2 and T2-only conditions (collapsing across delays) was
approximately 3 times greater in PSZ (633.3 + 359.7; mean = stdev) than in HC (219.3 £
148.8), [t(1,71)= 6.53, p< 0.001, Cohen’s d = 1.47, 95% CI (0.97,1.96)].

There was also a significant Condition by Delay interaction [F(3 43, 267.69) = 28.11, p <.001,
nzp:0.27), which reflected greater RT slowing at short delays in the T1T2 condition relative
to the T2-only condition. Neither the Delay by Group interaction [F(3 55, 276.77) = 1.94 p
=0.11, nzp:0.0Z], nor the Condition by Delay by Group interaction were significant

[F(3.43’ 267.69) = 1.55, p =0.19, ’qu:0.0Z].
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We also examined correlations between RT in the T2-only and T1T2 conditions and
independent cognitive measures (See Table 2). If the RT slowing in the T1T2 condition is
related to the differential use of WM relative to the T2-only condition, we would expect to
see significant correlations between this RT slowing and WM. Indeed, the measure of visual
WM memory capacity from the change localization test described above correlated
significantly with the relative RT slowing in the T1T2 condition in PSZ ( r=- 0.55) and to a
lesser degree in HCS (r = —0.34, p = 0.09). In PSZ, 8 of the 10 possible correlations were
significant with T1T2 RT whereas only 2 of 10 were significant with T2-only RT. We
compared the magnitude of the correlations between T2-only and T1T2 RT in the PSZ,
focusing on the visual WM capacity score (K) from the change localization test, estimated
1Q, the MCCB Working Memory domain score and the MCCB overall composite score as
each of these would be expected to have a robust relationship with the a measure involving
WM. There was a significant difference in the magnitude in each case, with a more robust
correlation with T1T2 RT than with T2-alone RT( all p<0.05 after multiple correction).
(Steiger,1980; Benjamin & Hochberg,1995; Okin & Finn, 1995). In HCS, 2 of 10 possible
correlations were significant with T1T2 RT whereas none were observed with T2-only RT.
However, these correlations did not differ statistically, nor were there any significant
differences in correlation magnitude across the two groups. We observed no correlations
between T1T2 RT and measures of symptom severity on the BPRS or CAINS or functional
outcome measures (UPSA-B and the SLOF informant report).

To examine the effects of antipsychotic medication, we used the dose conversion approach
of Gardner et al. (2010). We found non-significant trend correlations between medication
dose and T2-only RT (r = 0.26, p = 0.10) and with T1T2 RT (r =.30, p = 0.06). Thus, there
was suggestive evidence that higher dose of antipsychotics were related to general RT
slowing, but at similar levels whether or not an item was being held in WM.

Discussion

The present paradigm opens a new window on the nature of WM impairment in PSZ: PSZ
show an almost threefold increase in choice RT when concurrently maintaining a single item
in WM. Thus, maintaining information about a single item in WM dramatically impairs the
operation of other cognitive systems in PSZ. We suggest that this is a new window because
prior WM research has focused primarily on reductions in WM capacity or on imprecise
encoding of WM representations, rather than on the interaction between WM and the
operation of other cognitive systems. However, the study of WM has had such a central role
in cognitive neuroscience research precisely because WM storage is a resource that is
needed by many other cognitive systems, and because the interactions between WM and
other systems are fundamental to complex cognition. Here we demonstrated that the
successful maintenance of a single, highly familiar item has a profoundly disruptive impact
on the ability to carry out a second, simple, unrelated task.

It is worth noting that this new paradigm is much simpler than complex span or N-back tests
but still yielded very large between-group differences. The enhanced cost of maintaining a
single item in WM demonstrated in this new paradigm in PSZ is very likely implicated in
the deficits observed in more commonly used WM measures such as complex span and the

Psychol Med. Author manuscript; available in PMC 2020 April 22.
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N-Back, where individual items need to be maintained and updated. That is, increased
storage costs should also impact the ability to manipulate material maintained in WM.
Further, given that many cognitive tasks require maintaining more than a single item to
support ongoing processing, it seems reasonable to suspect that the effects documented here
may be magnified in more complex tasks. Thus, the increased cost of the storage of items in
WM should be expected to have broad cognitive consequences.

The issue of differential difficulty is a perennial issue in studies of cognitive impairment in
PSZ (Chapman and Chapman, 1978). That is, the T1T2 condition is clearly “harder” than
the T2-only condition, producing longer RTs in both groups, and it is quite plausible that this
greater difficulty explains the larger between group difference in the T1T2 condition than in
the T2-only condition. However, the factor that makes the T1T2 condition more difficult is
the need to maintain information about T1 in WM while responding to T2. The pattern of
correlations with other WM and cognitive measures is consistent with the idea that the T1T2
RT slowing is related to the demand to maintain information in WM. Thus, we are not
arguing that PSZ show a selective, specific deficit in the T1T2 condition relative to the T2-
alone condition. Instead, we suggest that the “differential difficulty” of the T1T2 condition is
attributable to the demand to maintain information about a single item in WM, which exacts
a remarkable RT cost in PSZ.

Why might the demand to hold a single item in WM slow processing in HCs? Here, it is
necessary to speculate because we are unaware of other experiments with this precise
design. The current design differs from the Attentional Blink paradigm in that it minimizes
perceptual demands and uses RT rather than accuracy as the outcome measure. It is more
similar to the psychological refractory period (PRP) paradigm, in which subjects make
immediate speeded responses to both T1 and T2. However, we do not require a speeded
response to T1, which is crucial for observing slowed T2 responses in the PRP task (Pashler,
1994). Instead, our task requires information about T1 to be maintained in WM through all
stages of T2 processing. Moreover, the exaggerated RT slowing exhibited by PSZ in the
T1T2 condition occurred even at long T1-T2 delays, indicating that the patient deficit was a
result of the maintenance of T1 rather than the initial perceptual processing or WM encoding
of T1. Thus, the available literature serves as a poor guide for understanding the precise
mechanisms implicated in the clear slowing of T1T2 RT.

One possibility is that the observed deficit reflects processes involved in moving information
in and out of active storage. That is, T1 may need to be moved from active storage to an
“activity silent” passive state (Stokes, 2015) when T2 appears, and the time required for this
may slow down the T2 response. It is also possible that the requirement to maintain two task
sets in WM (one for T1, the other for T2) is responsible for the longer RTs in the T1T2
condition. In addition, it is conceivable that subjects immediately begin preparing the T1
response, which thereby slows RT to T2. While differing from the simple cost of storing a
single item in WM, these explanations all suggest a performance cost due to the need to
maintain either a task set or response plan.

Another alternative is that the RT increase is the result of a larger task switching cost in PSZ
than in HCS. That is, it takes time to switch from trying to store T1 in WM to performing a

Psychol Med. Author manuscript; available in PMC 2020 April 22.
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choice RT on T2, and this time might be greater in patients. However, task switching effects
are greatly magnified at short delays (Monsell, 2003). Consequently, if switch costs were
greater in PSZ than in HCS, then one would expect to see patient performance move towards
control performance as the T1-T2 delay increases in the T1T2 condition. As seen in Figure
2, that does not appear to be the case, as RT slope over the delay periods was similar in both
groups, and the slowing of RTs in PSZ relative to HCS was similar across T1-T2 delays).
Moreover, there is inconsistent evidence of increased task switching time in PSZ (Meiran et
al., 2000; Grenzang et al., 2007; Wylie et al., 2010; Ravizza et al., 2010).

A third alternative is that, because WM capacity is reduced in PSZ (Johnson et al., 2013;
Gold et al., 2018), PSZ have less remaining capacity available to process T2 when T1 is
being held in WM. This would be consistent with our finding that the degree of T2 slowing
was correlated with WM capacity. Note, however, that the T2 choice RT task makes minimal
demands on WM other than maintaining a simple task set, reducing the likelihood of this
explanation. Finally, an additional possibility is our recent proposal that that PSZ allocate
their attention overly narrowly and intensely, which we have termed “hyperfocusing” (Luck
et al., 2014). For example, we have observed greater levels of neural activation in PSZ
(relative to HCS) when storing a single item in WM using both ERPs and fMRI (Leonard et
al., 2013; Kreither et al., 2017; Hahn et al., 2017; 2018). By this account, hyperfocusing on
T1 slows the processing of T2. This hyperfocusing account can potentially account for both
behavioral as well as neurophysiolgical findings in an integrated framework.

We acknowledge three limitations of this experiment. First, we always administered the T2-
only condition first so that subjects would not have experienced storing T1 in memory
before performing the T2-only condition (which might have led to automatic storage of T1
in WM). Consequently, it is possible that the exaggerated RT slowing exhibited by PSZ in
the T1T2 condition was a result of time on task rather than the need to maintain T1 in WM.
Given the magnitude of the slowing and the relatively short duration of task administration,
this seems a rather unlikely explanation. Second, it is unclear which specific cognitive
mechanisms are responsible for the exaggerated slowing; we will pursue this question in
subsequent research. Third, all of the patients were receiving antipsychotic medications.
Although we did not find any evidence that medication dosage was specifically associated
with the exaggerated slowing observed in the T1T2 condition, we cannot rule out the
possibility that this effect was impacted by medications in a dose-independent manner.

In summary, using a new experimental paradigm, we found that PSZ exhibit an increased
cost of storing a single item in WM on the performance of another unrelated task. This issue
has not previously been discussed in the voluminous literature on WM in PSZ, where the
focus has been on measures of WM capacity and precision. The ability to maintain
representations during, and in the service of, other cognitive operations is the critical
function of WM. An increased cost of successful WM storage on concurrent cognitive
processing is likely implicated in the deficits observed in more complex WM paradigms and
broad measures of intellectual function in PSZ.

Psychol Med. Author manuscript; available in PMC 2020 April 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gold et al. Page 9

Acknowledgments

We gratefully acknowledge the contributions of Leeka Hubzin and Sharon August.

This work supported by NIMH R01 MH065034-16

References

American-Psychiatric-Association (Ed.) (2000). Diagnostic and Statistical Manual of Mental Disorders
(Fourth, Text Revision Ed.). American Psychiatric Association: Washington, DC.

Badcock JC, Badcock DR, Read C, Jablensky A (2008). Examining encoding imprecision in spatial
working memory in schizophrenia. Schizophrenia Research 100(1-3), 144-52. [PubMed:
17804202]

Baddeley A (2012). Working memory: Theories, models, and controversies. Annual Review of
Psycholog; 63, 1-29.

Benjamini Y, & Hochberg Y (1995). Controlling the false discovery rate: a practical and powerful
approach to multiple testing. Journal of the royal statistical society. Series B (Methodological), 289—
300

Callicott JH, Bertolino A, Mattay VS, Langheim FJ, Duyn J, Coppola R, Weinberger DR (2000).
Physiological dysfunction of the dorsolateral prefrontal cortex in schizophrenia revisited. Cerebral
Cortex 10(11), 1078-1092. [PubMed: 11053229]

Chapman LJ, Chapman JP (1978). The measurement of differential deficit. Journal of Psychiatry
Research 14(1-4), 303-311.

Cheung V, Chen EY, Chen RY, Woo MF, Yee, BK.(2002). A comparison between schizophrenia
patients and healthy controls on the expression of attentional blink in a rapid serial visual
presentation (RSVP) paradigm. Schizophrenia Bulletin 28(3), 443-458. [PubMed: 12645676]

Dux PE, & Marois R (2009). The attentional blink: A review of data and theory. Attention, Perception,
& Psychophysics, 71(8), 1683-1700.

Engle RW, Tuholski SW, Laughlin JE, Conway AR (1999). Working memory, short-term memory, and
general fluid intelligence: a latent-variable approach. Journal of Experimental Psychology: General
128(3), 309-331. [PubMed: 10513398]

First MB, Spitzer RL, Miriam G, Williams JBW (2002). Structured clinical interview for DSM-IV-TR
Axis | Disorders, Research Version, Non-patient Edition (SCID-I/NP). Biometrics Research, New
York State Psychiatric Institute: New York.

Gardner DM, Murphy AL, O’Donnell H, Centorrino F, Baldessarini RJ (2010). International consensus
study of antipsychotic dosing. American Journal of Psychiatry 167(6), 686-693. [PubMed:
20360319]

Gold JM, Barch DM, Feuerstahler LM, Carter CS, MacDonald AW 3rd, Ragland JD, Silverstein SM,
Strauss ME, Luck SJ (2018). Working memory impairment across psychotic disorders.
Schizophrenia Bulletin 9 26. doi: 10.1093/schbul/sby134. [Epub ahead of print]

Greenzang C, Manoach DS, Goff DC, Barton JJ (2007). Task-switching in schizophrenia: active
switching costs and passive carry-over effects in an antisaccade paradigm. Experimental Brain
Research 181(3), 493-502. [PubMed: 17486327]

Hahn B, Harvey AN, Gold JM, Ross TJ, Stein EA (2017) Load-Dependent Hyperdeactivation of the
Default Mode Network in People with Schizophrenia. Schizophrenia Research 185: 190-196.
[PubMed: 28073606]

Hahn B, Robinson BM, Leonard CJ, Luck SJ, Gold JM (2018). Posterior parietal cortex dysfunction is
central to working memory storage and broad cognitive deficits in schizophrenia. Journal of
Neuroscience 38(39), 8378-8387. [PubMed: 30104335]

Jimenez AM, Lee J, Wynn JK,Cohen MS, Engel SA, Glahn DC, Nuechterlein KH, Reavis EA, Green
MF (2016). Abnormal ventral and dorsal attention network activity during single and dual target
detection in schizophrenia. Frontiers in Psychology 3 8;7:323. doi: 10.3389/fpsyg.2016.00323.
eCollection 2016. [PubMed: 27014135]

Psychol Med. Author manuscript; available in PMC 2020 April 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gold et al.

Page 10

Johnson MK, McMahon RP, Robinson BM, Harvey AN, Hahn B, Leonard SJ, Luck SJ, Gold JM
(2013). The relationship between working memory capacity and broad measures of cognitive
ability in healthy adults and people with schizophrenia. Neuropsychology 27(2), 220-229..
[PubMed: 23527650]

Kreither J, Lopez-Calderon J, Leonard CJ, Robinson BM, Ruffle A, Hahn B, Gold JM, Luck SJ
(2017). Electrophysiological evidence for hyperfocusing of spatial attention in schizophrenia.
Journal of Neuroscience 37(14), 3813-3823. [PubMed: 28283557]

Kring AM, Gur RE, Blanchard JJ, Horan WP, Reise SP (2013). The Clinical Assessment Interview for
Negative Symptoms (CAINS): Final development and validation. American Journal of Psychiatry
170(2), 165-172. [PubMed: 23377637]

Leonard CJ, Kaiser ST, Robinson BM, Kappenman ES, Hahn B, Gold JM, Luck SJ (2013). Toward the
neural mechanisms of reduced working memory capacity in schizophrenia. Cerebral Cortex 23(7),
1582-1592. [PubMed: 22661407]

Luck SJ, Vogel EK (2013). Visual working memory capacity: From psychophysics and neurobiology
to individual differences. Trends in Cognitive Sciences 17(8), 391-400. [PubMed: 23850263]

Luck SJ, McClenon C, Beck VM, Hollingworth A, Leonard CJ, Hahn B, Robinson BM, Gold JM
(2014). Hyperfocusing in schizophrenia: evidence from interactions between working memory and
eye movements. Journal of Abnormal Psychology 123(4), 783-795.. [PubMed: 25089655]

Mathis KI, Wynn JK, Breitmeyer B, Nuechterlein KH, Green MF (2011). The attentional blink in
schizophrenia: isolating the perception/attention interface. Journal of Psychiatry Research 45(10),
1346-1351.

Meiran N, Henik A (2000). Task set switching in schizophrenia. Neuropsychology 14(3), 471-482.
[PubMed: 10928748]

Monsell S (2003). Task switching. Trends in Cognitive Sciences 7, 134-140. [PubMed: 12639695]

Nuechterlein KH, Green MF, Kern RS, Baade LE, Barch DM, Cohen JD, Essock S, Fenton WS, Gold
JM, Goldberg T, Heaton RK, Keefe RS, Kraemer H, Mesholam-Gately R, Seidman LJ, Stover E,
Weinberger DR, Young AS, Zalcman S, Marder SR (2008). The MATRICS Consensus Cognitive
Battery: Part 1. Test selection, reliability, and validity. American Journal of Psychiatry 165(2),
203-213. [PubMed: 18172019]

Olkin I, Finn JD ( 1995) Correlations redux. Psychological Bulletin, 118(1):155-164.

Overall JE, Gorham DR (1962). The brief psychiatric rating scale. Psychological Reports 10, 799-812.

Pashler H (1994). Dual-task interference in simple tasks: Data and theory. Psychological Bulletin 116,
220-244. [PubMed: 7972591]

Patterson TL, Goldman S, McKibbin CL, Hughs T, Jeste DV (2001). UCSD Performance-Based Skills
Assessment: Development of a new measure of everyday functioning for severely mentally ill
adults. Schizophrenia Bulletin 27(2), 235-245. [PubMed: 11354591]

Pfohl B, Blum N, Zimmerman M, Stangl D (1989). Structured Interview for DSM-I11-R Personality
Disorders—Revised (SIDP-R). University of lowa: lowa City, IA.

Perlstein WM, Carter CS, Noll DC, Cohen JD (2001). Relation of prefrontal cortex dysfunction to
working memory and symptoms in schizophrenia. American Journal of Psychiatry 158(7), 1105—
1113. [PubMed: 11431233]

Ravizza SM, Moua KC, Long D, Carter CS (2010). The impact of context processing deficits on task-
switching performance in schizophrenia. Schizophrenia Research 116(2-3), 274-279. [PubMed:
19734013]

Schneider LC, Struening EL (1983). SLOF: A behavioral rating scale for assessing the mentally ill.
Social Work Research Abstracts 19, 9-21. [PubMed: 10264257]

Starc M, Murray JD, Santamauro N, Savic A, Diehl C, Cho YT, Srihari V, Morgan PT, Krystal JH,
Wang XJ, Repovs G, Anticevic A (2017). Schizophrenia is associated with a pattern of spatial
working memory deficits consistent with cortical disinhibition. Schizophrenia Research 181, 107-
116. [PubMed: 27745755]

Steiger JH. (1980) Tests for comparing elements of a correlation matrix. Psychological Bulletin 87,
245-251.

Stokes MG (2015). “Activity-silent” working memory in prefrontal cortex: a dynamic coding
framework. Trends in Cognitive Sciences 19(7), 394-405. [PubMed: 26051384]

Psychol Med. Author manuscript; available in PMC 2020 April 22.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Gold et al.

Page 11

Su L, Wyble B, Zhou LQ, Wang K, Wang YN, Cheung EF, Bowman H, Chan RC. (2015). Temporal
perception deficits in schizophrenia: Integration is the problem, not deployment of attentions.
Scientific Reports May 5;5:9745

Unsworth N, Redick TS, Heitz RP, Broadway JM, Engle RW (2009). Complex working memory span
tasks and higher-order cognition: A latent-variable analysis of the relationship between processing
and storage. Memory 17(6), 635-654. [PubMed: 19536691]

Wechsler D (2001). Wechsler test of adult reading. The Psychological Corporation: San Antonia, TX.

Wechsler D (2011). Wechsler Abbreviated Scale of Intelligence-Second edition. Pearson:
Bloomington, MN.

Wylie GR, Clark EA, Butler PD, Javitt DC (2010). Schizophrenia patients show task switching deficits
consistent with N-methyl-d-aspartate system dysfunction but not global executive deficits:
implications for pathophysiology of executive dysfunction in schizophrenia. Schizophrenia
Bulletin 36(3); 585-594 [PubMed: 18835838]

Psychol Med. Author manuscript; available in PMC 2020 April 22.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gold et al. Page 12

A. T2 ONLY

Fixation Period

T1 (ignored)
1100-1250 ms
jittered
100,200,300,400,
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Until response

B. T1T2

Fixation Period

Unspeeded X
response to T1

1100-1250 ms
jittered

100,200,300,400,
600 or 800 ms

Until response

Figure 1.
Schematic illustration of the two experimental conditions. A. shows the T2 only condition

where the T1 letter is ignored, and the subjects makes a speeded response to the T2 numeric
stimulus. B. shows the T1T2 condition where the subject must remember the T1 letter
stimulus and report it using the gamepad after first making a speeded response to the T2
numeric stimulus.
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Figure 2.

Reaction time results. A. Mean of median RTs, with standard error bars, in the T2-only and
T1T2 conditions. B. Mean difference score between the T1T2 and T2-only conditions. The
box encompasses one standard deviation around the mean difference while the lines extend
to the 95% confidence interval of the mean difference.
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Table 1:

Demographic and Cognitive Characteristics of the Sample

HCS PSz
Age 37.90 (10.43) 36.74 (9.14)
Gender % male 68% 63%
Race % 49% C, 38,013 42%,53,4 C
C, AA, other 18,14,5 18, 23,2
Personal Ed years. 15.86 (1.98) 13.42 (1.97)
M Ed years. 13.47 (3.43) 14.24 (3.11)
F Ed years. 13.85 (3.87) 14.07 (3.61)
WTAR 113.03 (11.76) g9 66 (16.68) "
MCCB Total Score? 2429 (6.73) 33.76 (12.88) "
WASI-II |Qb 11370 (10.49) 94.49 (13.01) o
K€ 3.11(:31) 241 (67)**
L p <.001
**z p<.01

%HC N =31, PSZ N = 41
b
HC N = 30, PSZ N = 41

®HC N=26,PSZ N =37

Page 14

C = Caucasian, AA = African American, O = Other; M = Mother, F = Father. Ed = Education; WTAR = Wechsler Test of Adult Reading; MCCB =
Matrics Consensus Cognitive Battery; WASI = Wechsler Abbreviated Scale of Intelligence I1, K is a measure of visual working memory capacity
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Table 2:
Correlations of T2 only, T1T2 RT with K, 1Q, and MCCB Domain and Overall Composite T scores

pPsz HCS

T2only TIT2 T2only TIT2
K _0.24%  -0.63 folelal -0.33 b -0.34
IQ -013  _gg5** ¢ 012
Proc Speed -0.24 —0.47¥ -020 -0.21
ATTIVig _032% o4 032  -030
WM 015 _g47 017 44"
Verbal Learn -0.23 —054%** -0.02 -0.24
Vis Learn 0.05 -0.19 -0.03 -0.21
Reasoning -0.15 —0.38% 0.01 -0.34
Soc. Cog. -0.08 -0.08 -0.06 -0.01
Overall composite  —0.22 0527 022 —0.487*

AN= 37, otherwise N = 41 for PSZ; In HCS

bN =26

CN:BO, for MCCB, N=31

*
p<.05

*:

*
p<.01

*ok

*
p<.001
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