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Abstract

Working memory (WM) impairment is a core feature of schizophrenia, but the contributions of
different WM components are not yet specified. Here, we investigated the potential role of
inefficient encoding in reduced WM performance in patients with schizophrenia (PSZ). Twenty-
eight PSZ, 16 patients with bipolar disorder (PBP), 16 unaffected and unmedicated relatives of
PSZ (REL), and 29 demographically matched healthy controls (HC) performed a spatial delayed
response task with either low or high WM demands. The demands on attentional selection were
also manipulated by presenting distractor stimuli during encoding in some of the trials. After each
trial, participants rated their level of response confidence. This allowed us to analyze different
types of WM responses. WM was severely impaired in PSZ compared to HC; this reduction was
mainly due to an increase in the amount of false memory responses (incorrect responses that were
given with high confidence) rather than an increase in the amount of incorrect and not-confident
responses. Although PBP showed WM impairments, they did not have increased false memory
errors. In contrast, reduced WM in REL was also accompanied by an increase in false memory
errors. The presentation of distractors led to a decline in WM performance, which was comparable
across groups indicating that attentional selection was intact in PSZ. These findings suggest that
inefficient WM encoding is responsible for impaired WM in schizophrenia and point to
differential mechanisms underlying WM impairments in PSZ and PBP.
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Impairments in working memory (WM) are considered a core cognitive deficit in
schizophrenia (Goldman-Rakic, 1994; Lee & Park, 2005). WM refers to the short-term
storage of information in the service of the active guidance of behavior (Baddeley, 1986).
Thus, the ability to store information in WM is crucial for a broad range of cognitive
operations, and WM impairments have significant consequences on social and occupational
functioning (Cervellione, Burdick, Cottone, Rhinewine, & Kumra, 2007). Spatial WM
deficits in particular are present in high-risk populations (Simon et al., 2007), in spectrum
disorders (Mitropoulou et al., 2005), and in unaffected relatives (Myles-Worsley & Park,
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2002; Park, Holzman, & Goldman-Rakic, 1995), and therefore have been discussed as a
potential endophenotypic marker of the disorder (Glahn et al., 2003). In addition, the
neurophysiological underpinnings of spatial WM as measured with the spatial delayed
response task (DRT) and its deficits in schizophrenia are well documented (Goldman-Rakic,
1990, 1994). Despite the evidence for WM deficits in schizophrenia, only recently
researchers have started to disentangle the component processes of the complex WM system
that are most impaired.

Successful performance in a spatial DRT depends on the efficient operation of several
processes at different stages of the task. First, during the encoding phase, subjects need to
perceive the stimulus and transform the perceptual representation into a stable WM
representation. Second, the internal representation needs to be accurately maintained across
the retention interval. Finally, the memory representation must be compared with the
presented probe to prepare and initiate the response.

Following Goldman-Rakic’s model on the importance of the dorsolateral prefrontal cortex
for WM storage, many studies of spatial WM impairments in patients with schizophrenia
(PSZ) have focused on the maintenance phase (e.g., Keefe et al., 1995; Park & Holzman,
1992; Park, Puschel, Sauter, Rentsch, & Hell, 1999; Piskulic, Olver, Noran, & Maruff,
2007). However, performance deficits occur even with very short delays and do not
necessarily increase with longer delays (Gold et al., 2010; Javitt, Strous, Grochowski, Ritter,
& Cowan, 1997; Keefe et al., 1995; Lee & Park, 2005; Park & Holzman, 1992). These
findings point to a major locus of impairment at the stage of encoding (Lee & Park, 2005).

One issue that complicates the investigation of encoding deficits in behavioral paradigms is
the difficulty in isolating the encoding process because performance measures in terms of
accuracy and reaction time (RT) are compound measurements that potentially reflect
processes associated with the encoding, maintenance, and/or retrieval phase. In this study,
we therefore used a different approach to investigate the role of inefficient encoding in WM
impairments in PSZ by analyzing different types of responses, in addition to analyzing
overall WM performance.

Participants performed a spatial DRT that required them to memorize either the locations of
two (low demand on WM) or four (high demand on WM) geometric shapes (squares and
circles). In each trial, we asked participants to rate their level of response confidence. This
approach allowed us to examine four types of accurate and erroneous responses. Our
classifications were as follows: if a subject gave the correct response with high confidence,
this was classified as true memory, in contrast to a correct response that was given without
confidence (= correct/not-confident response). If an incorrect response was giving with
confidence, this was classified as false memory, in contrast to an incorrect response that was
given without confidence (= incorrect/not-confident response). We were particularly
interested in the rate of false memory responses in comparison to the amount of incorrect/
not-confident responses among patients and healthy controls (HC). We reasoned, that false
memory errors most likely reflect a problem at the encoding stage. Thus, patients may
transfer erroneously and/or imprecisely encoded information into WM, but successfully
maintain and retrieve this information from WM, resulting in judgments of high confidence.
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In contrast, if patients had difficulties in maintaining a stable memory representation, one
could also expect an increase in the amount of incorrect responses that are given without
confidence.

In line with the encoding hypothesis, we have previously shown in healthy participants that
the percentage of false memories in a spatial DRT decreases when the processes that support
WM encoding are facilitated (Mayer, Kim, & Park, 2011). Moreover, Lee, Folley, Gore, and
Park (2008) reported similar activation patterns in the prefrontal cortex for correct responses
and false memory responses in a spatial DRT in PSZ, suggesting that the maintenance of the
internal representation was intact whether that representation was correctly or incorrectly
encoded. Therefore, if reduced WM performance in PSZ was due to a failure in the encoding
rather than the maintenance of the items, we expected a higher percentage of false memory
errors rather than incorrect/not-confident responses in PSZ compared to HC. This effect
should be most pronounced when the demands on WM are increased.

To test the specificity of this potential encoding deficit, we included a group of patients with
bipolar disorder (PBP) who were comparable in terms of symptom severity to the
schizophrenia sample. It is not clear whether and to what degree visual WM is impaired in
bipolar disorder (e.g., Glahn, Bearden, et al., 2006; McGrath, Chapple, & Wright, 2001;
Park & Holzman, 1992, 1993; Sweeney, Kmiec, & Kupfer, 2000). However, even though
PBP suffered from WM deficits as well, the comparison of the response types might allow
us to differentiate the underlying mechanisms.

We also included a group of unaffected and unmedicated first-degree relatives (REL) of
PSZ. Given the evidence for common deficits in WM in PSZ and their unaffected relatives
(Conklin, Conklin, Curtis, Calkins, & lacono, 2005; Myles-Worsley & Park, 2002; Park et
al., 1995; Snitz, MacDonald, & Carter, 2006), we expected an increase in the amount of
false memory errors in REL as well.

A second aim of this study was to specify the processes that contribute to the potential WM
encoding deficit in PSZ. Increasing evidence suggests that deficits in early-stage visual
processing (Badcock, Badcock, Read, & Jablensky, 2008; Hartman, Steketee, Silva,
Lanning, & McCann, 2003; Javitt, Liederman, Cienfuegos, & Shelley, 1999; Javitt et al.,
1997; Tek et al., 2002) and/or higher-level cognitive processes associated with the
consolidation process itself (Fuller, Luck, McMahon, & Gold, 2005; Fuller et al., 2009) can
lead to abnormal encoding in schizophrenia (for a review see Haenschel & Linden, 2011).
Moreover, attentional processes can modulate the encoding process (Fine & Minnery, 2009;
Mayer et al., 2011; Vogel, McCollough, & Machizawa, 2005) and might be impaired in PSZ
(Gold, Fuller, Robinson, Braun, & Luck, 2007; Hahn et al., 2010; Luck & Gold, 2008;
Tanaka et al., 2007). Thus, difficulties in selecting relevant information or deploying
attention to the relevant feature efficiently (Nestor et al., 1992; Posner, Early, Reiman,
Pardo, & Dhawan, 1988; Sereno & Holzman, 1996) may result in imprecise encoding or in
encoding wrong stimuli which then may lead to increased false memory responses.

To test the hypothesis of impaired selection as a cause of WM encoding deficits in
schizophrenia, we manipulated the demands on the selection process during the encoding
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phase in the task described above. In the no-distraction condition, two squares were
presented and participants were instructed to memorize their locations. In the distraction
condition, two squares and two circles were presented and participants were instructed to
memorize the locations of only the squares. We expected that WM performance would be
reduced in the condition of distraction versus no distraction in all groups due to increased
demands on attentional selection (Vogel et al., 2005). However, if a failure in the selection
of the items to be encoded into WM was responsible for reduced WM performance in PSZ,
the distraction-induced decline in WM performance should be stronger for this group
compared to HC.

Twenty-eight patients with schizophrenia or schizoaffective disorder, 16 PBP, and 29 HC
participated in this study. Diagnoses were made according to Diagnostic and Statistical
Manual of Mental Disorders, Fourth Edition (DSM-IV) criteria (American Psychiatric
Association, 1994) using structured clinical interviews. Demographic information is
summarized in Table 1. The three groups were matched for age, F(2, 72) = 0.32, p = .73,
premorbid 1Q, F(2, 72) = 0.21, p = .81, as measured with the National Adult Reading Test
(Nelson, 1982), and handedness, F(2, 72) = 2.59, p = .08, as measured with the Edinburgh
Handedness Inventory (Oldfield, 1971). Years of education were lower in both patient
groups compared to controls (all t values > 2.1, all p values < .05), but did not differ
between PSZ and PBP, t(42) = 0.68, p = .50.

PSZ were clinically stable outpatients (mean duration of illness: 16.85, SD = 9.10). At the
time of testing, PSZ obtained a mean total score of 12.74 (SD = 5.74) on the Brief
Psychiatric Rating Scale (BPRS) (Overall & Gorman, 1962), 23.67 (SD = 13.81) on the
Scale for the Assessment of Negative Symptoms (SANS) (Andreasen, 1983), and 13.41 (SD
=10.23) on the Scale for the Assessment of Positive Symptoms (Andreasen, 1984). Twenty-
four PSZ were medicated, three with a first-generation antipsychotic and 21 with a second-
generation antipsychotic. In addition, 10 PSZ also received antidepressants, two PSZ
benzodiazepines, and one PSZ was treated with lithium. The mean chlorpromazine
equivalent dose (CPE) was 361.12 (SD = 381.78). PSZ were taking stable medications for a
minimum of 4 weeks prior to testing.

In the bipolar sample, 10 patients had a history of psychotic symptoms when acutely manic
or depressed. PBP were clinically stable outpatients (mean duration of illness: 14.07, SD =
8.63). At the time of testing, patients obtained a mean total score of 12.94 (SD = 9.18) on the
BPRS, 6.63 (SD = 5.97) on the Young Mania Rating Scale (YMRS) (Young, Biggs, Ziegler,
& Meyer, 1978), and 11.81 (SD = 7.82) on the Hamilton Rating Scale for Depression
(HRSD) (Hamilton, 1960). Based upon symptom ratings, five of the PBP were considered
mildly to moderate depressed (HRSD > 16), two were in a manic (YMRS > 12) or mixed
episode (HRSD > 16 and YMRS > 12) and seven were euthymic (HRSD < 8 and YMRS <
6). Fifteen PBP were medicated; seven were taking mood-stabilizing medications (lithium: n
=1, anticonvulsants: n = 6); 10 patients were taking antidepressants, two patients were
taking benzodiazepines, and two were taking a psychostimulant. In addition, eight PBP were
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currently receiving a second-generation antipsychotic. The mean CPE dose was 140.50 (SD
= 174.42). PSZ and PBP were comparable in terms of symptom severity as measured with
the BPRS, t(41) = -.09, p = .93, and duration of illness, t(39) = 1.15, p = .26.

HC were recruited from the community. They had no history of DSM-IV Axis | disorders
and no family history of psychosis. They were medication-free and screened to rule out
schizotypal personality using the Schizotypal Personality Questionnaire (SPQ) (Raine,
1991). No control participant scored high on the SPQ (M =10.90, SD = 7.71, range: 0-26).

In addition, 16 unaffected first-degree relatives of PSZ were tested. REL were recruited
through our patients and local advertisement. They had no history of DSM-IV Axis | and
were medication-free. The mean score on the SPQ was 22.94 (SD = 13.89, range: 3-57) for
this group. REL were matched with PSZ and HC for age (all t values < 1.18, all p values > .
24), years of education (all t values < 1.09, all p values > .28), and handedness (all t values <
1.60, all p values > .12). However, premorbid 1Q was lower in REL than PSZ, t(42) = 1.96,
p = .06, and HC, t(43) = 2.49, p < .05.

All subjects had normal or corrected-to-normal vision. Exclusion criteria were a history of
head injury, neurological disorder, or substance abuse in the 6 months preceding the study.
All subjects gave written informed consent approved by the Vanderbilt University
Institutional Review Board and were paid.

Stimuli, Task, and Procedure

Stimuli were geometric shapes (circles and squares) of approximately 0.71° visual angle,
displayed on a white background (see Figure 1). Stimuli appeared along an imaginary circle
(4.7° radius) including 16 positions around a centrally presented fixation cross (0.71°).

Participants performed a spatial DRT. Each trial began with presenting a fixation cross at the
center position for 1 s, then the task instruction was given in the form of the letter A or S
which was followed by the presentation of several geometric shapes (circles and squares) for
2 s. The letter A instructed participants to memorize the locations of all shapes (no-
distraction condition), whereas participants were asked to memorize the locations of only the
squares when the letter S appeared before (distraction condition). In the distraction
condition, subjects needed to remember the locations of two squares (targets) and ignore two
circles (distractors). In the no-distraction condition, the number of targets (WM load) was
either two (only squares) or four (two squares and two circles).1 Within each trial, the target
positions were determined pseudorandomly with the constraint that in WM load 4/no-
distraction trials, the targets appeared in at least three different quadrants of the screen and
that a maximum of two target items could be presented in adjacent locations. Aftera 6 s
delay interval, a question mark (0.71°) was presented as a probe until a response was given.
Participants indicated whether the position of the question mark matched one of the target
positions by a left or right key press for match and nonmatch, respectively. Half of the trials

IThe design was not balanced with regard to the target shapes, as circles were presented as targets only in the WM load 4/no-
distraction condition. We cannot exclude that if circles and squares differed in perceptual salience, this could have confounded the
effect of WM load. However, given that perceptual salience is encoded very fast (in the range of tenths of ms) (e.g., Nothdurft, 2002;
Mayer et al., 2011; Wolfe, 1998) and the targets were presented rather long (2 s), a potential salience effect might be disregarded.
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were matches. In the nonmatch trials, the question mark appeared at one of the remaining
positions that had not been occupied by either a target or a distractor during the stimulus
presentation phase. Participants made the response with the index finger and the middle
finger of their dominant hand, and they were instructed to respond as fast and accurately as
possible. Immediately after the decision, participants indicated the confidence level for their
response by pressing the A button for “confident” and the S button for “not confident.” The
participants were given as much time as they wanted to make an accurate response. An
intertrial interval (1T1) of 2 s followed the confidence rating before a new trial began. See
Figure 1 for an illustration of the sequence of events at each trial. Each of the three
experimental conditions (WM load 2/distraction, WM load 2/no distraction, WM load 4/no
distraction) was presented equally often (32 trials per condition). Participants performed one
practice block (10 trials) followed by two experimental blocks of 48 trials each. The trials
were presented fully randomized across blocks.

WM performance was analyzed in terms of response accuracy, RT, and the amount of type
of response (true memory responses, correct but not-confident responses, false memory
responses, incorrect and not-confident responses). A subsequent analysis tested the
relationship between error rates (false memory responses and incorrect and not-confident
responses) and the distance from the probe to the nearest target (near vs. far). This analysis
was restricted to the nonmatch trials in the WM load 4/no-distraction condition as the
probability that the probe appeared at locations adjacent to a target location differed between
task conditions and was highest in this condition. A “near probe-to-target location” was
defined as adjacent to the target location (one location apart from the target). A “far probe-
to-target location” included locations that were two or more locations apart from the target.

We first report the findings on response accuracy and RTs in the two WM load conditions
for PSZ compared to HC and PBP in order to assess WM deficits. To test whether WM
deficits reflect difficulties of WM encoding rather than maintenance, we then present the
findings on different response types based on the confidence rating in these groups. This is
followed by the presentation of the findings on response accuracy and RTs in the distractor
condition. This condition was included to test whether the potential WM encoding deficit
can be explained by impaired attentional selection. To rule out medication effects, we also
included a group of unaffected and unmedicated first-degree REL of PSZ. The results on
REL are reported in the second part of the result section.

Schizophrenia, Bipolar, and Healthy Control Participants

WM load conditions—Two separate repeated-measures ANOVAs were performed on
response accuracy and RTs as a function of WM load (two vs. four targets) and group (PSZ,
PBP, HC). For response accuracy, the analysis revealed a significant main effect of group,
F(2, 70) = 7.92, p < .01, n2 = .18. Planned comparisons using independent t test indicated
that for WM load 2, accuracy was lower in both patient groups compared to HC [PSZ versus
HC, t(55) = -2.69, p < .05; PBP versus HC, t(43) = -2.05, p < .05] but did not differ
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between PSZ and PBP, t(42) = -.51, p = .62 (see Figure 2). For WM load 4, accuracy was
lowest in PSZ, [PSZ versus HC, t(55) = —4.89, p < .001] followed by PBP [PSZ versus PBP,
t(42) = -1.95, p = .06] and HC [PBP versus HC, t(43) = -1.66, p = .10]. This pattern was
also reflected in a significant interaction between group and WM load, F(2, 70) = 3.05, p =.
05, 2 = .08. Overall, accuracy was lower for WM load 4 versus 2, F(1, 70) = 154.27, p <.
001, 12 = .69.

Consistent with the accuracy data, RTs increased from WM load 2 to WM load 4, F(1, 70) =
42.76, p < .001, n? = .38. This load-dependent increase was found to be similar across all
groups [nonsignificant interaction between the factors group and WM load, F(2, 70) = 1.29,
p =.28]. RTs did not significantly differ between groups, F(2, 70) = 1.64, p = .20.

Neither the severity of positive nor negative symptoms correlated with accuracy or RTs in
PSZ in any of the WM load conditions (all p values >.12). In PBP, there was no relationship
between WM performance and ratings of mania or depression (all p values > .08). In PSZ,
accuracy correlated negatively with the daily CPE dose in the WM load 4 condition, r —.45,
p < .05, but not the WM load 2 condition, p = .56. RTs did not correlate with the CPE dose
in any of the load conditions (all p values > .86). In PBP, neither response accuracy nor RTs
correlated with the daily CPE dose in any of the load conditions (all p values >.12). In PSZ,
there was no relationship between WM performance (accuracy and RTs) and duration of the
illness in any of the load conditions (all p values > .28). In PBP, we found in both load
conditions a significant positive correlation between duration of illness and RTs (r values > .
65, p values < .01) but not accuracy (all p values > .40).

Confidence rating—A 3 x 4 x 3 repeated-measures ANOVAs was conducted to test
whether the percentage of type of response (true memories, correct but not-confident
responses, false memories, incorrect and not-confident responses) differed between groups
(PSZ, PBP, HC) in the three experimental conditions (WM load 2/no distraction, WM load
2/distraction, WM load 4/no distraction). (See Figure 3 and Supplementary Figure 1 for the
results for each experimental condition). Specifically, we were interested whether PSZ
showed an increase in the rate of false memory rather than incorrect/not-confident responses
compared to HC reflecting problems specifically at the stage of encoding. As indicated by a
significant interaction between the factors group and response type, F(6, 210) =2.18,p <.
05, 12 = .06, the percentage of type of response differed between groups. Because there was
no effect of experimental condition on the percentage of type of responses, F(2, 140) = 0.17,
p = .84, data was collapsed across conditions for post hoc analyses using separate one-way
ANOVAS (see Supplementary Figure 1 for the results for each experimental condition). A
significant group difference emerged only in the percentage of false memories, F(2, 70) =
6.09, p > .05, n? = .15, corrected for multiple comparisons using Bonferroni correction. Post
hoc tests corrected for multiple comparisons indicated that PSZ made significantly more
false memory errors than HC, p < .003. PSZ made also more false memories than PBP,
however the difference of 5.2% did not reach significance, p = .29. There was no difference
in the percentage of false memories between PBP and HC, p = .62. The percentage of true
memory responses, correct and incorrect responses given without being confident did not
significantly differ between groups (all F values < 1.70, all p values > .19).

J Abnorm Psychol. Author manuscript; available in PMC 2014 September 11.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Mayer and Park

Page 8

The percentage of false memories calculated across experimental conditions did not
correlate with symptom ratings in PSZ (all p values > .19). In PBP, the percentage of false
memories correlated positively with the severity of mania symptoms, r = .49, p < .05, but
not depressive symptoms, p = .36. In addition, the percentage of false memories did not
correlate with the daily CPE dose, neither when calculated across both groups, p = .47, nor
separately for PSZ, p = .59, and PBP, p = .33. There was also no relationship between the
percentage of false memories and duration of the illness, when calculated across both
groups, p = .79, and separately for PSZ, p = .38, and PBP, p = .22.

Was the increase in the amount of false memory errors specifically related to
WM deficits in our task?—To answer this question we correlated the percentage of false
memory responses and the percentage of incorrect/not-confident responses with response
accuracy in our task and WM capacity derived from an independent task.2 This analysis was
restricted to the WM load 4/No distraction condition that was associated with the highest
rate of false memory errors (see Supplementary Figure 1). When collapsing across all
participants, there was a strong negative correlation between the percentage of false memory
responses and accuracy, r= —.65, p <.001, whereas the correlation between the amount of
incorrect and not-confident responses and accuracy was considerably weaker, r = -.28, p <.
05. In addition, the percentage of false memories correlated negatively with WM capacity,
r=-.67, p <.001, but there was no correlation between capacity estimates and the amount of
incorrect and not-confident responses, r = —.20, p = .22.

Did the increased rate of false memory errors reflect a failure of WM retrieval?
—RTs usually increase as a function of the demands on memory search in order to retrieve
information from WM (Sternberg, 1966). If the increased rate of false memory errors in PSZ
reflected a failure of WM retrieval we therefore expected that increases in RTs would be
accompanied by higher rates of false memory responses. To test this hypothesis we
correlated RTs in the WM load 4/no-distraction condition with the amount of false memory
and the amount of incorrect and not-confident responses in PSZ and HC. For PSZ, RTs were
positively correlated with the amount of incorrect and not-confident responses, r =.70, p <.
001, however there was a trend toward a negative relationship between RT increases and the
amount of false memory responses, r = —.33, p = .08. For HC, RTs correlated positively with
the amount of false memory responses, r = .40, p < .05, whereas there was no relationship
with the amount of incorrect and not-confident responses, r = .13, p = .52.

Distractor condition—Response accuracy was significantly lower when distractors were
presented in the stimulus display [ANOVA, main effect of distractor, F(1, 70) = 15.74,p <.
001, 2 = .18] (see Figure 2). This decrease was found to be similar across all groups
[nonsignificant interaction between the factors distraction and group, F(2, 70) =.07,p =.

2This analysis included data from 19 PSZ and 21 HC who also participated in a visual change detection task. In this task, participants
were presented with arrays of two, four, six, or eight colored squares for 150 ms in each trial. After a retention interval of 900 ms, one
colored square was presented at the location of one of the items from the memory array. Participants made an unspeeded button press
to indicate whether the color of the test probe matched or did not match the color of the original memory item in that location. Each
individual’s accuracy for each array size was transformed into a K estimate using a standard formula: K = (hit rate + correct rejection
rate — 1) x N (Cowan, 2001). This approach allows quantifying the number of items held in memory, K, from an array size of N items,
taking guessing into account. For each subject, the values for array sizes 2, 4, 6, and 8 were averaged into a single WM capacity

estimate.
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93]. The analysis also revealed a significant group effect on accuracy, F(2, 70) =3.82,p <.
05, 2 = .10. Accuracy was higher in HC compared to PSZ, t(55) = -2.41, p < .05, but did
not significantly differ between HC and PBP, t(43)= -1,61, p = .12 and between the two
patient groups, t(42) = -0.19, p = .85.

Consistent with the accuracy data, RTs significantly increased in the distractor condition,
F(1, 70) = 4.48, p < .05, n2 = .06, however this increase differed between groups as
indicated by a significant interaction between the factors distractor and group, F(2, 70) =
3.17, p < .05, 12 = .08. RTs increased in the distractor versus no distractor condition in PSZ,
t(27)= -2.80, p < .01, but did not differ between these conditions in HC, t(28) = 0.23,p =.
82, and PBP, t(15) = —0.96, p = .35. There was no significant group effect on RTs, F(2, 70)
=1.95,p=.15.

Furthermore, RTs were faster in the WM load 2/distraction condition than the WM load
4/no-distraction condition in HC, PSZ, and PBP [ANOVA, main effect of task condition,
F(1, 70) = 30.91, p < .001, n2 = .31; nonsignificant interaction between group and task
condition, F(2, 70) = 0.55, p = .58].

There were no significant correlations between symptom ratings and neither response
accuracy nor RTs in the distraction condition in both PSZ and PBP (PSZ, all p values > .36;
PBP, all p values > .25). In PSZ, accuracy, r = =40, p = .05, but not RTs, p = .66, correlated
negatively with the daily CPE dose. In PBP, there was no significant correlation between
neither accuracy nor RTs and daily CPE dose (all p values > .25). WM performance did not
correlate with duration of the illness in PSZ (all p values > .44). In PBP, there was a
significant correlation between duration of illness and RTs, r =.69, p < .01, but not
accuracy, p > .86.

Did the increased rate of false memory errors reflect less precise WM
encoding?—To test whether spatial WM encoding was less precise in PSZ compared to
HC, we analyzed the relationship between error rates (false memory responses and incorrect
and not-confident responses) and the distance from the probe to the nearest target (see
Methods). If PSZ encoded the locations spatially less precisely than HC, we expected a
higher rate of false memories rather than incorrect and not-confident responses in PSZ than
HC when the probe was located at locations adjacent to a target location versus locations
that were farther apart from targets. A 2 x 2 x 2 repeated-measures ANOVA with the factors
group (PSZ vs. HC), error type (false memory vs. incorrect and not-confident responses),
and probe location (near vs. far) revealed a significant main effect of probe location, F(1,
55) = 8.80, p < .01, n2 = .14, with increased error rates for near versus far probe locations.
Most important, this increase in errors for near versus far probe locations differed between
PSZ and HC, as reflected in the significant group by probe location interaction, F(1, 55) =
8.74, p < .01, n2 = .14. The interaction between all three factors did not reach significance,
F(1, 55) =0.69, p = .41, n2 = .012. This might be due to insufficient statistical power because
planned comparisons using paired t tests showed the appropriate pattern for the three-way
interaction (see Figure 4). PSZ made more false memory errors when the probe was located
near versus far from a target position, t(27) = 3.87, p < .01. In contrast, there was no
difference between near and far probe-to-target locations for the amount of incorrect and
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not-confident responses, t(27) = 1.13, p = .27. In HC, both the amount of false memories,
t(28) = 0.64, p = .53, and the amount of incorrect and not-confident responses, t(28)= —0.77,
p = .45, did not differ for probe locations that were adjacent to targets versus locations that
were farther from targets.

Patients With Schizophrenia, First-Degree Relatives and Healthy Control Participants

WM load conditions—In the WM load 2 condition, accuracy was lower in REL than HC,
t(43) = 2.04, p < .05, but did not differ from PSZ, t(42) = -0.36, p = .72. For WM load 4,
accuracy was significant higher in REL compared to PSZ, t(42) = -2.30, p < .05, and did not
differ from HC, t(43) = 1.36, p = .18 (see Figure 2). The latter result was mainly driven by
two outliers in the REL group showing better performance for WM load 4 versus WM load
2. When the data from the outliers were disregarded, accuracy was significant lower in REL
compared to HC, t(41) = 2.20, p < .05 and did not differ from PSZ, t(40) = -1.54, p=.13. In
both load conditions, RTs did not differ significantly between REL and HC (all p values > .
92) but there was a trend for faster RTs compared to PSZ in the WM load 4/no-distraction
condition, t(42) = 1.72, p = .09, but not the WM load 2/no-distraction condition, p = .22.

There was no relationship between WM performance (accuracy and RTs) and SPQ ratings in
REL in both WM load conditions (all p values > .50).

Confidence rating—Separate one-way ANOVAs revealed a significant group difference
in the percentage of false memories calculated across experimental conditions, F(2, 70) =
6.65, p > .01, 2 = .16, corrected for multiple comparisons. As indicated by post hoc tests,
REL made more false memory errors than HC, p < .05, corrected for multiple comparisons,
but did not differ from PSZ in the amount of false memories, p = 1.0. The percentage of true
memory responses, correct and incorrect responses given without being confident, did not
significantly differ between groups (all F values < 2.20, all p values > .12).

The amount of false memories did not correlate with SPQ ratings in REL, p > .86.

The percentage of false memory responses in the WM load 4/no-distraction condition
correlated negatively with accuracy, r = -.92, p < .001. In contrast, there was no relationship
between the amount of incorrect and not-confident responses and accuracy, r = .02, p = .95.
RTs were not correlated with neither the amount of false memories nor the amount of
incorrect and not-confident responses in REL (all p values > .29).

Distractor condition—The distractor effect, that is, lower accuracy when the distractors
were present versus not present, was also found in REL, t(15) = 2.89, p < .05. In addition,
accuracy was lower in REL than HC, t(43) = 2.40, p < .05, but did not differ from
performance observed in PSZ, t(42) = 0.39, p = .70.

RTs did not differ between the two distraction conditions in REL, t(15) = —0.48, p = .64. In
addition, RTs did not significantly differ from HC, t(43)= -0.21, p = .83, whereas there was
a trend for faster RTs compared to PSZ, t(42) = 1.83, p = .07.
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For REL, there was no relationship between WM performance (accuracy and RTs) and SPQ
ratings in the distraction condition (p > .59).

Discussion

The present findings provide new insight into the mechanisms underlying WM impairments
in schizophrenia by analyzing different response types. Consistent with previous studies
(Gold et al., 2010; Goldman-Rakic, 1994; Haenschel & Linden, 2011; Lee & Park, 2005),
WM performance was markedly reduced in PSZ, especially when the demands on WM were
high. Here, we demonstrate that this reduction in WM performance in schizophrenia is
mainly due to an increase in the amount of false memory responses rather than the amount
of incorrect/not-confident responses. The percentage of false memories was almost doubled
in PSZ compared to HC, whereas the amount of incorrect responses that were given without
being confident did not differ between groups. Moreover, the percentage of false memory
responses rather than the percentage of incorrect/not-confident responses correlated strongly
negatively with WM accuracy in the condition of high WM load as well as with WM
capacity estimates derived from an independent task. This suggests that the degree to which
participants made false memory errors was related to their degree of WM impairment.

The finding of an increased rate of false memory but not incorrect/not-confident responses
in PSZ suggests that their WM deficit is most likely due to difficulties in processes required
during the early phase of WM encoding rather than due to a failure of WM storage. In line
with an encoding deficit (Lee & Park, 2005), we have previously shown in healthy
participants that the percentage of false memories in a spatial DRT decreases when the
processes that support WM encoding are facilitated (Mayer et al., 2011). Furthermore,
neuroimaging studies that compared true memory and false memory responses in PSZ
reported similar delay-related activation patterns in the prefrontal cortex for both types (Lee
et al., 2008) suggesting that the mechanisms that support the maintenance of the internal
representation were intact whether that representation was correctly or incorrectly encoded.

In addition, consistent with previous studies (Park et al., 1995) the RT data did not indicate
that the increased rate of false memory responses reflected a failure of WM retrieval.
Although the increase in RTs was related to higher rates of incorrect and not-confident
responses in PSZ, we did not find a positive correlation with the rate of false memories.
Instead our data suggests a trend toward a negative correlation between RT and false
memory errors, which indicates that patients with higher rates of false memory responses
might be finding retrieval less demanding, resulting in faster RTs.

It might also be argued that the increased rate of false memories in PSZ was a consequence
of deficits in metamemory (Flavell, 1979). Patients might be less aware of their own
memory capacity, which would lead to a problem at the stage of the confidence judgments
rather than WM encoding. For instance, in tasks on episodic long-term memory (LTM), PSZ
show overconfidence in errors, as observed by higher retrospective judgment ratings for
error trials (Moritz & Woodward, 2006; Moritz, Woodward, Whitman, & Cuttler, 2005).
Similarly, PSZ may have given more false memory responses in the present WM task due to
an overall response bias for confidence responses. However, if patients were less successful
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in subjectively assessing the correctness of their WM representation, we expected a similar
distribution of confident and not-confident responses among correct and incorrect responses
in PSZ. The results in the condition WM load 4/no distraction were not consistent with this
hypothesis. Seventy-nine percent of the correct responses were true memories and 21% of
the correct responses were given without being confident. In contrast, among the errors
about 74% were false memory errors whereas 26% were incorrect and not-confident
responses. A t test for paired samples indicated that the difference in the percentage of
confident and not-confident responses was significant for correct and incorrect responses,
t(27) = 2.01, p < .05. In addition, the distribution of confident and not-confident correct
responses was similar in PSZ and HC [77% versus 23% for HC, no significant group
difference in the difference between percent correct/confident and correct/not confident,
t(55) = .32, p = .75]. This is in contrast to LTM tasks where PSZ also show less confidence
in correct responses (Moritz & Woodward, 2006). Together, these findings do not suggest a
failure of metamemory monitoring in our patients, which is also consistent with recent
reports on intact response monitoring in schizophrenia (Thakkar, Schall, Boucher, Logan, &
Park, 2011). Even in the context of episodic LTM tasks, which demand monitoring
processes to a higher degree than WM, PSZ show some preservation of their monitoring and
control abilities (Bacon & lzaute, 2009; Bacon, Izaute, & Danion, 2007).

Taken together, by demonstrating an increased rate of false memory responses in PSZ
compared to HC in a spatial DRT, we provide evidence that the severe impairments in
spatial WM observed in PSZ can be attributed, at least to some degree, to deficits in
processes associated with WM encoding. This finding supports and extends recent studies
that examined different encoding conditions rather than response types and found impaired
encoding as well (Badcock et al., 2008; Fuller et al., 2009; Hahn et al., 2010; Hartman et al.,
2003; Tek et al., 2002; for a review see Haenschel & Linden, 2011).

Similar to PSZ, PBP showed lower visual WM performance compared to HC. However, this
deficit was less pronounced compared to PSZ when the demands on WM were high. These
findings are consistent with neuropsychological studies indicating that PBP show a cognitive
profile similar to that of PSZ, but that the impairments are less severe (Schretlen et al., 2007;
Seidman et al., 2002). However, results from studies focusing on visual WM in bipolar
disorder have been inconsistent. Several studies reported similar performance in PBP and
HC (Kéri, Kelemen, Benedek, & Janka, 2001; Park & Holzman, 1992, 1993; Pirkola et al.,
2005). Other studies provide evidence for impaired visual WM storage in PBP, particularly
in the manic phase of the illness (Badcock, Michiel, & Rock, 2005; McGrath et al., 2001;
Sweeney et al., 2000) and in patients with a history of psychotic symptoms (Bora, Ylcel, &
Pantelis, 2010; Glahn, Bearden, et al., 2006). About half the participants in our sample
reported psychotic symptoms, which might explain our finding of moderate impairments on
the group level in the PBP compared to more severe impairments in the PSZ in the condition
of high WM demand. Most strikingly, even though PBP showed WM deficits, the
percentage of false memory errors did not differ from HC. These findings support and
extend previous reports on WM dysfunctions in bipolar disorder and schizophrenia by
indicating that WM impairments in these patients might differ not only in severity but also
quality (Badcock et al., 2005; Glahn, Barrett, et al., 2006). The demonstration of increased
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false memory rates in PSZ but not PBP compared to HC suggests that inefficient WM
encoding contributes to WM deficits in PSZ but not PBP. These findings point to differential
mechanisms underlying WM impairments in PSZ and PBP and thus have important
implications for the development of differential cognitive remediation strategies in
schizophrenia and bipolar disorder.

In PSZ, neither the severity of current positive nor negative symptoms was related to any of
the WM performance measures. This is consistent with the literature suggesting that WM
deficits in schizophrenia represent deficits that are stable and exist independently of clinical
state (Glahn et al., 2003; Park et al., 1999). In PBP, the stability of WM deficits across
different states of the disease is less clear. Some studies indicate that WM deficits are in
particular pronounced during the manic phases of the illness (McGrath et al., 2001; Sweeney
et al., 2000). It is interesting that in our sample of PBP we found that the rate of false
memories increased with the severity of manic symptoms. As psychotic symptoms such as
delusion, hallucinations, and positive thought disorder have a high prevalence in mania (e.g.,
Canuso, Bossie, Zhu, Youssef, & Dunner, 2008; Rosen, Grossman, Harrow, Bonner-
Jackson, & Faull, 2011; Schiirhoff et al., 2003), our finding suggests that the PBP who are
more similar to PSZ in terms of their symptomatology also show a more severe encoding
deficit.

A second aim of this study was to elucidate the processes that contribute to the WM
encoding deficit in PSZ. We tested the hypothesis of impaired attentional selection as a
cause of WM encoding deficits in schizophrenia, by manipulating the demands on the
selection process during the encoding phase. For this purpose, we presented distractors in
some of the trials. We expected that the distraction effect, that is, lower WM accuracy in the
condition with distraction versus no distraction, would be stronger in PSZ than HC
reflecting reduced selection capabilities. Our findings did not support this hypothesis. The
decline in accuracy when distractors were presented in the stimulus display was similar in
PSZ, HC, and PBP. Moreover, RTs were significantly faster in the WM load 2/distraction
condition compared to the WM load 4/no-distraction condition both in HC and patients,
indicating that all participants were effectively ignoring the distractors. However, PSZ
showed a stronger increase in RTs in the condition with distraction versus no distraction
compared to HC and PBP. Thus, PSZ were able to ignore the distractors as effectively as
HC and PBP only at the cost of additional processing time. Although this finding may
suggest that processes related to WM retrieval are altered in PSZ when distractors were
presented, they do not provide evidence that the selection process itself was impaired during
WM encoding. This was surprising in the light of previous reports on reduced selectivity
during WM encoding in healthy individuals with low WM capacity (Vogel et al., 2005).
However, the lack of a selection deficit in our group of chronic PSZ replicates previous
findings indicating that attentional selection is not necessarily impaired in PSZ, in particular,
when the selection is based on simple and salient cues and the distractors do not strongly
compete for attentional resources (Gold et al., 2006, 2007; Tanaka et al., 2007). Consistent
with theses reports, target selection and/or distractor inhibition was intact in our patients as
well, and thus cannot explain their WM encoding deficit that was reflected in the increased
false memory rate. However, recent evidence suggests that when the selection process
requires a high degree of top-down control, such as in the presence of highly distracting
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inputs, WM encoding is indeed markedly reduced in schizophrenia (Hahn et al., 2010).
Moreover, in our previous study we have demonstrated that false memory errors are linked
to top-down attentional selection necessary for WM encoding (Mayer et al., 2011).
Following these findings, one can speculate that increased rates of false memory errors in
PSZ may be specifically associated with a failure of top-down attentional control necessary
for WM encoding, a hypothesis that remains to be tested in future studies.

If reduced attentional selection cannot account for the encoding deficit observed in PSZ in
our task, which other processes might contribute? Given that participants were granted long
encoding time (Tek et al., 2002), perceptual deficits might not have played a major role.
Another plausible and prominent hypothesis is that WM encoding is less precise in PSZ
(Javitt et al., 1997, 1999; Lencz et al., 2003; see also Badcock et al., 2008). Consistent with
this hypothesis, false memory errors were elevated in PSZ but not incorrect and not-
confident responses when the probe was presented nearer rather than farther from a target
location. In contrast, the amount of false memories and the amount of incorrect and not-
confident responses did not differ in HC depending on the distance between probe and
targets. These findings provide preliminary evidence that imprecise encoding of stimuli is
one factor that can lead to false memory errors and contribute to WM deficits observed in
patients with schizophrenia. Future studies are required to determine whether other factors
also play a role.

While both patient groups were comparable with regard to the severity of symptoms as
measured with the BPRS and duration of illness, they were taking different classes of
psychotropic drugs. Therefore, one limitation of this study concerns potential medication
effects. Indeed, correlational analyses indicated that the current antipsychotic medication
dosage was related to a reduction in WM performance in PSZ. We therefore tested a group
of unaffected and unmedicated first-degree relatives of PSZ. REL showed WM deficits that
were quantitatively and qualitatively similar to those observed in PSZ. Thus, similar to PSZ,
WM accuracy was lower and the percentage of false memories rather than the percentage of
incorrect/not-confident responses was higher in REL compared to HC. These findings
suggest that the WM deficit observed in PSZ cannot be explained solely in terms of
medication but rather reflect a neurocognitive marker of the disease. In addition, many PBP
were taking atypical antipsychotic drugs but not all. It was not possible to match the two
psychosis groups on medication. Thus, the differences between the two groups may be
partly driven by differential medication. We compared WM performance between PBP who
did receive (n =9) and did not receive atypical antipsychotics (n = 7) and found no group
differences in neither WM accuracy, F(1, 14) = 0.02, p = .90, RTs, F(1, 14) =0.01, p= .91,
nor the percentage of false memories across task conditions, F(1, 14) = 0.94, p = .35. Thus,
differential medication did not affect WM performance in PBP. Therefore it seems also
unlikely that performance differences between PBP and PSZ were solely driven by effects of
antipsychotic medication.

Furthermore, one could argue that the comparison between REL, PSZ, and HC was
confounded by differences in premorbid 1Q, which was significantly lower in REL. If poor
general intellectual functioning was the main factor explaining WM deficits, we would have
expected the lowest performance in REL. However, WM accuracy was similar in REL and
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PSZ in all three experimental conditions. This finding indicates that the WM deficits
observed in PSZ cannot be explained solely in terms of poor general intellectual abilities.

Finally, there is a caveat. The bipolar sample was heterogeneous and included patients with
bipolar I and bipolar 11 disorders. Due to the small sample size we were not able to address
differences in performance among bipolar patients with different characteristics. Future
studies will be needed to investigate the various patterns of cognitive impairment and their
underlying mechanisms which may well exist in this heterogeneous disorder.

Taken together, in this study we demonstrated spatial WM deficits that are accompanied by
an increased rate of false memories in PSZ and their unaffected first-degree relatives but not
PBP. These findings indicate that reduced WM in schizophrenia can be explained, at least
partially, by deficits of processes associated with the encoding phase. We suggest that future
studies will benefit from combining the analysis of responses types with conventional
strategies of modulating encoding processes in order to determine the various mechanisms
of impaired WM in schizophrenia and other psychiatric disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

Schematic diagram of the procedure and stimuli in the spatial delayed response task. In the
no-distraction condition, participants were asked to memorize either the locations of two
(Load 2) or four (Load 4) geometric shapes (squares and circles). In the distraction
condition, they were instructed to memorize the locations of only the squares. At the end of
each trial, participants rated their level of response confidence.
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Figure2.
WM accuracy and RTs in the three experimental conditions in healthy controls (HC),

patients with bipolar disorder (PBP), patients with schizophrenia (PSZ), and unaffected first-
degree relatives of PSZ (REL). Vertical bars represent the standard error of the mean.
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Figure 3.

Results from the confidence rating across the three experimental conditions. The percentage
of four types of responses is shown: True memory (correct and confident response), correct
but not-confident responses, false memory (incorrect and confident response) and incorrect
and not-confident responses. Vertical bars represent the standard error of the mean. HC =
healthy controls; PBP = patients with bipolar disorder; PSZ = patients with schizophrenia;
REL = unaffected first-degree relatives of PSZ.
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Figure4.
The percentage of false memory (FM) and incorrect and not-confident (IN) responses for

probes that were presented near vs. far from the target location. Vertical bars represent the
standard error of the mean. HC = healthy controls; PSZ = patients with schizophrenia.
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Table 1
Demographic Information
pPsz PBP HC REL

(n=28) (n=16) (n=29) (n=16)
Age 38.32 (9.29) 36.06 (10.04)  37.28(8.41) 34.63(11.13)
Range 24-57 20-51 25-55 20-57
Female/male 9/19 7/9 12/17 917
AA:A:C: 0 13:1:14:0 2:0:14:0 7:1:20:1 12:0:4:0
Handedness 39.79 (64.05) 64.38 (25.02)  70.69 (52.40) 67.19 (30.60)
Education 14.25 (2.29) 13.75 (2.41) 15.41(1.80)  14.56 (3.61)
1Q 105.57 (8.68) 107.31(11.4)  106.31(6.69) 99.50 (11.72)
CPE, mg/day 361122 (381.78)  140.50° (174.42) n/a n/a

Note. AA = African American; A = Asian; C = Caucasian; O = Other; CPE = Chlorpromazine equivalent; Mean values are shown. SD is given in
parenthesis.

aCPEs for three PSZ who were treated with lloperidone and Paliperidone are not included.

bCPEs for one PBP who was treated with lloperidone is not included.
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