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Abstract
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Successful long-term memory (LTM) depends upon effective control of information in working
memory (WM), and there is evidence that both WM and LTM are impaired by schizophrenia. This
study tests the hypothesis that LTM deficits in schizophrenia may result from impaired control of
relational processing in WM due to dorsolateral prefrontal cortex (DLPFC) dysfunction. fMRI was
performed on 19 healthy controls and 20 patients with schizophrenia during WM tasks
emphasizing relational (reorder trials) versus item-specific (rehearse trials) processing. WM
activity was also examined with respect to LTM recognition on a task administered outside the
scanner. Receiver operator characteristics analysis assessed familiarity and recollection
components of LTM. Patients showed a disproportionate familiarity deficit for reorder versus
rehearse trials against a background of generalized LTM impairments. Relational processing
during WM led to DLPFC activation in both groups. However, this activation was less focal in
patients than in controls, and patients with more severe negative symptoms showed less of a
DLPFC increase. fMRI analysis of subsequent recognition performance revealed a group by
condition interaction. High LTM for reorder versus rehearse trials was associated with bilateral
DLPFC activation in controls, but not in patients who activated the left middle temporal and
inferior occipital gyrus. Results indicate that although patients can activate the DLPFC on a
structured relational WM task, this activation is less focal and does not translate to high retrieval
success, suggesting a disruption in the interaction between WM and LTM processes in
schizophrenia.
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1. INTRODUCTION
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Working memory (WM) and long-term memory (LTM) are core cognitive deficits in
schizophrenia (Clare et al., 1993) that limit patients’ functional outcome (Green, 1996) and
are not ameliorated by available medications (Goldberg et al., 2007; Keefe et al., 2007).
Accordingly, there is interest in identifying neural mechanisms to guide development of new
treatments to improve these memory processes (Carter & Barch, 2007). Although WM and
LTM are typically studied in isolation, there is evidence that successful LTM encoding and
retrieval depend upon efficient control of information processing during WM (Ranganath,
2010). The current study tests the hypothesis that LTM deficits in schizophrenia may be
related to impaired control of information in WM due to dysfunction of the lateral prefrontal
cortex (PFC).
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The PFC is critical for controlling active maintenance and manipulation of information in
WM (D'Esposito et al., 1999). Several findings suggest that the PFC may also contribute to
LTM encoding through its control of information processing in WM (Blumenfeld &
Ranganath, 2007). Recent functional magnetic resonance imaging (fMRI) studies
demonstrated that different PFC subregions might contribute to memory in different ways
(Blumenfeld & Ranganath, 2006; Hunt & Einstein, 1981). Whereas ventrolateral prefrontal
cortex (VLPFC) is linked to controlled processing of item-specific information (Badre &
Wagner, 2007; Blumenfeld & Ranganath, 2007), DLPFC activity is associated with
processing of relations amongst items (D'Esposito et al., 1999; Wagner et al., 2001). A
recent meta-analysis suggests that individuals with schizophrenia show DLPFC dysfunction
during LTM encoding and retrieval (Ragland et al., 2009), but it is unclear whether these
deficits are related to processing of information in WM. Here, we tested the hypothesis that
LTM deficits in schizophrenia may result from impaired relational processing of information
in WM due to DLPFC dysfunction.
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To test this prediction, we adapted a paradigm developed by Blumenfeld and Ranganath
(Blumenfeld & Ranganath, 2006). Participants were scanned while performing two WM
tasks: On “rehearse” trials, participants maintained sequences of 3 objects across a delay
period, whereas on “reorder” trials participants mentally rearranged the 3 objects according
their physical weight and maintained that new order across the delay. Following scanning,
subjects performed a LTM recognition test on items encountered in the scanner. In healthy
individuals, DLPFC activity was increased during reorder trials, and this enhancement was
associated with successful LTM encoding. Given evidence of DLPFC dysfunction and
disproportionate relational memory deficits in schizophrenia (Clare et al., 1993; Lepage et
al., 2006; Ranganath, Minzenberg & Ragland, 2008; Titone et al., 2004), we predicted that
DLPFC activation during relational processing would be less strongly linked to successful
LTM encoding in patients.
A second objective was to assess the nature of retrieval impairments in individuals with
schizophrenia. Evidence from recent studies has supported the idea that patients with
schizophrenia have selective deficits in recollection of past events, whereas familiaritybased recognition may be largely intact (Bonner-Jackson et al., 2008; Huron et al., 1995;
Thoma et al., 2006; van Erp et al., 2008). However, much of the data supporting this view
has been obtained from tests using the remember-know paradigm, which creates significant
meta-cognitive demands and can depend heavily upon how subjects are instructed (Rotello
et al., 2005). To circumvent these issues, we used receiver operator characteristic (ROC)
analyses to assess effects of relational and item-specific encoding on familiarity and
recollection in schizophrenia patients.
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2. MATERIAL AND METHODS
2.1. Participants
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Data are presented on 20 patients with schizophrenia and 19 healthy control participants.
Individuals were matched at the group level for age, gender, handedness, parental education,
and premorbid intellectual ability as assessed by the reading subtest of the Wide Range
Achievement Test (see Table 1). Not included were 5 patients and 7 controls that performed
below chance, had excessive movement (more than 3 mm), or missing data due to technical
problems (faulty response box). The Structured Clinical Interview for DSM-IV-TR
confirmed the diagnosis of schizophrenia in patients, and confirmed that controls were free
of lifetime history of Axis I disorder. Master’s or Doctoral-level clinicians completed the
SCID interview, and diagnoses were confirmed by consensus conference. Symptoms were
rated with the Scale for Assessment of Negative Symptoms (SANS; (N.C. Andreasen,
1983)), Scale for Assessment of Positive Symptoms (SAPS; (N. C. Andreasen, 1984)), and
Brief Psychiatric Rating Scale (BPRS; (Overall & Gorham, 1980)). Selected items from the
BPRS, SANS and SAPS were used to compute positive, disorganization and negative
symptom scores (Barch et al., 2003). All but two patients were receiving antipsychotics (1
typical, 17 atypical), with an average daily dose of 195 mg/day (SD=250, range=.5–700 mg)
in chlorpromazine equivalents (Minzenberg et al., 2004). Exclusion criteria were: IQ < 70,
drug or alcohol abuse or dependence in the previous three months, major medical or
neurological illness, significant head trauma, or any known MRI contraindication.
2.2. Task Procedures
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Stimuli consisted of 504 color Google® clip-art item drawings divided between 3 lists of
168 items each. Two lists were assigned to WM tasks, and the remaining list served as foils
for LTM recognition. Lists were counterbalanced between subjects and across conditions.
Stimuli were presented and responses recorded with Presentation® (version 11.1). During
scanning, participants completed a pseudo-random sequence of 8 rehearse and 8 reorder
runs, each consisting of 7 WM trials (Figure 1a). Each trial commenced with the
presentation of a vertical array of three items (2 seconds), followed by a blank screen (8
seconds), and then a probe screen (2 seconds) consisting of one of the three items and a
number (from 1–3). On rehearse trials, participants were instructed to maintain the order of
the three items (from top to bottom). Upon presentation of the probe, they used a two-button
response to indicate whether the number matched the serial order of the item (1=top,
2=middle, 3=bottom). On reorder trials, subjects were instructed to mentally reorder the 3
items according to physical weight (from lightest to heaviest), and subsequently to indicate
whether the number on the probe screen matched the position of the item in the reordered
memory set. Thus, rehearse and reorder trials were matched in terms of stimuli, responses,
and timing parameters and differed primarily in terms of the demand to manipulate the
sequence (i.e., relational processing demands). Trials were separated by a “jittered” interstimulus-interval (8–18 seconds) to better estimate event-related activity. Subjects were told
to respond as quickly and accurately as possible and were required to complete practice
tasks prior to scanning to ensure comprehension.
Following scanning, subjects performed a subsequent LTM recognition task consisting of
the 336 objects that were previously seen during the WM conditions and 168 new unstudied
foils. They were instructed to indicate whether each item was “old” (left hand response) or
“new” (right hand response) and rate confidence using one of three buttons (i.e., 3=high,
2=medium, 1=low). These 3-point confidence ratings were made with each hand, yielding a
full 6-point confidence distribution ranging from highly confident old (i.e., left hand index
finger) to highly confidant new (i.e., right hand index finger). Participants were given a
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practice task and instructed on the importance of using the full range of confidence ratings
prior to testing.
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2.3. MRI Acquisition
Data were acquired at the UC Davis Imaging Research Center on a 3-T Siemens Trio
scanner (Erlangen, Germany) with a Siemens 8 channel phased array coil. After acquiring a
rapid 3-plane localizer, trans-axial T2 weighted images were acquired with spatial resolution
of 0.9 × 0.9 × 3.4 mm. Oblique axial T2* weighted images for fMRI were acquired using a
single-shot EPI sequence. Functional images were acquired with blood oxygenation level
dependent imaging (BOLD) using a 34-slice whole-brain, single-shot gradient-echo echoplanar sequence (TR 2000 ms, TE 27 ms, flip angle 90 degrees, FOV 220 × 220 mm, slice
thickness 4 mm, no gap). Data were preprocessed using Statistical Parametric mapping
(SPM5) including slice time correction, realignment to the median image, normalization to
template space, and spatial smoothing (8 mm FWHM).
2.4. Statistical Analysis
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Percent correct performance on WM probes was examined with analysis of variance
(ANOVA) to test effects of group, task condition, and higher-order interactions. LTM
recognition accuracy (d’) was calculated by subtracting standardized false alarm rates from
standardized hit rates, and examined using the same ANOVA design. ROC curves were
plotted and fitted with the dual-process signal detection model (Yonelinas, 1994) to derive
estimates of familiarity (F) and recollection (R), which were assessed for effects of group,
task condition and group by condition interactions using ANOVA. Modeling of the ROC
data to obtain R and F parameter estimates revealed an excellent model fit in both patients
[mean sum of square errors (SSE) = .0034] and controls (mean SSE = .0015), indicating that
both groups were successful in distributing their confidence ratings. Because behavioral
hypotheses were directional, significance levels were set at p<.05, one-tailed.
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Subject-level fMRI analysis was performed using the general linear model (GLM) in VoxBo
1.8 (http://www.voxbo.org). BOLD responses during reorder and rehearse trials were
modeled by convolving vectors of predicted neural activity corresponding to each phase
(encoding, delay, and probe) of each trial type with a canonical hemodynamic response
function. Separate covariates were included to model correct and incorrect WM trials, but
only correct trials were examined in second-level analyses. A second analysis was
performed to assess between-group differences in WM-related activity, while holding
subsequent LTM performance constant. This analysis solely focused on trials with ‘high
LTM memory’ performance (i.e., 2–3 items from each WM trial subsequently correctly
recognized), and was limited to WM trials that participants performed correctly. Ideally, a
factorial analysis of the effects of task (rehearse vs. reorder) and subsequent memory (high
vs. low) would have been of interest. Unfortunately, there were too few participants with
sufficient trials in each bin to perform such an analysis (i.e., controls tended to have too few
“low LTM memory” trials). Nuisance covariates were orthogonalized to the design matrix,
and included global signal changes, trial-specific shifts in baseline signal between scans,
motion spikes, and an intercept. The design matrix also included a time-domain
representation of low frequency (1/f) power and filters to remove frequencies >0.25 Hz and
<0.02 Hz.
Parameter estimates from first-level GLM analyses (corresponding to cue- and delay-period
covariates for rehearse and reorder trials) were entered into second-level one-sample and
two-sample t-tests in SPM5 for the two contrasts of interest (reorder minus rehearse for
correct WM, and reorder minus rehearse for high LTM). Because hypotheses concerned the
PFC, search space was restricted with a frontal lobe mask from the WFU_PickAtlas
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(Maldjian et al., 2003), and a p<.05 cluster-level correction for multiple comparisons was
established with AlphaSim using a voxel-wise threshold of p<.005 and extent threshold of
17 voxels. Mean beta values for functional regions of interest (ROIs) showing abovethreshold activity in the PFC were calculated and used to illustrate task effects, any group by
condition interactions, and to identify any correlations with medication dose or clinical
symptoms (positive, disorganization, and negative symptom scores). For exploratory
purposes, between-group SPM t-tests were repeated at the whole brain level using the same
threshold to identify any group differences in the rest of the brain.

3. RESULTS
3.1. Behavioral Performance
Reaction times (RTs) revealed that all participants responded more quickly on rehearse
(mean±standard deviation=1,701±648 msec) than reorder probes (1,854±796 msec)
[F(1,37=16.9, p<.0005], with no group differences or interactions (both [F(1,37)<1]).
Accuracy on WM probes was higher on rehearse (mean±standard deviation =86.5±12.0
percent correct) than reorder trials (78.1±13.3 percent correct) [F(1,37)=25.2, p<.0001], and
controls were more accurate than patients (controls=86.4±10.4, patients=78.4±11.5 percent
correct) [F(1,37)=5.14, p<.05], with no task by group interaction [F(1,37)<1].
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Performance on the subsequent LTM test is summarized in Table 2. Reflecting the benefit of
performing the more difficult relational processing task, recognition accuracy (d’) was
higher for objects encoded on reorder than on rehearse trials [F(1,37)=34.6, p<.0001].
Although patient performance was below that of controls [F(1,37)=5.2, p<.05], there was no
group by condition interaction [F(1,37)<1], suggesting that groups benefitted equally from
relational versus item-specific encoding. Recollection was also higher following relational
versus item encoding [F(1,37)=58.4, p<.01], and was greater in controls than patients
[F(1,37)=5.2, p<.05], with no task by group interaction [F(1,37)<1] (Table 1). Familiarity
showed a group by condition interaction [F(1,37)=3.1, p<.05], with patients having larger
deficits following relational versus item-specific encoding (Figure 1b). Familiarity also
showed main effects of task [F(1,37)=4.6, p<.05] and group [F(1,37)=9.7, p<.005].
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Relationships between WM and LTM were examined using Spearman correlations. In both
groups, better WM was associated with stronger familiarity performance for the rehearse
condition (Controls: r=.52, p<.05; Patients: r=.69, p<.001). For the reorder condition,
correlations with familiarity were significant for controls (r=.53, p<.05) but not for patients
(r=.36, p=.11). However, when the magnitude of these correlations were compared between
groups, there were no differences between patients and controls for either rehearse (Fisher’s
Z=−.74, p=.45) or reorder conditions (Fisher’s Z=.57, p=.56). No correlations with WM
were found with recollection estimates in either group.
3.2. fMRI Results
Images showed little motion across x, y and d dimensions (mean = 1.4±.49 mm translational
and 0.1±.07 degrees of rotational motion) prior to motion correction, and no group
differences for translational [F(1,37)=3.0, p>.10] or rotational domains [F(1,37)=1.0, p>.10].
Our first analysis investigated overall activation differences between correctly performed
rehearse and reorder trials (Table 3, Figure 2a). Consistent with previous findings in healthy
subjects (Blumenfeld & Ranganath, 2006), the increased relational processing demands of
the reorder condition were associated with increased DLPFC activation in controls
[Brodmann Area (BA) 9, 46], as well as in patients. Increases were also noted in the dorsal
middle frontal gyrus (BA 6) in controls. Although level of DLPFC activity in the reorderrehearse contrast appeared lower in patients (Figure 2b), there were no significant between-
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group differences. The only group difference was greater patient than control activation in
the frontal pole (BA 10) (Table 3).
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Exploratory between-group contrasts between reorder and rehearse trials on the whole-brain
level did not reveal any additional areas of increased activation in controls versus patients,
but, patients showed relatively greater activation than controls in several regions in
temporal, occipital, and subcortical structures (Table 4). Thus, healthy participants
responded to increased relational processing demands during WM through focal DLPFC
increases, whereas patients engaged a more diffuse set of cortical and subcortical regions to
meet the same processing demand.

NIH-PA Author Manuscript

Our next analysis investigated the extent to which successful memory encoding was
mediated by different brain regions across rehearse and reorder trials. As noted earlier,
healthy young participants showed a relationship between DLPFC activation during reorder
trials and subsequent LTM for items that were processed on these trials (Blumenfeld &
Ranganath, 2006). To test whether a similar relationship might be evident in controls and
patients, we contrasted activity between reorder trials for which participants subsequently
showed high LTM performance (i.e., 2–3 cue items subsequently recognized) against
rehearse trials with high LTM performance. Consistent with previous findings, this contrast
in healthy controls revealed bilateral increases in DLPFC activation (BA 9, 46), along with
increased activity in the left dorsal middle frontal gyrus (BA 6) (Table 5). In contrast, this
analysis revealed no areas of suprathreshold activation in patients. A direct comparison
revealed an interaction between task and patient group in DLPFC, such that the reorderrehearse activity difference was significantly larger in controls than in patients (Figure 3a).
There were no areas showing the reverse pattern. To illustrate this group by condition
interaction, mean beta values for the left DLPFC ROI showing the group differences are
plotted in Figure 3b.
Exploratory whole-brain between-group analyses revealed interactions between task and
group for high memory trials in the left middle temporal gyrus (BA 21; x=63, y=−56, z=5;
Zscore=3.53) and inferior occipital cortex (BA 18; x=−46, y=−85, z=−7; Zscore=3.39).
However, unlike the pattern observed in the DLPFC, the difference between reorder and
rehearse trials in these regions was larger for patients than for controls.
Because the large spatial extent of the cluster-corrected threshold may have obscured
hippocampal findings, a second exploratory analysis was performed after lowering the
spatial extent to 5 voxels and employing a mask from the WFU_PickAtlas to isolate
hippocampal activity differences. These modifications failed to reveal any task or group
differences in hippocampal activity.
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3.3. Clinical Correlation Results
Examination of clinical correlations showed that increased left DLPFC activation during
reorder versus rehearse conditions was associated with less severe negative symptoms in
patients for both WM (r=−.55, p<.05) and high LTM analyses (r=−.55, p<.05). A similar
result was obtained for the right DLPFC for the high LTM analysis (r=− .52, p<.05), but
occurred only at a trend level for the WM analysis (r=−.42, p=.06). These results are
illustrated by scatter plots in Figure 4. No correlations were observed between fMRI activity
and medication dose or positive or disorganization symptoms.

4. DISCUSSION
In the current study, we investigated the relationship between neural processing related to
WM and LTM formation in patients with schizophrenia. Consistent with previous results,
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we found evidence for WM and LTM performance impairments in the patient sample.
Against a background of generalized LTM deficits, patients showed a disproportionate
impairment in recognition familiarity for items that were encoded on reorder trials (which
emphasized processing of relational information in WM). Both patients and controls showed
increased DLPFC activation during reorder trials relative to rehearse trials, but only in
controls was this DLPFC increase associated with high levels of recognition performance. In
contrast, patients remained behaviorally impaired for stimuli that were processed during
reorder trials, recruited additional brain regions outside of the DLPFC, and failed to exhibit
a link between DLPFC activity and successful LTM encoding. Moreover, those patients who
were less successful in activating the DLPFC in response to increased relational processing
demands also had more severe negative symptoms. Collectively, these results support the
conclusion that, although schizophrenia patients can increase DLPFC activity in response to
structured WM demands, this DLPFC activity is less beneficial to their LTM encoding and
subsequent recognition performance. More specifically, there appears to be a decoupling in
the relationship between DLPFC engagement during relational processing in WM and
subsequent LTM performance in individuals with schizophrenia.
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In a recent review, Van Snellenberg (Van Snellenberg, 2009) concluded that impairments in
the control of information processing by the DLPFC may be a central mechanism of WM
and LTM dysfunction in schizophrenia. Our results were partially consistent with this
perspective. Our results revealed that patients could modulate DLPFC activation to perform
a challenging task that requires relational processing in WM (although their WM
performance was significantly impaired). However, patients appeared unable to translate this
DLPFC recruitment into successful LTM performance.
As in studies of WM (Glahn et al., 2005) and executive function (Minzenberg et al., 2009),
patients showed hyperactivation in the frontal pole and posterior association cortices that
may have been compensatory in nature. To our knowledge, only one previous fMRI study
(Barch et al., 2003) investigated the relationship between WM and LTM in schizophrenia
patients, and found that patients showed deficits in DLPFC activation. The present results go
beyond previous findings by demonstrating that: (1) healthy controls show a direct
relationship between DLPFC functioning, relational processing in WM, and successful LTM
encoding, and (2) this relationship is disrupted in schizophrenia patients.
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A second objective of the present study was to determine the nature of patients’ LTM
retrieval deficits. In healthy individuals, recognition can be supported by assessments of
familiarity of studied items, or by recollection of contextual details associated with study
events (Yonelinas, 2002). Typically, recollection and familiarity are estimated by using the
“remember-know” paradigm to assess subjective experience during recognition, by
comparing item and source recognition, or by using ROC analysis (as in the present study).
Previous studies using remember-know and source memory methods have yielded mixed
results, with some indicating that patients with schizophrenia have a specific recollection
deficit (Bonner-Jackson et al., 2008; Huron et al., 1995; Thoma et al., 2006; van Erp et al.,
2008), some suggesting a familiarity deficit (Weiss et al., 2008), and others suggesting that
both processes are impaired (Lefebvre et al., 2010; Moritz & Woodward, 2006; Weiss et al.,
2008). The present results are more consistent with the latter view, but they also indicate that
patients’ memory deficits depend on how information is processed during encoding. That is,
familiarity was disproportionately impaired following relational encoding (on reorder trials),
as compared to item-specific encoding (on rehearse trials), and the fMRI data linked these
deficits to prefrontal dysfunction.
This increased familiarity deficit in patients in the reorder condition might appear counterintuitive since the reorder condition was more effortful, which should improve LTM
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performance, as it did in the control sample. However, we believe that patients were unable
to benefit from the reorder task because of a fundamental deficit in their ability to form
relational memory representations (Hannula et al., 2010; Ranganath, Minzenberg &
Ragland, 2008; Williams et al., 2010). That is, preserved item-specific encoding processes in
patients would lead familiarity-based recognition to be relatively preserved in the rehearse
condition, whereas disrupted relational encoding processes would lead familiarity to be
more severely impaired in the reorder condition. This ability of patients to utilize itemspecific encoding processes was noted in several previous levels-of-processing studies
examining overall recognition accuracy (Ragland et al., 2003; Bonner-Jackson et al., 2008).
Use of the DPSD model in the current study extends previous findings by demonstrating that
accuracy improvements appear to be driven by familiarity-based retrieval.
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Considerable evidence from imaging studies of healthy individuals suggests that prefrontal
activity is related to recollection and familiarity, and patients with prefrontal lesions show
deficits in both processes (Ranganath, 2010). Accordingly, it is reasonable to suspect that
the presence of familiarity deficits in schizophrenia may be related to the extent to which a
task places demands on prefrontally-dependent control processes, and in particular,
relational processing. Recollection deficits, on the other hand, may be related to dysfunction
of both the prefrontal cortex and hippocampus (Preston et al., 2005; Ranganath &
Blumenfeld, 2008; Tamminga et al., 2010). Imaging studies of healthy individuals have
shown that encoding activity in the hippocampus is predictive of whether an item will be
subsequently recollected, regardless of how it is processed during encoding (Davachi, 2006;
Diana et al., 2007; Montaldi & Mayes, 2010). The present study was not designed in a
manner that would allow us to differentiate between brain responses to subsequently
recollected and non-recollected items, which might explain why we did not observe
significant hippocampal activation in either group.
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This study has a few potential limitations that may be worth considering. One possible
concern is the greater difficulty of the reorder WM task. Because tasks that are more
difficult also tend to have higher discriminating power [see (Chapman & Chapman, 1973)],
the larger familiarity deficit in patients following the reorder task might reflect the greater
sensitivity of the reorder condition to any generalized deficit in the patient sample. However,
this is an unlikely explanation because the greater difficultly of the reorder WM task led to
better LTM in healthy controls, suggesting that memory retrieval was easier following the
relational encoding condition. The larger familiarity deficit in patients during this less
demanding retrieval condition is inconsistent with a generalized deficit explanation of the
group by encoding condition interaction. An additional limitation is that the WM paradigm
did not provide a direct measure of reordering performance during the WM delay.
Therefore, it is not possible to assess whether deficient semantic knowledge interfered with
patients’ reordering performance and contributed to their LTM deficit in the reorder
condition. However, there is a general consensus that semantic knowledge (or semantic
store) is intact in schizophrenia (Elvev g & Storms, G., 2003), and test stimuli were chosen
to be highly concrete to allow for any reduced semantic knowledge. Moreover, there were
no differences in patient performance between the two WM tasks, indicating that the
reordering demands did not substantially increase WM impairments. It is also worth noting
that all but two patients were receiving medication, which may have influenced behavioral
and imaging results. However, it is unlikely that patient deficits were artifactually related to
antipsychotic medications, as there were no correlations with medication dose and since
impaired memory and DLPFC dysfunction has been reported many times in both medicated
and unmedicated patients (Snitz et al., 2005).
In summary, results support the conclusion that DLPFC mediated relational processing
during WM is less beneficial to LTM memory in patients than in controls. Moreover, the
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DLPFC activation that was present in patients during WM was less focal - suggesting
engagement of compensatory networks, and was inversely related to severity of negative
symptoms - indicating the potential clinical significance of this DLPFC engagement. The
current experimental design did not permit a test subsequent memory effects (i.e., hits versus
misses), or a direct contrast between recollected and non-recollected items. These are both
important areas for future task development. Finally, this study suggests that cognitive
deficits in schizophrenia may reflect disrupted interactions between different memory
processes and, more specifically, that it is important to consider both encoding and retrieval
processes when developing behavioral or pharmacological interventions to remediate
episodic memory in individuals with schizophrenia. One strategy may be to employ memory
training procedures to capitalize on patients’ ability to encode item features to facilitate
familiarity, while developing new treatments to restore relational processing and
recollection.
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Figure 1.

(A) Experimental design of item-specific (Rehearse) and relational (Reorder) working
memory tasks. In the Rehearse condition participants maintain the serial order (top to
bottom) of the three objects during the delay and indicate on the probe trial whether the
number matches the serial order of the item in the memory set. The Reorder condition
requires participants to rearrange the order of the three objects based on their physical
weight (from lightest to heaviest) and indicate during the probe trial whether the number
matches the order of the object in the rearranged memory set. In this example, the correct
Rehearse response is “yes” and the correct Reorder response is “no”.
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(B) Bottom left figure illustrates the main effect of schizophrenia on recollection
performance, with equivalent patient impairments across memory conditions. Bottom right
figure illustrates the group by memory condition interaction for familiarity estimates, with
disproportionate patient impairments in the relational (Reorder) memory condition.
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Figure 2.

Prefrontal regions showing increased activation during reorder trials relative to rehearse
trials for patients with schizophrenia (red color) and healthy controls (green color). Results
are illustrated separately for left (A) and right hemisphere (B) and include corresponding
regression coefficients (beta values) for Rehearse and Reorder memory conditions.
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(A) Left prefrontal regions showing greater control than patient activation for high
subsequent LTM for Reorder minus Rehearse memory conditions.
(B) Corresponding regression coefficients (beta values) for Rehearse and Reorder memory
conditions in patients (red) and controls (blue).
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Figure 4.

Scatter plots showing inverse correlations between DLPFC activation and negative
symptoms in patients. Greater DLPFC activation in Reorder minus Rehearse conditions is
associated with less severe negative symptoms. Results are illustrated separately for (A)
working memory and (B) high subsequent LTM.
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