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Abstract 

Prominent working memory (WM) deficits have been observed in people with 

schizophrenia (PSZ) across multiple sensory modalities, including the visuospatial realm.   

Observed deficits in electrophysiological correlates of early visual processing as well as 

later cognitive processes in PSZ are thought to underlie deficiencies in WM ability, 

though the mechanisms linking the two are not well understood.  WM deficits and 

associated electrophysiological abnormalities have also been observed in unaffected 

relatives of PSZ (REL), suggesting WM dysfunction may be indicative of genetic 

liability for the disorder.  We administered a delayed response visuospatial WM task to 

23 PSZ, 30 of their REL, and 37 healthy controls (CTRL) in an effort to better understand 

the contributions of neural abnormalities to WM performance deficits associated with 

schizophrenia.  PSZ performed more poorly on the WM task and gained less benefit from 

the presence of irrelevant stimuli than did CTRL and REL.  In terms of 

electrophysiological responses, N1 responses to probes during retrieval differentiated the 

type and locations of stimuli presented during encoding in CTRL.  Retrieval N1 

responses in PSZ, however, failed to do so, while retrieval responses in REL showed 

more pronounced differentiation of stimulus features during encoding.  Furthermore, 

neural responses during retrieval predicted behavioral performance in PSZ and REL, but 

not CTRL.  These results suggest retrieval processes are particularly important to 

efficient visuospatial WM function in PSZ and REL, and support further investigation of 

WM retrieval as a potential target for improving overall WM function through clinical 

intervention. 
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Introduction 

 Working memory (WM) deficits in people with schizophrenia have been 

demonstrated across various sensory modalities (see Lee & Park, 2005).  During spatial 

WM, people with schizophrenia most frequently show difficulties with encoding of items 

into memory and early maintenance of material after initial presentation (Lee & Park, 

2005; Haenschel et al., 2007; Fleming et al., 1997), though deficits in retrieving items 

from memory have also been implicated (Tek et al., 2002). In addition, working memory 

performance deficits have been observed in the first-degree relatives of people with 

schizophrenia, including in the visuospatial realm (Seidman, et al., 2012; Pirkola et al., 

2005; Conklin, Curtis, Katsanis & Iacono, 2000; Park, Holzman & Goldman-Rakic, 

1995).  The observation of such deficits in unaffected relatives of people with 

schizophrenia suggest that deficits in WM may represent an endophenotypic marker for 

schizophrenia (Haenschel & Linden, 2011; Gottesman & Gould, 2003).   

 In addition to WM performance deficits, related neurophysiological abnormalities 

have been widely demonstrated in people with schizophrenia, as well as to a lesser extent 

in their unaffected relatives.  Deficient early visual processes have been repeatedly 

observed in people with schizophrenia during attention (reviewed in Yeap et al., 2008; 

Oribe et al., 2013; Davenport, Sponheim & Stanwyck, 2006), and WM tasks (Dias, 

Butler, Hoptman & Javitt, 2011; Haenschel et al., 2007; Zhao et al., 2011) with similar 

deficits observed in relatives without the disorder (Yeap et al., 2006).  

Electrophysiological correlates of later cognitive processes, including WM functions 

(Haenschel et al., 2007; Zhao et al., 2011) and sustained attention (Oribe et al., 2013; 
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Lee, Namkoong, Cho, Song, & An, 2010; Ergen, Marbach, Brand, Başar-Eroğlu, & 

Demiralp, 2008), have likewise been shown to be abnormal in people with schizophrenia. 

Some abnormalities in later processes have similarly been reported in unaffected relatives 

(Lee et al., 2010; Sponheim, McGuire, & Stanwyck, 2006).  However, the mechanisms 

linking these neural abnormalities to observed behavioral deficits during WM in people 

with schizophrenia and their unaffected relatives are not well understood.   

Recent work has focused on the role of distracting stimuli in preventing efficient 

WM encoding which may reduce WM ability in people with schizophrenia (see Eich, 

Nee, Insel, Malapani, & Smith, 2014, and Erickson et al., 2014).  In the present study we 

carried out an analysis of event-related potentials (ERPs) elicited during working 

memory encoding and retrieval from people with schizophrenia, their unaffected 

relatives, and nonpsychiatric controls to better understand the contribution of early and 

late neural responses to WM dysfunction observed in schizophrenia and associated with 

genetic liability for the disorder. 

ERP components of interest included the P1, N1, and a late positive potential 

(LPP) encompassing the P300 but extending as far as 850 ms after stimulus onset.  The 

P1, which is most commonly analyzed in the context of amplitude modulation dependent 

on the focus of spatial attention (Luck et al., 1990; Luck et al., 1994), also shows 

amplitude modulation indexing the suppression of task-irrelevant information, with 

greater P1 amplitudes being elicited by task-relevant stimuli (Finnigan et al., 2011; Luck 

& Hillyard, 1995).  The N1, like the P1, reflects “gain control” of sensory processing, 

with greater amplitudes observed at attended versus unattended locations.  The N1 has 



3 

 

further demonstrated increased amplitudes with the orientation of attention to task-

relevant locations (Luck et al., 1990), and has also been shown to index processes of 

discrimination, with larger responses being observed as discrimination demands increase 

(Vogel & Luck, 2000).  The P300 is a complex component shown to be modulated by 

many different task manipulations. It is most often connected with probabilistic 

evaluations in the form of increased amplitude associated with novelty processing (the 

traditional P300 and P3a) or the occurrence of expected but infrequent events (the P3b) 

(Polich, 2012). 

In order to further clarify the nature of these WM deficits and their underlying 

mechanisms, we examined the neural responses of people with schizophrenia, their 

unaffected first-degree relatives, and healthy controls to distractor and target stimuli 

while being encoded into WM.  We expected to see ERP abnormalities in people with 

schizophrenia and their first-degree relatives as compared to healthy controls, as have 

been observed previously in studies outside the realm of WM and only scarcely 

investigated in visuospatial WM, especially in unaffected relatives.  To attempt to 

elaborate the neural mechanisms associated with any observed behavioral deficits, we 

examined electrophysiological responses to task manipulations related to distracting 

stimuli, WM load, and the location of the probe stimulus.  If, for example, people with 

schizophrenia and / or relatives showed abnormal modulation of neural responses to 

distractors versus target stimuli, this would support the notion that distracting stimuli may 

be particularly important in explaining WM deficits in these populations. Similarly, 
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examination of responses to manipulations during both encoding and retrieval would 

allow for better localization of neural deficits to a particular WM subprocess. 
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Methods 

Participants 

 Participants (n = 90) consisted of 23 people with schizophrenia (PSZ), 30 first-

degree biological relatives of PSZ (REL), and 37 healthy controls (CTRL) (Table 1).  

They were enrolled as part of a family study of severe psychopathology based at the 

Minneapolis Veterans Affairs Medical Center.  PSZ were recruited through mental health 

clinic and past research rosters, other current studies of severe psychopathology, referrals 

from physicians, as well as community-based mental health facilities and the medical 

center.  REL were recruited using contact information provided by PSZ, and CTRL were 

recruited primarily through advertisement in the medical center and community, as well 

as from past research rosters.  Enrolled participants underwent clinical assessments that 

included the Structured Interview for DSM-IV-TR, Patient Edition (SCID; First, Spitzer, 

Gibbon, & Williams, 2002), the Scale for the Assessment of Positive Symptoms and 

Scale for the Assessment of Negative Symptoms (SAPS and SANS; Andreasen, 1984a, 

1984b), and the Brief Psychotic Rating Scale (BPRS; Overall & Gorham, 1962) with all 

measures being administered by a trained and supervised B.A. or M.A. level research 

assistant or M.A. or Ph.D. level clinicians.  All participants were subjected to a consensus 

diagnosis process, in which two or more Ph.D. clinicians or advanced doctoral students 

reviewed each participant’s interview data and other available study materials to form a 

jointly agreed upon diagnosis.   

To be included as a PSZ, participants were required to have a diagnosis of 

schizophrenia or schizoaffective disorder, depressed type as determined by SCID 
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diagnosis confirmed by consensus review.  Exclusion criteria for PSZ included being 

over 60 years old, lacking first degree biological relatives, being an adoptee, IQ < 70, 

substance dependence in the past 6 months, substance abuse in the two weeks prior to 

study participation, or more than three substantial uses of inhalants.  PSZ were further 

excluded for a past skull fracture or loss of consciousness of 30 minutes or more, past 

electroconvulsive therapy, a current or past diagnosis of epilepsy, a history of multiple 

seizures in adulthood, a documented seizure in the 6 months prior to participation, a 

history of strokes, other neurological conditions, possessing non-removable hearing aids, 

legal blindness, having an uncorrected lazy eye, compromised visual acuity unable to be 

corrected to normal, other visual conditions that compromise vision, and other general 

medical conditions that made participation impossible and/or substantially affected brain 

functioning.  CTRL had all the same exclusion criteria as PSZ, except that CTRL could 

participate without first-degree relatives; in addition, a past or current diagnosis of 

schizophrenia, schizoaffective disorder, any other psychotic disorder, bipolar affective 

disorder (I or II), learning disability, a past or current depressive episode, and/or a family 

history of psychotic symptoms or bipolar disorder precluded participation as a CTRL.  

The only exclusion criteria for participation as a REL were visual conditions / acuity that 

could not be corrected to normal and/or general medical conditions that prevented 

participation. 

Spatial Working Memory Task 

 Participants were administered a spatial working memory task (Figure 1) derived 

from Park’s (1997) delayed response task in which participants were sequentially 
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presented either two or three memory stimuli on screen. Each stimulus was presented at 

one of sixteen possible locations configured circularly around a central fixation; these 

stimuli were either “targets” (black circles) or “distractors” (black squares).  After the 

memory stimuli were presented, a probe stimulus (a green circle) was subsequently 

presented, and participants were asked to indicate whether or not the probe stimulus 

appeared in the position of a previous target stimulus; if the probe appeared in the 

position of a previous distractor, the participants were instructed to respond “no.”  The 

timing and duration of stimuli are described in Figure 1. The task included 2 two-

stimulus blocks and 6 three-stimulus blocks of 36 trials each, presented in a pseudo-

randomized order. Participants who performed at less than 60% accuracy on two-stimulus 

trials were excluded from behavioral and ERP analyses.   

EEG Recording and Preprocessing 

 EEG was recorded using a BioSemi Active-Two AgCl electrode system (BioSemi 

Inc., Amsterdam, The Netherlands).  Recordings were made using a 128-channel, full 

scalp dense array sampled at 1024 Hz.  Recordings were down-sampled offline to 512 

Hz, high-pass filtered at 0.5 Hz, and transformed to a linked earlobe reference. 

 Data were preprocessed using a custom independent component analysis (ICA) 

based method for ocular, muscular and cardiac artifact removal.  Data were visually 

inspected and bad electrodes and time segments judged to contain significant signal noise 

other than brain activity were excluded.  Continuous recordings were epoched into 1000 

ms stimulus-locked epochs. The epoched data were transformed into the frequency 

domain and plotted highlighting low-frequency and high-frequency signal in sequence, 
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with extreme epochs being removed based on visual inspection.  Data were retransformed 

into the time domain, and final ICs were identified as either primarily brain or artifact 

based on visual inspection; the denoised signal was reconstituted using those ICs 

dominated by brain signal. Participants for whom greater than 35% of their EEG data 

were contaminated by artifact were excluded from behavioral and ERP analyses.  

ERPs 

 To better understand neural responses underlying encoding and retrieval 

processes within spatial working memory, ERPs were computed in order to investigate 

three primary task manipulations. To investigate whether memory stimuli were 

differentially processed during encoding, ERPs were computed for stimulus type (target 

vs. distractor).  In order to investigate neural processes associated with increasing 

working memory load during encoding, we computed ERPs for order of stimulus 

presentation (first vs. second vs. third). To investigate neural processes associated with 

retrieval as modulated by encoding manipulations, ERPs were computed for probe 

location as moderated by the type of the stimulus whose position it occupied (“probe 

location, encoded stimulus type”: probe at previous target vs. probe at previous distractor 

vs. probe elsewhere) as well as probe location as moderated by the sequential position of 

the stimulus whose position it occupied (“probe location, presentation order of encoded 

stimulus”: probe at first stimulus position vs. probe at second stimulus position vs. probe 

at third stimulus position vs. probe elsewhere).  ERPs were time-locked to the relevant 

stimulus and epoched from -150 ms to 850 ms with stimulus onset designated as 0 ms; 

subject averages were low-pass filtered at 20 Hz for ERP component analysis. 
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P1 and N1 were measured by computing peak amplitudes between 100 ms and 

175 ms and 125 ms and 225 ms respectively. The LPP was assessed by computing mean 

amplitudes within 50 ms time windows between 200 ms and 850 ms after stimulus onset; 

responses between 250 ms and 400 ms were interpreted to comprise the P300 

response.    For each independent variable (stimulus type, order of stimulus presentation, 

probe location/stimulus type and probe location/presentation order), P1 and N1 were 

measured at electrode sites PO4 and PO8, and the LPP was measured at sites FC1, C2, 

and CP1.  All reported findings are for these electrode sites.  Electrodes for analysis were 

selected by determining sites where amplitudes were greatest based on visual inspection 

of scalp topographies and waveforms; these electrode sites were confirmed to show the 

largest amplitudes for their respective components during statistical analysis. 

Statistical Analyses 

 Repeated measures ANOVAs were used to examine the effects of group status 

and task manipulations on how well participants performed on the working memory task, 

with separate ANOVAs run for respective independent variables of number of stimuli per 

trial (two or three), trial type (with distractor or without distractor), probe location, 

encoded stimulus type (probe at previous target location, distractor location, or 

elsewhere), and probe location, presentation order of encoded stimulus (probe at first 

stimulus location, second stimulus location, third stimulus location, or elsewhere); 

diagnostic group (CTRL, PSZ or REL) was included in each ANOVA as an additional 

factor.  To understand the effect of the relative spatial distribution of stimuli on 

behavioral performance, a mixed effects logistic regression model was run with total 
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distance between stimuli divided by the number of stimuli per trial (continuous) entered 

as a predictor of trial performance; diagnostic group (PSZ, REL or CTRL) was also 

included as a moderator variable to examine whether the effects of these manipulations 

differed across groups.  Significance of predictor coefficients was assessed using Wald Z-

tests. 

 ERP measures were analyzed using mixed model ANCOVAs.  Separate 

ANCOVAs were run for each component for each relevant independent variable: 

stimulus type, order of stimulus presentation, probe type, and probe order.  Each model 

included as fixed factors the independent variable in question, electrode site, diagnostic 

group (PSZ, REL or CTRL), and for the LPP, time window; subject was included as a 

random factor, and age and gender were included as covariates.  Nearly all effects of 

electrode and time window were significant; only those associated with our questions 

regarding group and task manipulations are herein reported.  In several tests, the 

assumption of sphericity was violated as indicated by Mauchly’s test for sphericity; for 

these tests, Greenhouse-Geisser (G-G) corrected F-values are reported.  Post-hoc testing 

of significant ANCOVAs was accomplished using Tukey’s Honestly Significant 

Difference tests.  In order to determine the relationship between ERP measures and 

behavioral performance, Pearson’s correlations were computed for measures where 

differences between controls and probands were reported, whether in within-group 

ANCOVAs or significant interactions with diagnostic status.   
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Results 

Performance on the Spatial Working Memory Task 

 Behavioral results for the spatial working memory task are presented in Table 2.  

Repeated measures ANOVAs testing the effects of various task manipulations, diagnostic 

group, and their interactions revealed that groups differed in accuracy across task 

manipulations (number of stimuli: F(2, 87) = 6.06, p = .003; trial type: F(2, 87) = 7.17, p 

= .001; probe location, encoded stimulus type: F(2, 87) = 7.84, p = .001; probe location, 

presentation order of encoded stimulus: F(2, 87) = 7.15, p = .001).  In all cases, PSZ 

performed significantly worse than controls (ps < .012) and REL (ps < .005); REL failed 

to differ from controls on any behavioral indices.  Task manipulations showed effects on 

performance in the entire sample. A main effect of number of stimuli per trial was 

observed, F(1, 87) = 42.77, p < .001, wherein participants performed better on two-

stimulus trials than three-stimulus trials (p < .001). We likewise observed a main effect of 

trial type, F(1, 87) = 84.96, p < .001, where better performance was observed on 

distractor trials than no-distractor trials, p < .001.  Main effects of probe location, 

encoded stimulus type, F(1.60, 138.78) = 51.04, p < .001, and probe location, 

presentation order of encoded stimulus, F(1.39, 121.10) = 20.04, p < .001, were also 

observed; here, participants performed significantly better on trials with probes at a 

previous stimulus location than a probe elsewhere (ps < .001), and performed better on 

trials where probes appeared in the position of later stimuli as compared to earlier stimuli 

(ps < .001).  In addition, an interaction between diagnostic group and trial type was 

observed, F(2, 87) = 3.44, p = .036; here, PSZ benefitted markedly less from the presence 
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of a distractor (p = .02) than did CTRL and REL (ps < .001; see Figure 2).  Thus, CTRL 

and REL showed better behavioral performance than PSZ across all task conditions, and 

PSZ showed a lesser increase in performance accuracy on trials with distractors than did 

CTRL and REL. 

 Examination of the proportions of correct trials in Table 2 reveals PSZ’s notable 

failure to improve performance from trials where the probe appeared in the position of 

the first stimulus to trials with the probe in the third stimulus position as compared to 

REL and CTRL.  Thus, separate repeated measure ANOVAs were conducted within each 

diagnostic category, confirming significant main effects of probe order in CTRL, F(1.19, 

43.01) = 12.61, p < .001, and REL, F(1.48, 42.85) = 8.27, p = .002, but not PSZ, F(1.49, 

32.80) = 1.44, p = .25.  In both CTRL and REL, performance on trials where probes 

appeared in the position of the first stimulus was worse than on trials with probes in the 

second stimulus position (ps < .04) as well as trials with probes in the third stimulus 

position (ps < .001).  Thus, CTRL and REL showed significantly better performance for 

probes in the positions of more recent stimuli, whereas PSZ did not. 

 In order to examine the effect of spatial spread of visual stimuli encoded into 

working memory we examined distances between stimuli, a continuous variable, and its 

interaction with group status on behavioral performance.  A mixed effects logistic 

regression analysis was conducted with spatial spread, diagnostic status and their 

interaction entered as predictors for performance accuracy.  The analysis revealed a main 

effect of spatial spread (β = -.18, SE = .07, p = .01), such that greater overall distance 

between stimuli predicted poorer performance accuracy; no interaction between 
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diagnostic status and spatial spread was observed.  Thus, a wider spatial distribution of 

stimuli made trials more difficult.  There was also a diagnostic group main effect where 

being a PSZ predicted a decrease in accuracy (βdifference = -.42, SE = .14, p = .003) as 

compared to CTRL. 

Neural Responses During Working Memory Encoding 

 Target and distractor stimuli.   ERPs were computed for target and distractor 

stimuli in an effort to investigate whether the relevance of stimuli affected neural 

responses.  ERP amplitude measures were subjected to mixed model ANCOVAs with 

fixed factors of stimulus type, electrode site and diagnostic group. Early neural responses 

over occipital brain regions showed main effects of stimulus type (P1: F(1, 87) = 38.11, p 

< .001) as did the late neural response over central midline brain regions (LPP: F(1, 87) = 

19.11, p < .001) demonstrating that target and distractor stimuli were differently encoded.  

Furthermore, LPP responses showed a significant interaction between stimulus type and 

time window, F(7.62, 662.73) = 8.77, p < .001, suggesting differences in LPP responses 

to the two stimulus types were confined to certain time windows.  P1 and LPP amplitudes 

were greater in response to distractors than targets (ps < .03).  There was no main effect 

of group on encoding ERPs, and stimulus type failed to interact with group for the ERP 

amplitudes.  However, inspection of waveforms (Figure S1) suggested a marked 

separation between LPP responses to targets versus distractors in REL alone beginning at 

400 ms post-stimulus. Within-group ANCOVAs of LPP amplitude did indeed reveal a 

main effect of stimulus type reflective of larger LPP responses to distractor stimuli in 

REL, F(1, 29) = 19.78, p < .001, but not in CTRL, F(1, 36) = 2,67, p = .11, nor PSZ, F(1, 
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22) = 2.21, p = .15.  However, all groups showed stimulus type by time window 

interactions, suggesting some differentiation between stimulus types regardless of 

diagnostic status.  Thus, P1 and LPP responses suggest successful discrimination of target 

versus distractor stimuli across all diagnostic groupings, though the LPP suggests this 

may be stronger in REL. 

 Stimulus order (i.e., working memory load).  ERPs to stimuli were averaged 

based on their order of presentation (first, second, and third) to investigate neural 

responses related to increasing working memory load at encoding.  ERP amplitude 

measures were subjected to mixed model ANCOVAs with fixed factors of stimulus order 

and diagnostic group.  Early responses over occipital regions showed effects of stimulus 

order (N1: F(1.55, 135.04) = 12.61, p < .001), where responses to both second (p < .001) 

and third (p < .001) stimuli were significantly greater (more negative) than those to first 

stimuli; similar patterns were observed across diagnostic groups.  The LPP over central 

midline sites showed a significant interaction between presentation order and time 

window, F(12.38, 1077.42) = 10.58, p < .001.  Examination of the group distributions of 

mean amplitude across time window suggested differential patterns of responses across 

groups (Figure S2).  Within group ANCOVAs of LPP responses confirmed that 

presentation order by time window interactions were observed for CTRL, F(8.36, 300.82) 

= 5.67, p < .001, and REL, F(7.96, 230.74) = 5.89, p < .001, but not PSZ, F(8.07, 177.52) 

= 1.59, p = .13.  Within group ANCOVAs of P1 responses confirmed that a main effect 

of stimulus order was observed in PSZ, F(2, 44) = 3.64, p = .03, but not in CTRL, F(2, 

72) = 0.67, p = .52, nor REL, F(2, 58) = 0.10, p = .90.  In PSZ, P1 amplitudes to first 
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stimuli were greater than those to second stimuli (p = .03), whereas responses to third 

stimuli fell in between; as such, the effect of stimulus order on the P1 in PSZ may reflect 

a sensitivity to initial stimuli rather than an indexing of WM load.  Thus, LPP responses 

indexed working memory load in CTRL and REL, but not in PSZ; early N1 responses, 

however, mirrored increases in working memory load for all participants, regardless of 

diagnostic status. 

Neural Responses During Retrieval from Working Memory 

 Stimulus type (previous target versus previous distractor). In order to 

investigate neural responses to probes at relevant versus irrelevant locations, ERPs to 

probe stimuli were averaged based on whether they appeared in the position of a previous 

target, a previous distractor, or elsewhere. ERP amplitude measures were subjected to 

mixed model ANCOVAs with fixed factors of probe location and diagnostic group.  

Early responses over occipital brain regions showed a main effect of probe location (N1: 

F(2, 174) = 14.13, p < .001), demonstrating that neural responses during retrieval differed 

based upon where the probe stimulus appeared in the context of encoding stimuli.  N1 

responses to probes at previous distractor locations were greater (more negative) than 

probes that appeared where no previous stimuli had appeared during encoding (“probes 

elsewhere”; p < .001), as were responses to probes at previous target locations (p = .03).  

In addition, N1 responses revealed an interaction between diagnosis and probe location, 

F(4, 174) = 8.17, p < .001. Figure 3 depicts the interaction and includes N1 waveforms 

and scalp topographies. While a main effect of probe location was observed for CTRL, 

F(2, 72) = 4.09, p = .02, as well as REL, F(2, 58) = 24.56, p < .001, PSZ showed no such 
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effect, F(2, 44) = 0.68, p = .51.  CTRLs’ N1 responses to probes at a previous target (p = 

.04) as well as to probes at a previous distractor (p = .04) were larger than those to probes 

elsewhere; in REL, N1 responses to probes at distractors were greater than probes at 

targets (p = .003), which in turn were greater than probes elsewhere (p = .002).  Thus, 

early responses to probe stimuli suggest neural deficits in PSZs’ processing of probe 

stimuli at appearing at spatial locations relevant to encoding.  

 Late central midline responses likewise showed a main effect of probe location 

(LPP: F(1.69, 146.78) = 10.91, p < .001); responses to probes elsewhere were less than 

those to probes in a previous target position (p = .02) as well as those to probes in a 

previous distractor position (p < .001; see Figure 4a).  In addition, LPP responses showed 

an interaction between probe location and time window, F(12.58, 1094.03) = 2.31, p = 

.006. Examination of the waveforms suggested differences in late responses across 

diagnostic groups (Figures 4b, 4c and 4d).  Within-group ANCOVAs confirmed that 

significant probe location by time window interactions were observed for CTRL, F(9.85, 

354.53) = 2.77, p = .003, but neither REL, F(8.33, 241.48) = 1.39, p = .20, nor PSZ, 

F(7.37, 162.05) = 0.75, p = .64.  As is evident in Figures 4b, 4c and 4d, PSZs’ late 

responses to probe stimuli failed to differentiate between the various probe location 

conditions as compared to CTRL and REL.  However, LPP amplitudes to probes 

elsewhere were predictive of behavioral performance (overall correct trials) for PSZ 

alone between 400 ms and 450 ms post-probe (PSZ: r = -.43, p = .04; CTRL: r = .06, p = 

.74; REL: r = -.04, p = .83) as well as between 450 ms and 500 ms post-probe (PSZ: r = -

.45, p = .03; CTRL: r = .01, p = .98; REL: r = -.04, p = .83).  Thus, for PSZ, greater LPP 
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responses to probes in task-irrelevant locations predicted poorer performance in the 400 

ms to 500 ms post-probe time window.   

 Encoded stimulus order (first vs. second vs. third stimulus).  In order to 

investigate neural responses to different probe positions relative to the order of stimulus 

presentation during encoding, ERPs to probe stimuli were averaged based on 

whether they appeared in the position of a first stimulus, second stimulus, third stimulus, 

or elsewhere (“probe order”); component measures were subjected to mixed model 

ANCOVAs with fixed factors of probe order and diagnostic group.  Early responses 

recorded over occipital regions revealed a main effect of probe order (N1: F(2.52, 

218.92) = 16.48, p <.001).  N1 responses to probes in the positions of third stimuli were 

larger than those to probes elsewhere (p < .001), and responses to probes in the position 

of third stimuli were larger than those in second and first positions (ps < .002).  In 

addition, N1 responses demonstrated a diagnosis-by-probe order interaction, F(5.03, 

218.92) = 2.47, p = .03. Post-hoc testing revealed that CTRL and REL showed greater N1 

responses to probes in third stimulus positions than those in first positions and elsewhere 

(ps < .009), whereas PSZ demonstrated no effect of probe order; see Figure 5.  Thus, 

CTRL and REL showed increasing N1 amplitudes to probes based on their position 

relative to the presentation order of the encoding stimuli, whereas PSZ failed to show 

such an effect.  In addition, N1 responses to probes in the position of second stimuli 

predicted behavioral performance on trials featuring distractors in REL (r = -.43, p = .02) 

but neither CTRL (r = -.15, p = .39) nor PSZ (r = .02, p = .95).  Thus, greater (more 

negative) N1 responses to probes in the second stimulus position predicted better 
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performance for REL alone. 

 Late responses over central midline sites similarly showed an effect of probe 

order (LPP: F(2.72, 236.53) = 6.42, p < .001); LPP responses to probes elsewhere were 

less than those to probes in second stimulus positions (p < .001) as well as those to 

probes in third stimulus positions (p = .003).  In addition, a probe order-by-time window 

interaction was observed, F(17.60, 1531.46) = 1.89, p = .01.  Thus, late responses at 

retrieval differentiate the order of stimuli presented at encoding.  The order effects on the 

LPP at retrieval did not differ across diagnostic groups (Figure S3). 

A priori diagnostic group comparisons. 

 Although diagnostic group interacted with task conditions to yield abnormal 

neural functions during working memory in PSZ, there were no main effects of diagnosis 

observed in any of our ANCOVA analyses. We had hypothesized neural abnormalities in 

PSZ and REL as compared to controls and thus performed a priori Tukey comparisons 

for amplitude measures for each component / task manipulation pairing.  None of these 

comparisons showed differences between the diagnostic groups (all ps > .05). 
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Discussion 

We administered a delayed response spatial WM task to people with 

schizophrenia, their first-degree biological relatives, and healthy controls during which 

we recorded EEG. We analyzed behavioral data, event-related neurophysiological 

responses, and examined relationships between the neural measures and behavioral 

performance in order to clarify the nature of spatial WM deficits in people with 

schizophrenia and their biological relatives.  We observed WM performance and neural 

deficits in people with schizophrenia as compared to healthy controls, as hypothesized. In 

first-degree relatives of people with schizophrenia, some abnormalities in neural 

responses were also observed, while task performance remained intact. 

Working Memory Performance & Distraction in Schizophrenia 

 PSZ performed more poorly on the WM task than controls and REL across 

manipulations of load (two- versus three-stimulus trials), trial type (distractor versus no-

distractor trials), probe location according to stimulus type (probe at previous target 

location versus probe at previous distractor location versus probe elsewhere), and probe 

location according to stimulus presentation order (probe at location of first stimulus 

versus second stimulus versus third stimulus versus elsewhere). Such performance 

deficits are consistent with the widespread WM deficits typically observed in PSZ (see 

Forbes et al., 2009; Lee & Park, 2005), and indicate no special sensitivity to any of these 

manipulations.  With regard to trials featuring distractor stimuli as compared to trials 

without distractors, it is notable that all participant groups showed higher accuracy rates 

on distractor trials.  Such a finding suggests that participants were either successfully 
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ignoring the distractor stimuli, or benefitted from encoding the distractor on trials where 

the probe stimulus appeared in the distractor location.  However, the significant 

interaction effect between diagnostic status and trial type indicated that PSZ experienced 

less of a performance advantage on distractor trials as opposed to CTRL and REL.  

Hence, it appears PSZ are capable of successfully filtering irrelevant stimuli when they 

are not overly salient (Erickson et al., 2015; Erickson et al., 2014; Gray et al., 2014; Hahn 

et al., 2010; Gold et al., 2006), albeit less efficiently than healthy controls.  Though PSZ 

did perform better on trials with distractors, their relative improvement was not as great 

as that observed in REL and CTRL. 

Neural Responses during Working Memory  

 Abnormal early posterior brain responses at retrieval in schizophrenia 

reflect a failure to utilize encoding information.  During retrieval, CTRL and REL 

demonstrated enhanced N1 responses to probe stimuli in the positions of previous 

stimuli, while PSZ showed no such response.  N1 has been well established as an index 

of orientation to task-relevant locations (Luck et al., 1990), and Dias and colleagues 

(2011) have reported modulation of N1 amplitude to probes based upon the prior cue.  

These N1 modulations in response to simple letter stimuli without spatial demands were 

found to be similar in patients and controls, despite overall amplitude reductions in 

people with schizophrenia (Dias et al., 2011).  In the present study we found a failure in 

PSZ to modulate N1 responses to probes based on their spatial relation to encoding 

stimuli.  As PSZ demonstrated neural abnormalities during encoding, it is possible that 

abnormalities observed during retrieval reflect failures to successfully encode stimuli in 
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the first place.  However, PSZ demonstrate a failure to modulate N1 responses to probes 

in previous stimuli positions based not only on their order of presentation (first, second or 

third), but also their stimulus type (target or distractor); as neural responses (namely, the 

P1 and P300) suggest successful neural discrimination between these stimulus types 

during encoding. Thus, the observed N1 deficits during retrieval to probes at previous 

target and previous distractor positions seem independent from encoding abnormalities. 

Neural deficits in PSZ during retrieval, however, may reflect a failure to maintain 

encoded information in a manner that would affect early processing of the meaning of 

stimuli at retrieval, consistent with previously reported maintenance deficits in people 

with schizophrenia (Lee & Park, 2005; Haenschel et al., 2007; Fleming et al., 1997).  

Furthermore, REL showed a more pronounced separation of N1 responses to probes in 

previous stimulus positions based on the stimulus type during encoding as compared to 

CTRL, demonstrating significantly greater N1 responses to probes at distractor positions 

than those to probes at target positions.  The augmented N1 to probes at distractor 

locations suggests a potential sensitivity of biological relatives to distractor stimuli.  

Similarly, N1 responses to probes were modulated by the presentation order of the stimuli 

at encoding, such that N1 responses increased from probes in the position of the first 

stimulus to probes in the position of the third stimulus. Again, REL showed greater 

separation between these conditions than controls, suggesting the “traces” of these 

relevant positions are more clearly delineated.  However, REL show LPP responses 

similar to PSZ for probe stimuli during retrieval.  The presently reported abnormalities in 

the modulation of early visual processes indexed by the N1 in REL for WM retrieval may 
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represent a compensatory neural mechanism that facilitates intact performance by 

biological relatives of PSZ on this spatial working task that involved simple stimuli. 

The early posterior P1 as well as N1 components have been shown to be sensitive 

to a number of manipulations in tasks probing visual WM, including frequency / 

expectation of stimuli, with greater amplitudes being observed for infrequent and thus 

unexpected stimuli (Dias et al., 2011), as well as for task relevant versus task irrelevant 

stimuli (Rutman, Clapp, Chadick & Gazzaley, 2010).  We found that P1 responses 

successfully discriminated distractor stimuli from target stimuli during encoding for all 

participants, and N1 responses indexed increasing WM load across diagnostic groups.  

Thus, early attentional and discriminative processes during encoding of simple stimuli 

into visual spatial memory as indexed by the P1 and N1 are apparently undisturbed in 

PSZ and REL.    

 Increases in the number of items in working memory are reflected in 

increases in late positive brain responses.  Increasing WM load during encoding 

resulted in increasing LPP amplitudes in the P300 time window for controls and REL, but 

not PSZ.  While Haenschel and colleagues (2007) have reported increases in P1 and P300 

(P3a) amplitudes with increasing WM load during encoding for healthy controls, more 

frequently reported is a decrease in P300 amplitude as WM load increases (Polich, 2012).  

However, the vast majority of these evaluations examine varying WM load across trials, 

whereas our paradigm investigates the sequential increase of load within a trial, for which 

increasing P300 amplitude appears to reflect increasing load.  In regards to this sequential 

increase in load, our task is similar to the standard digit span task, on which people with 
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schizophrenia have been found to show performance deficits (Conklin et al., 2000).  

Furthermore, P300 amplitudes have been shown to increase with increasing WM load at 

lower digit loads (e.g., from two to four digits) in healthy individuals (Lefebvre, 

Marchand, Eskes & Connolly, 2005), consistent with the increases in P300 amplitude 

with increasing load we observed in our task.  The lack of significant increases in P300 

amplitude to successive trial stimuli for PSZ suggests difficulties in encoding these 

stimuli into WM as compared to CTRL, while stimulus encoding in REL is preserved.  

Predicting Behavioral Performance with ERP Measures.  Neural responses to 

probe stimuli proved most predictive of behavioral performance for PSZ and REL, but 

were not predictive for CTRL.  PSZ performance was predicted by LPP responses to 

probes that appeared in a location not previously occupied by an encoding stimulus, 

suggesting that PSZ who showed the strongest neural recognition of probes in a novel 

location performed the task more poorly, and those who showed lesser LPP responses to 

probes in a task-irrelevant location demonstrated better performance.  REL performance 

was predicted by N1 responses to probes in the second stimulus position; the association 

between the N1 response to probes in the second stimulus position and performance in 

REL may reflect an indexing of RELs’ ability to overcome primacy-recency effects.  

These associations were not significant for CTRL, suggesting that retrieval processes are 

particularly important to efficient WM ability in PSZ and REL, and that neural function 

during spatial WM retrieval is important to the disorder. 

 Several limitations to our study are noted.  Certain task manipulations are 

confounded by other potential influences; for example, distractor stimuli were less 
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frequent than target stimuli, and third stimuli did not always appear.  Thus, responses to 

distractors and third stimuli may reflect to a certain extent effects of frequency / 

expectancy.  These confounds were addressed where possible (e.g., examining the 

manipulation of presentation order for target stimuli alone), and may be minimal (six of 

eight total blocks were comprised by three-stimulus trials), but such potential confounds 

should be considered in the interpretation of results. 

 Participants who performed at or near the 50% chance level (≤60%) were not 

included in our analyses, leading to the exclusion of a greater proportion of PSZ than 

controls or REL; this could have potentially led to better-than-typical behavioral and 

EEG results for PSZ in particular.  However, we wanted to be sure that the data reported 

were from participants who understood and were at least attempting to perform the task 

correctly.  As such, we should keep in mind that the typical person with schizophrenia 

may actually perform more poorly than the averages reported herein, likely 

corresponding with attenuated ERP amplitudes. 

 Despite these limitations, the results of our WM task indicate neural abnormalities 

in PSZ and REL alike, with accompanying behavioral deficits in PSZ but preserved 

performance in REL.  PSZ demonstrated neural deficits during both encoding and 

retrieval, whereas REL showed encoding responses comparable to CTRL, in addition to 

preserved and even heightened modulations of early responses to probes during retrieval 

despite later responses similar to PSZ. This notable difference between PSZ and REL 

during retrieval may suggest a compensatory mechanism for REL allowing them to 

perform at the level of healthy controls.  Consistent with this notion, both PSZ’s and 
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REL’s task performance was predicted by neural responses during retrieval, emphasizing 

the importance of retrieval processes to WM function in people with schizophrenia and 

their unaffected relatives.   

 The inclusion of REL in our study is particularly informative, as it contributes to 

the developing literature on neural abnormalities as a potential endophenotype for 

schizophrenia; abnormalities in early neural modulations are common to both PSZ and 

REL in our study, and may suggest an underlying genetic predisposition for the disorder 

in REL.  However, the intact behavioral performance demonstrated by REL suggests they 

possess a compensatory mechanism; the increased modulation of N1 during retrieval in 

REL suggests heightened attentional sensitivity to the status of encoding stimuli and may 

be part of this mechanism.  Better understanding of how said mechanism may function 

could contribute to training paradigms for people with schizophrenia.  Given our results, 

training focused on improving early attentional processes during retrieval may be 

particularly useful in the effort to better people with schizophrenia’s manipulation of WM 

and overall navigation of day-to-day life. 
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Appendix 

 

Table 1.  Participant demographics.  
 CTRL 

(n = 37) 

PSZ 

(n = 23) 

REL 

(n = 30) 

Test Statistic 

(Degrees of 

Freedom) 

p-value 

% Female 35.1% 4.3% 63.3% χ2(2) = 19.6 p < .001 

Age (years) 46.7 (11.1) 42.9 (10.2) 45.3 (10.7) F(2, 87) = 0.9 p = .42 

Years of 

education 

15.1a (1.9) 13.6a (1.7) 14.6 (2.2) F(2, 87) = 4.7 p = .01 

IQ 106.1a (14.9) 90.3a,b (19.9) 105.0b (14.5) F(2, 87) = 7.7 p < .001 

BPRS 

- Positive 

- Negative 

- Disorganized 

28.4a (4.2) 

5.1a (0.4) 

3.1a (0,3) 

5.2a (1.4) 

43.8a,b (11.1) 

13.3a,b (6.9) 

5.5a,b (2.8) 

7.0a (2.7) 

32.7b (7.7) 

5.7b (1.7) 

3.4b (1.0) 

6.2 (1.7) 

F(2, 87) = 29.6 

F(2, 87) = 41.1 

F(2, 87) = 17.7 

F(2, 87) = 6.4 

p < .001 

p < .001 

p < .001 

p = .003 

  

Parentheses indicate standard deviations unless noted otherwise. p-values indicate 

differences in measures across diagnostic categories: schizophrenia probands (PSZ), 

controls (CTRL) and relatives of PSZ (REL).  Paired superscripts indicate differences 

between groups for a given measure, p < .05.  
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Table 2.  Proportion of trials correct on spatial working memory task. 
 CTRL  

(n = 37) 

PSZ  

(n = 23) 

REL 

(n = 30) 

F-value p-value 

Overall .78a 

(.08) 

.71a,b (.12) .79b 

(.09) 

F(2, 87) = 7.1 p = 

.001 

Two-Stimulus Trials .81 (.09) .75b (.13) .83b 

(.10) 

F(2, 87) = 3.8 p = .03 

Three-Stimulus Trials .78a 

(.08) 

.69a,b (.12) .78b 

(.09) 

F(2, 87) = 7.7 p < 

.001 

No Distractor Trials  .73 (.09) .68b (.09) .74b 

(.09) 

F(2, 87) = 3.2 p = 

.047 

Distractor Trials .84a 

(.09) 

.73a,b (.15) .85b 

(.12) 

F(2, 87) = 8.2 p < 

.001 

Probe at Previous Target .84 (.15) .76b (.17) .86b 

(.12) 

F(2, 87) = 3.5 p = .03 

Probe at Previous 

Distractor 

.89a 

(.10) 

.72a,b (.17) .86b 

(.18) 

F(2, 87) = 9.6 p < 

.001 

Probe Elsewhere .64 (.17) .62 (.15) .65 (.16) F(2, 87) = 0.3 p = .75 

Probe at 1st Position .78 (.20) .72 (.20) .82 (.09) F(2, 87) = 2.3 p = .11 

Probe at 2nd Position .86a 

(.12) 

.74a,b  

(.15) 

.86b 

(.14) 

F(2, 87) = 5.8 p = 

.004 

Probe at 3rd Position .90a 

(.08) 

.75a,b  

(.16) 

.88b 

(.13) 

F(2, 87) = 

10.4 

p < 

.001 

  
Parentheses indicate standard deviations unless noted otherwise. p-values indicate 

differences across diagnostic categories: schizophrenia probands (PSZ), controls (CTRL) 

and relatives of PSZ (REL).  Paired superscripts indicate differences between groups for 

a given index, p < .05.  
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Figure 1.  Spatial working memory task.  Stimuli were presented in pseudo-random order in one 

of 16 locations on an invisible circle with a radius subtending a visual angle of 9.3 degrees.  

Stimuli subtended a visual angle of 1.6 degrees, and potential locations were separated by 22.5 

degrees of arc around the circumference of the circle. 
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*** *** * 

Figure 2.  Distractor Effects on Task Performance.  Proportion correct on No Distractor trials 

(red) versus Distractor trials (blue) for controls (CTRL), schizophrenia probands (PSZ), and 

relatives of PSZ (REL). CTRL and REL showed a markedly greater advantage in performance 

on Distractor trials than PSZ.  *p < .05, **p < .01, ***p < .001. 
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Figure 3. Target vs. Distractor Effects on Retrieval N1.  N1 ERPs (left panel) and scalp 

topographies (right panel) in response to probes at previous target locations (red), previous 

distractor locations (blue), elsewhere (green). Waveforms are averaged across electrodes 

PO4 and PO8. For schizophrenia probands (PSZ), N1 responses to probes failed to 

differentiate whether the location was associated with a target, distractor, or neither at 

encoding, while N1 responses at retrieval for controls (CTRL) and relatives (REL) groups 

did differentiate the encoding status of the spatial location.  REL alone showed larger N1 

amplitudes to distractors compared to targets.  *p < .05, **p < .01, ***p < .001.   

Probe 

Elsewhere 

(189 ms) 

(186 ms) 

(178 ms) 
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Figure 4.  Target vs. Distractor Effects on Retrieval LPP.  LPP responses to probes at 

previous target location (red), probes at previous distractor location (blue), and probes 

elsewhere (green).  Waveforms are derived from averages across electrodes FC1, C2 and CP1 

for a) all subjects, b) people with schizophrenia (PSZ), c) controls (CTRL), and d) relatives of 

PSZ (REL).  The x-axis represents the beginning of each 50 ms time window.  Significant 

differences (p < .05) in time window mean amplitudes between probes at previous target 

locations (T), previous distractor locations (D), and elsewhere (E) are indicated with a dash 

between labels for differing conditions (e.g., T-E = difference between target and elsewhere).  

PSZ fail to show differences between conditions in the 350 ms to 550 ms time window, in 

contrast to CTRL and REL. 
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Figure 5. Stimulus Order Effects on Retrieval N1.  N1 ERPs (left panel) and scalp 

topographies (right panel) to probes at previous 1st stimulus location (red), 2nd stimulus 

location (blue), 3rd stimulus location, (black), and elsewhere (green).  Waveforms are derived 

from averages across electrodes PO4 and PO8 for people with schizophrenia (PSZ), controls 

(CTRL), and relatives of PSZ (REL).  N1 responses differentiated probes presented at 3rd 

stimulus locations from probes at 1st stimulus locations and probes elsewhere for CTRL and 

REL, but not for PSZ.  *p < .05, **p < .01, ***p < .001. 
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Figure S1. Stimulus Type Effects on Encoding ERP Components.  P1 & N1 ERPs (left panel) 

and LPP ERPs (right panel) to target stimuli (red), and distractor stimuli (blue) for schizophrenia 

probands (PSZ), controls (CTRL), and relatives of PSZ (REL).  P1 & N1 waveforms are derived 

from averages across electrodes PO4 and PO8; LPP waveforms are averages across electrodes 

FC1, C2, CP1.  P1 responses were larger to distractor stimuli than target stimuli across all 

diagnostic groupings.  LPP responses showed a main effect of stimulus type for REL alone, but 

all groups showed significant interactions between stimulus type and time window.  *p < .05, 

**p < .01, ***p<.001. 
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Figure S2. Stimulus Order Effects on Encoding ERP Components.  P1 & N1 ERPs (left panel) 

and LPP ERPs (right panel) to first stimuli (red), second stimuli (blue), and third stimuli (green) 

for schizophrenia probands (PSZ), controls (CTRL), and relatives of PSZ (REL).  P1 & N1 

waveforms are derived from averages across electrodes PO4 and PO8; LPP waveforms are 

averages across electrodes FC1, C2, CP1.  P1 responses to first stimuli were larger than those to 

second stimuli for PSZ alone.  CTRL and REL showed presentation order-by-time window 

interaction effects, whereas PSZ did not.  *p < .05, **p < .01, ***p<.001. 
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Figure S3. Stimulus Order Effects on Retrieval LPP Component.  LPP ERPs to probes at 

previous 1st stimulus location (red), 2nd stimulus location (blue), and 3rd stimulus location, 

(green) for schizophrenia probands (PSZ), controls (CTRL), and relatives of PSZ (REL).  

Waveforms are averages across electrodes FC1, C2, CP1.  LPP responses showed a main 

effect of probe order for all groups combined, but neither main effects nor interaction effects 

for the individual groups. 
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