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Abstract

Recent reports of spatial working memory deficits in schizophrenia provide evidence for dorsolateral prefrontal
cortical (DLPFC) dysfunction. However, the question of how spatial working memory performance relates to other
task impairments in schizophrenia considered reflective of frontal dysfunction, such as the Wisconsin Card Sorting
Test ( WCST) and smooth pursuit eye tracking, has been largely unexplored. Spatial working memory, as measured
by a computerized visual–manual delayed response task (DRT), was evaluated in 42 schizophrenia patients and 54
normal controls. Subjects also completed a battery of neuropsychological and oculomotor tasks. Schizophrenia
patients performed as accurately as controls on a no-delay, sensory–motor control condition, but showed a significant
impairment in spatial accuracy with the addition of an 8-s delay and verbal distraction task. For the patients, working
memory impairment was associated with fewer categories on the WCST, impaired eye tracking, fewer words learned
on the Rey Auditory Verbal Learning Test, but not with measures of general cognitive and clinical functioning.
Results suggest the presence of a sub-group of schizophrenia patients with common pathophysiology that accounts
for the co-variance of several tasks implicating prefrontal dysfunction. © 1999 Elsevier Science B.V. All rights reserved.
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1. Introduction represent one of the prevailing neuroanatomical
theories of schizophrenia. Support for the frontal
lobe theory arises from multiple lines of evidence,The notion that the pathophysiology of schizo-
including phenomenology (Seidman, 1983; Levin,phrenia involves frontal lobe dysfunction, an idea
1984a), neuropsychological impairment (Goldbergthat dates back to Kraepelin (1971), continues to
and Weinberger, 1986; Goldsamt et al., 1993),
oculomotor functioning (Levin, 1984b), and func-
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dence for physiological dysfunction of the prefron- stone of executive functions, the underlying cogni-
tive process that accounts for seemingly disparatetal cortex in schizophrenia.

Recent reports of working memory deficits in patterns of impairments observed in schizophrenia
patients and in individuals with frontal lobeschizophrenia provide the latest line of evidence

for the frontal dysfunction hypothesis. The concept damage. If working memory remains the common
denominator of tasks sensitive to frontal dysfunc-of ‘working memory’ has its roots in cognitive

psychology (Baddeley, 1986), referring to a tion, one should observe substantial correlations
between these measures and spatial DRT perfor-memory system responsible for the temporary

holding and manipulation of information. Park mance. Observing covariance would strengthen the
case for a single, underlying deficit in schizophreniaand Holzman (1992) initially reported that schizo-

phrenia patients were impaired on several delayed patients (or perhaps a sub-group) that is linked to
the integrity of the DLPFC. A lack of task associa-response tasks (DRT ), the classical working

memory paradigm adapted from the animal litera- tions would suggest that the commonly used ‘fron-
tal’ tasks are tapping disparate cognitive processesture (Hunter, 1913; Goldman-Rakic, 1987). Since

then, several replications of spatial working and/or neuroanatomical systems in schizophrenia
patients.memory impairment in schizophrenia have fol-

lowed (Park and Holzman, 1993; Spitzer, 1993; A few studies have examined relationships
between working memory and other putative fron-Keefe et al., 1995; Carter et al., 1996; McDowell

and Clementz, 1996; Fleming et al., 1997). tal tasks in schizophrenia patients. Park and
Holzman (1993) reported a correlation of 0.51A considerable body of evidence implicates the

involvement of dorsolateral prefrontal cortex between working memory performance on an ocu-
lomotor DRT and smooth pursuit eye movements(DLPFC ) in delayed response tasks. Goldman-

Rakic (1987, 1991) has written detailed reviews of (SPEM) in schizophrenia patients. Although the
nature of the pursuit tracking impairment and thethe non-human primate literature, establishing the

DRT as the paradigmatic task for the activation neuroanatomical substrates that subserve smooth
pursuit remain unresolved, there is evidence ofof delay-specific, directionally sensitive neurons in

the principal sulcus region of the DLPFC. Further involvement of frontal cortical processes (e.g. fron-
tal eye fields) in normal subjects engaged in smoothevidence for DLPFC involvement in delayed

response tasks comes from animal lesion studies pursuit (Gersden et al., 1996; Petit et al., 1997)
and in SPEM dysfunction in schizophrenia(Brozoski et al., 1979) and functional imaging

techniques in humans (McCarthy et al., 1994; ( Katsanis and Iacono, 1991; Grawe and Levander,
1995). Gold et al. (1997) found a strong correla-Sweeney et al., 1996; Courtney et al., 1998).

Because of the solid empirical support for the tion (r=0.74) between a verbal working memory
task and the WCST category achieved score inspatial DRT as a measure related to prefrontal

functioning, DRT impairment in schizophrenia schizophrenia patients after controlling for Full-
scale IQ, but not with the WCST perseverationadds strong converging evidence to the long-stand-

ing theory of frontal lobe dysfunction. score. Seidman et al. (1995) reported significant
correlations between WCST perseverativeThe question of how spatial working memory

relates to performance on other traditional frontal responses and patients’ performance on an associa-
tive working memory task (delayed alternation).lobe tasks in schizophrenia, however, has received

little attention. In schizophrenia research, impair- No study has yet reported an association
between WCST performance and a spatial delayedment on one or more executive or frontal tasks is

often reported, but patterns of relationships response task, which would provide further con-
verging evidence that working memory is a keybetween these measures remain elusive (Goldberg

et al., 1988). Goldman-Rakic (1987, 1991, 1994) cognitive component of successful WCST perfor-
mance. Furthermore, to our knowledge, no studyand others ( Kimberg and Farah, 1993;

Pennington, 1994) have argued from a theoretical has reported on the relationship between working
memory and performance on another aspect ofstance that working memory may be the corner-
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oculomotor functioning for which there is evidence the Structured Clinical Interview for DSM-IV
of prefrontal involvement—the antisaccade task. (SCID, Modules A–E) (First et al., 1995) and
This task requires subjects to inhibit a prepotent chart reviews. SCID interviewers were advanced
saccade to a suddenly appearing target in the graduate students in clinical psychology, with
periphery and direct their gaze to the opposite specific training in interviewing and SCID admin-
hemifield from the target. Schizophrenia patients istration. The patients were between the ages of
have demonstrated antisaccade deficits (Clementz 18 and 65, spoke English fluently, were not cur-
et al., 1994; Tien et al., 1996; Katsanis et al., rently abusing drugs or alcohol, had not recently
1997), as have neurological patients with prefron- undergone ECT treatment, and had no history of
tal lesions (Guitton et al., 1985; Pierrot-Deseilligny neurological disease, systemic disease known to
et al., 1991). Functional imaging reports suggest involve CNS functioning (e.g. acquired immune
prefrontal involvement in normal subjects deficiency syndrome, metastatic cancer), clinically
(although precisely which prefrontal areas are significant head injury or mental retardation. All
involved is unclear; O’Driscoll et al., 1995; Sweeney subjects gave written informed consent and were
et al., 1996). Therefore, the antisaccade task would clinically stable at the time of testing. The patients
be of interest to include in an investigation of the had been ill an average of 12.1 years (s.d.=9.4),
correlates of working memory in schizophrenia. had been hospitalized an average of 11.2 times

The aims of the present study were: (1) to (s.d.=11.9), and had an average Global
replicate the finding that schizophrenia patients Assessment of Functioning (GAF) score of 26.2
are impaired on the working memory components (s.d.=5.6). At the time of testing, 19 patients were
of a spatial delayed response task; and (2) to receiving typical neuroleptics, 22 patients were
further characterize the relationships between receiving atypical neuroleptics, three were on lith-
working memory performance and other clinical ium, 14 were taking anticholinergic agents, eight
and oculomotor tasks purportedly sensitive to were receiving antidepressants, seven were on
frontal lobe functioning. We hypothesized signifi-

benzodiazepines, and 23 were taking anticonvul-
cant correlations between working memory and

sant agents (e.g. sodium valproate, carbamaze-performance on putative frontal neuropsycho-
pine). Five patients were not receiving anylogical tasks, including the WCST, a verbal fluency
neuroleptics, and one patient was not takingtask and two measures of figural fluency. Other
any psychiatric medication.neuropsychological tasks purportedly sensitive to

Fifty-four normal control participants weremore posterior regions were used to test the speci-
recruited from the community via advertisementficity of the frontal deficit hypothesis. In addition,
posters placed in multiple medical settings (e.g.we predicted that working memory would correlate
general medical clinics, dental clinics, dermatologywith two oculomotor measures of interest: smooth
clinics, etc.) at the same hospital from which thepursuit eye tracking and antisaccade task
patients were recruited. The majority of partici-performance.
pants from these medical settings were patients,
with the remainder being hospital employees. In
addition, posters were placed at similar medical2. Methods
clinics in a university hospital and in several com-
munity vocational/technical schools in the region.2.1. Participants
Control participants were excluded for the same
general and medical criteria as the patients. TheyForty-two schizophrenia inpatients were
were free of lifetime diagnoses of major affective,recruited from acute-care psychiatric units of a
psychotic or substance use disorder, as determinedregional hospital that serves a large metropolitan
by the same structured interview that the patientsarea. All patients met DSM-IV (American
received. In addition, individuals with a familyPsychiatric Association, 1994) criteria for schizo-

phrenia, based on diagnostic interviewing using history of mental health treatment for any of these
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conditions in their first-degree relatives were After target presentation, the screen turned dark
for a variable delay (either 0.5 or 8 s). The dark-excluded from participation.
ened screen served to disrupt iconic memory and
eliminated all visual referents on the screen that2.2. Measures
could be used to help locate the target. Following
the delay, a blank, lightened screen appeared and2.2.1. Spatial delayed response task

Spatial working memory was assessed using a subjects indicated the location of the last target by
touching the screen with the light-pen. Targetcomputerized visual–manual task adapted from

Luciana et al. (1992) and used by Zald and Iacono positions and delay times were intermixed in
random order, with all 16 target positions appear-(1999). The task was originally modeled on an

oculomotor spatial delayed response task that has ing once with each delay time (32 trials total ).
Subjects were given five practice trials before start-been used in non-human primates to investigate

DLPFC functioning (Funahashi et al., 1989). ing the condition and were instructed to ‘touch
the screen where you last saw the dot as accuratelySubjects sat in a quiet darkened room with their

eyes 27 cm from a color VGA monitor. The head as you can’. Subjects received additional instruc-
tions to make their best guess if they saw the targetposition and distance from the monitor were held

constant for each subject by use of a fixed chin– stimulus but could not remember where it was and
to refrain from responding if they failed to see theforehead rest and a height-adjustable chair. During

each trial, subjects fixated their vision on a small target stimulus.
cross presented in the center of the computer
monitor. After 2 s, a small target (asterisk charac-
ter) was presented at one of 16 positions evenly 2.2.1.3. Verbal distraction condition. The third

condition was identical to the delay condition,distributed along the circumference of an imagi-
nary circle 4.5 cm from the fixation point. During except that during the delay period, subjects were

required to read aloud three- and four-letter wordsall task conditions, subjects indicated the location
of the target stimulus by touching the computer that appeared in the center of the screen. The

words were all frequently used in the Englishmonitor with a PXL light-pen (FTG Data Systems,
Stanton, CA), which recorded the exact pixel language ( Kucera and Francis, 1967) and

appeared at a rate of one every 2 s. The delay timelocation of each response. Subjects were allowed
5 s to respond to a trial before the next trial began. was 8 s (16 trials total, one in each target position).

Automated software was utilized to record theThe task was completed in three blocks presented
in the following order to all subjects. pixel location of each subject’s response as well as

the actual location of the target stimulus. The
discrepancy between the pixel location of the sub-2.2.1.1. No-delay condition. During the first condi-

tion, the target remained on screen until the subject ject’s response and pixel location of each target
stimulus was automatically calculated and trans-indicated its location by touching the monitor with

the light-pen. This condition served as a sensory–- formed into millimeters. Following the approach
taken by Park and Holzman (1992, 1993), eachmotor control for the delay condition by providing

a measure of the participants’ hand–eye coordina- trial response was scored dichotomously as a ‘hit’,
defined as less than 25 mm total error, or a ‘miss’,tion and ability to locate an object in space. Sixteen

trials were administered (one with each target defined as a total error greater than or equal to
25 mm. The cut-point of 25 mm was determinedlocation). Prior to starting the no-delay condition,

subjects were told how to hold and respond with according to the distribution characteristics of the
mean total error score across all conditions andthe light-pen, instructed to ‘touch the dot as accu-

rately as you can’ and given five practice trials. corresponded to 80% (cumulative) of all subjects
achieving a lower mean total error score. The
proportion of hits was calculated for each condi-2.2.1.2. Delay condition. During the second condi-

tion the target stimulus was presented for 200 ms. tion of the task and then logarithmically trans-
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formed ( y=log x+1) to reduce skewness in the risk in schizophrenia (Iacono and Clementz, 1993;
Clementz et al., 1996). Additionally, a subjectivedistribution of scores.
measure of smooth pursuit eye tracking quality
was provided by the qualitative rankings of eye-2.2.2. Oculomotor assessment

Oculomotor recordings were obtained in a quiet, tracking records by one of the authors ( WGI )
with more than 25 years of expertise in the eyedarkened room, using both infra-red (IR) and

electrooculographical (EOG) recording tech- tracking field. The SPEM records were plotted to
obtain hard copies. While blind to subject groupniques. Infra-red eye movement recordings were

measured with an Eye Trac Model 210 eye move- membership, the rater ranked the plots from best
to worst (i.e. ‘1’ being best performance) accordingment monitor and infra-red spectacles mounted

on eyeglass frames (Applied Science Laboratories, to perceived tracking quality of identifiable seg-
ments of smooth pursuit.Waltham, MA). Sliver–silver chloride electrodes

were applied to the outer canthus of each eye for
EOG recording of horizontal movement, and at 2.2.2.2. Antisaccade. In the antisaccade task, the

target began at a central fixation point. Followingthe superior and inferior orbital rims of the left
eye to record blinks, with a ground electrode a 2–3-s pseudorandom interval, the center stimulus

was extinguished, and a peripheral target simulta-applied to the right shin. Stimuli were presented
on a high-resolution Zenith flat-surface color mon- neously appeared at 10° either left or right in an

unpredictable fashion. Subjects were instructed notitor positioned 50 cm from the subject’s eyes. The
target stimulus consisted of a small yellow circle to look at the target but to direct their gaze to the

opposite side of the screen. The target thenof light (0.5° of visual arc), which was presented
against a darkened computer screen. Head move- returned to central fixation, signaling the beginning

of a new trial. One block of 20 trials (10 leftwardment was minimized with use of a bite-bar and
dental wax impression. An IBM-compatible com- and 10 rightward) was presented. Antisaccade

trials were scored as correct if the subject directedputer acquired the amplified signals, which were
converted to digital form with a 12-bit A/D con- initial gaze away from the target and counted as

an error if the subject looked in the direction ofverter. Recordings were simultaneously displayed
on a computer monitor in an adjacent room so the target (i.e. a reflexive saccade). Trials in which

an error was not followed by a corrective saccadethat performance could be monitored continuously
by the experimenter. All of the reported eye- were excluded from analysis, following the assump-

tion that the task instructions were not beingtracking measures were derived from the IR
recordings. Vertical EOG recordings were used to followed. From the schizophrenia group, there

were 11 subjects who failed to make reflexiveaid in the identification and removal of blinks
from the IR record before scoring smooth pursuit saccades on at least one trial, and each of these

patients had three or fewer of such trials. Onlyperformance.
one control subject failed to make a corrective
saccade after making an error, and this occurred2.2.2.1. Smooth pursuit. In the pursuit tracking

task, subjects were required to visually follow a only on one trial. Two schizophrenia subjects were
excluded from antisaccade analyses because theytarget stimulus moving in a horizontal sinusoidal

motion at 0.4 Hz. The target subtended an arc of were not able to understand the task (i.e. they
made prosaccade errors without correction on±10° from center fixation. SPEM performance

was quantified using root mean square (RMS) nearly every trial ).
The order of oculomotor tasks was as followserror deviation between the target and eye tracking

channels, after adjusting for differences in phase for all subjects: a brief 0.4-Hz sine-wave practice
trial, the 0.4-Hz sine-wave task, three interveningand amplitude of the two waveforms (Iacono and

Lykken, 1979). RMS error is a general index of oculomotor tasks that are not reported in the
present study, and then a prosaccade task followedeye tracking accuracy that has established reliabil-

ity and construct validity as a marker for genetic by the antisaccade task. The prosaccade task was
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similar to the antisaccade task except that subjects Auditory Verbal Learning Test (RAVLT; Rey,
1964). The total number of words recalled fromwere required to make reflexive saccades in the

direction of target movement, thus priming the the acquisition phase of the RAVLT (trials I–V )
was used as an overall measure of verbal learningresponse to be inhibited in the antisaccade task.

Because almost none of the subjects made direc- and recent verbal memory. The Rey–Osterrieth
Complex Figure Test (ROCFT; Rey, 1941) wastional errors on the prosaccade task, data from

this task were not analyzed. used to assess visuospatial organization (copy con-
dition) and recent memory for visuospatial infor-
mation (immediate recall condition). The overall2.2.3. Neuropsychological assessment

All subjects were administered a battery of intellectual functioning was assessed using the
Information, Block Design and Digit Span subtestsneuropsychological tests. Standardized administra-

tion procedures outlined in Lezak (1995) were from the Wechsler Adult Intelligence Scale—
Revised ( WAIS-R; Wechsler, 1981) and derivingfollowed for all tests, with the exception of a

computerized version of the Wisconsin Card an estimated Full-scale IQ (FSIQ) based on a
prorated calculation [Tellegen and Briggs, cited inSorting Test (Rezai, 1988). Scoring for the

Wisconsin Card Sorting Test followed the rules Sattler (1990)].
The entire study battery was administered withinprovided by Heaton et al. (1993) with the following

exception: the first unambiguous error after a two-to-three separate sessions, with the oculomo-
tor assessment conducted first, then neuropsychog-category shift was not scored as perseverative,

since the subject had not yet received any feedback ical testing, then spatial DRT administration. The
typical time period of data collection for a singleat that point, indicating that the sorting principle

had changed. Other investigators have also scored subject was within one week.
according to this rule exception (e.g. Seidman
et al., 1995).

The following neuropsychological tests purport- 3. Results
edly sensitive to frontal lobe functioning were
used: the computerized Wisconsin Card Sorting Table 1 summarizes the demographic and clin-

ical characteristics of the subject samples. ThereTest (Rezai, 1988), Controlled Oral Word
Association Test (COWAT; Benton, 1968), and were no significant differences between groups in

age. Normal controls had a significantly higherDesign Fluency (Jones-Gotman and Milner,
1977). Measures used from the WCST included mean education level than the schizophrenia

patients [t(95)=6.38; p<0.0001]. The estimatedthe number of categories achieved (reflecting the
overall task performance), number of perseverative
errors (reflecting the failure to shift cognitive set), Table 1

Demographic and clinical characteristics of subject groupsnon-perseverative errors (reflecting all error types
other than the failure to shift cognitive set), and

Variable Schizophrenia Normal
the number of failures to maintain set (reflecting patients (n=42) controls (n=54)
the loss of established cognitive set). The COWAT

Age (years)required subjects to name as many words aloud
M 35.7 36.0beginning with a letter (e.g. F, A, S...) in 60 s. The
s.d. 10.5 13.4Design Fluency task included two conditions, a
Gender (m/f ) 31/11 19/35

‘free’ condition that required subjects to draw as Education (years)
many different non-representational figures (i.e. M 12.7 15.0

s.d. 1.8 1.7nothing that could be named, such as a house or
Estimated WAIS-R IQa circle) as possible within a time limit, and a

M 92.8 109.7‘fixed’ condition that restricted the number of lines
s.d. 13.4 13.4

allowed per drawing to four.
Verbal memory was assessed with the Rey WAIS-R=Wechsler Adult Intelligence Scale—Revised.
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FSIQ also differed significantly between the groups proportions between patients and controls. A mul-
tivariate approach was used because of its indepen-[t(90)=5.91; p<0.0001]. The lower IQ of the

schizophrenia patients is consistent with docu- dence from sphericity assumptions (Howell, 1992).
The MANOVA resulted in a significant main effectmented reports in the literature indicating that

their mean FSIQ is typically in the 88–90 range for Delay Condition [Pillai’s Trace F(3,90)=6.56,
p<0.0001], indicating a general increase in spatial(Aylward et al., 1984). Because of the method-

ological problems inherent in matching subjects error with longer delay periods and the addition
of verbal distraction across all subjects. There wason such variables as education level or FSIQ in

schizophrenia research (Meehl, 1970), we chose no significant main effect for Gender and no
significant Gender×Group interaction. The over-not to match subject groups but rather to investi-

gate the relationship between these variables and all difference between groups across all task condi-
tions was not significant [F(1,92)=2.27, p=0.14],cognitive performance.
but a significant Group×Delay Condition inter-
action emerged [Pillai’s Trace F(3,92)=3.91,3.1. Spatial delayed response task
p<0.001]. One-way ANOVA follow-up tests indi-
cated the only significant group difference occurredFig. 1 shows the means of the transformed pro-

portions of correct trials for patients and controls in the 8-s delay condition with verbal distraction,
with the schizophrenia patients demonstrating aunder all conditions of the spatial delayed response

task. A 4×2×2 (Delay Condition×Group× lower proportion of hits than the normal control
group [F(1,94)=9.06, p<0.01]. We then addedGender) repeated-measures MANOVA was carried

out, with the no-delay, 0.5-s delay, 8-s delay, and estimated FSIQ and years of education as covari-
ates to examine the role of a generalized deficit in8-s delay with verbal distraction entered as the

repeated measures. Gender was included in the the group difference in spatial DRT performance.
The Group effect for the 8-s delay condition withMANOVA because of the difference in gender

Fig. 1. Effect of delay periods and verbal distraction task on spatial DRT performance. The figure shows the means (±SE) of the
logarithmically transformed scores (proportion of correct trials) for normal controls and schizophrenia patients across the four
conditions of the working memory task. *p<0.05 (two-tailed).
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verbal distraction remained significant [F(1,88)= on any of the task conditions [t(40) range=−0.34
to −1.32, p range=0.70–0.20). In fact, the five6.44, p<0.05].

In sum, these analyses indicate that while schizo- patients off neuroleptics had consistently worse
spatial DRT scores than the neuroleptic groupphrenia patients and controls were equally profi-

cient in the ability to locate and touch an object across task conditions. In addition, schizophrenia
patients who were taking haloperidol, a potentin space (i.e. the sensory–motor, no delay control

condition), patients showed a significantly greater and selective D2 antagonist (n=10), were com-
pared to schizophrenia patients taking clozapine,decrement in performance than controls with the

addition of both a delay and the rehearsal-preven- an atypical antipsychotic with a comparatively
weaker affinity for D2 receptors (n=7) (Meltzer,tion task. Further, the initial differences between

schizophrenia patients and controls on estimated 1992). There were significant differences in spatial
DRT performance in the opposite of the expectedFSIQ and level of education are unlikely to

account for the group difference in spatial DRT direction, with a worse performance observed in
patients taking clozapine [t(15) range=−2.12 toperformance.

The issue of whether spatial DRT impairment −2.45, p range=0.02–0.05]. Although these group
differences raise the possibility of a deleteriousin schizophrenia is a specific cognitive deficit or

reflects a generalized performance deficit was fur- effect of clozapine on spatial DRT task perfor-
mance, they argue against the case that dopaminether examined by looking at the relationships

between spatial DRT performance and estimated antagonism contributes to the observed schizo-
phrenic spatial DRT impairment in this sample.FSIQ, education level and GAF ratings from the

SCID. All Pearson product-moment correlations Other drug classes were examined for possible
effects on spatial DRT performance by comparingwere non-significant; no correlation was greater

than 0.10 between performance on any of the all patients on and off medication types. No sig-
nificant effects were found for anxiolytics, anticho-spatial DRT conditions and GAF, estimated FSIQ

or education level in the schizophrenia group. In linergics, antidepressants, anticonvulsants, or
lithium.the control group, correlations were also low in

magnitude and non-significant, with the exception
of a correlation between education level and spatial 3.2. Relationships between spatial DRT and

neuropsychological and oculomotor tasksDRT performance (proportion of correct trials) at
an 8-s delay (r=0.28, two-tailed p<0.05). These
correlations provide further support that spatial Tables 2 and 3 present group means and stan-

dard deviations of the neuropsychological andDRT deficits in the patient group are not attribut-
able to generalized cognitive or clinical oculomotor measures. For all the variables listed

in these tables, ANOVAs were carried out toimpairment.
Because of reports in the literature that the determine whether the controls subjects performed

better than the schizophrenia patients. All thedopamine system likely plays a role in modulating
spatial working memory performance (Sawaguchi ANOVAs confirmed this to be the case (all

Bonferroni-corrected ps<0.004).and Goldman-Rakic, 1991; Luciana et al., 1992;
Luciana and Collins, 1997), it is important to Tables 2 and 3 also report Pearson correlation

coefficients between spatial delayed response taskassess the possible effects of neuroleptic medic-
ations with significant dopaminergic action on performance and all other measures, computed

separately within groups. In order to minimize thespatial DRT performance. This issue was examined
in several ways. First, a small group of schizo- number of computed correlations, only the 8-s

delay with verbal distraction condition of thephrenic patients who were not taking neuroleptics
(n=5) were compared to the remaining schizo- spatial DRT was included, as it was found to be

most sensitive to group differences. Schizophreniaphrenia patients taking neuroleptic medication on
spatial DRT performance (n=37). There were no patients with a poor spatial DRT performance in

the delay condition were more likely to achievesignificant differences in spatial DRT performance
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Table 2
Neuropsychological and oculomotor measures and their correlations with spatial Delayed Response Task (DRT) at 8-s delay with
verbal distraction: schizophrenia patients

Measure M s.d. rDRT

Neuropsychological test
WCST categories 1.6 1.6 0.32*
WCST number PE 37.0 19.9 0.02
WCST number non-PE 32.7 12.9 −0.27
WCST failure to maintain set 2.34 1.95 −0.09
COWAT (number of words) 29.9 10.6 −0.11

Figural fluency (number of figures)
Free condition 13.3 7.3 −0.08
Fixed condition 11.5 7.3 0.00

WAIS-R subtests (age-scaled scores)
Information 8.3 2.7 −0.13
Block design 9.2 2.7 0.02
Digit span 7.7 2.4 −0.24
RAVLT trials I–V 35.2 9.4 0.34*
R–O copy 31.1 5.7 0.30
R–O immediate recall 15.0 7.3 0.28

Oculomotor measures
Log RMS error 2.17 0.28 −0.34*
Qualitative rankings 56.0 — −0.37*
Antisaccade percentage correct 47.5 23.5 0.13

Spatial DRT performance was measured by the log-transformed proportion of correct trials. WCST=Wisconsin Card Sorting Test;
PE=perseverative errors; COWAT=Controlled Oral Word Association Test; WAIS-R=Wechsler Adult Intelligence Scale—Revised;
RAVLT=Rey Auditory Verbal Learning Test; R–O=Rey–Osterrieth Complex Figure Test; RMS error=root mean square error.
*p<0.05 (two-tailed).

fewer categories on the WCST and were more distraction remained virtually unchanged for the
schizophrenia patients ( WCST categories, r=0.35,deviant on both measures of SPEM. Additionally,

they performed more poorly on the total number p<0.05; RAVLT total score, r=0.35, p<0.05;
SPEM qualitative rankings, r=−0.36, p<0.05;of words learned during the acquisition phase of

the RAVLT. No other correlations attained statis- RMS error, r=−0.33, p<0.05) and within the
normal controls ( WCST categories, r=0.35,tical significance.

Within the controls, a greater spatial DRT error p<0.05; WCST perseverative errors, r=−0.35,
p<0.05; WCST non-perseverative errors, r=in the delay condition was likewise associated with

inferior performance on the WCST, as reflected −0.32, p<0.05). In addition, the correlation
between the R–O copy condition and spatial work-by fewer categories achieved and a greater number

of both perseverative and non-perseverative errors. ing memory became significant in the schizo-
phrenia group (r=0.35, p<0.05).No other correlations attained significance.

To address the question of how generalized Prior to calculating the correlations, all scatter-
plots of spatial DRT scores and the variables listedintellectual impairment may contribute to observed

associations among tasks, we re-calculated the in Tables 2 and 3 were visually examined to
determine whether correlation values werecorrelations between spatial DRT performance

and the neuropsychological and oculomotor vari- unduly affected by outlying cases. For the
antisaccade/spatial DRT scatterplot, an interestingables while partialling out the effects of estimated

full-scale IQ and educational attainment. After anomaly emerged. Fig. 2 presents a scatter plot of
spatial DRT at an 8-s delay with verbal distractiondoing so, the pattern of significant correlations

with DRT spatial error at an 8-s delay with verbal and antisaccade performance in both subject
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Table 3
Neuropsychological and oculomotor measures and their correlations with spatial Delayed Response Task (DRT) at 8-s delay with
verbal distraction: control subjects

Measure M s.d. rDRT

Neuropsychological test
WCST categories 4.6 2.0 0.39**
WCST number PE 17.2 14.9 −0.38**
WCST number non-PE 21.8 9.1 −0.36**
WCST failure to maintain set 1.49 1.34 0.06
COWAT (number of words) 41.6 10.8 0.06

Figural fluency (number of figures)
Free condition 29.3 14.4 −0.09
Fixed condition 25.4 11.5 −0.11

WAIS-R subtests (age-scaled scores)
Information 11.1 2.5 0.08
Block design 12.2 2.3 0.03
Digit span 11.2 2.3 0.08
RAVLT trials I–V 52.8 9.9 0.17
R–O copy 34.6 2.6 0.12
R–O immediate recall 23.4 7.6 0.08

Oculomotor measures
Log RMS error 1.97 0.25 −0.09
Qualitative rankings 39.1 — 0.04
Antisaccade percentage correct 74.5 14.8 −0.26

Spatial DRT performance was measured by the log-transformed proportion of correct trials. WCST=Wisconsin Card Sorting Test;
PE=perseverative errors; COWAT=Controlled Oral Word Association Test; WAIS-R=Wechsler Adult Intelligence Scale—Revised;
RAVLT=Rey Auditory Verbal Learning Test; R–O=Rey–Osterrieth Complex Figure Test; RMS error=root mean square error.
**p<0.01 (two-tailed).

Fig. 2. Relationship between performances on spatial DRT at 8-s delay with verbal distraction and the antisaccade task. Vertical and
horizontal lines indicate the median score values for all subjects combined.
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groups, divided into quadrants by the medians of delay with and without an intervening distraction
task. Although the schizophrenia patients tendedeach variable (median values were computed for

the total sample combined). Inspection of the plot to demonstrate a worse performance than controls
during the 0.5-s and 8-s delay periods withoutreveals a relative absence of control subjects in the

lower left quadrant (i.e. representing a poor perfor- verbal distraction, the only significant group
difference appeared with the addition of the verbalmance on both tasks). Although normal controls

did exhibit a range of performance on both mea- task during the delay period. This finding suggests
that vulnerability to distracting stimuli in schizo-sures, by and large, only the schizophrenia patients

appear to be impaired on both measures (13% of phrenia patients may be an important mechanism
in the impairment in on-line maintenance of spatialcontrols who are below the median on either

variable are below the median on both variables, information. This hypothesis is consonant with the
findings of Seidman et al. (1995) in which spatialversus 50% for schizophrenia patients).

A possible explanation for this pattern is that DRT performance was related to auditory and
visual vigilance in schizophrenia patients.these particular schizophrenia patients demon-

strate a generalized performance impairment. However, another consideration is that the delay
conditions without the intervening verbal taskHowever, the 10 patients who show the greatest

impairment on both the antisaccade task and the allow subjects to ‘rehearse’ the visual location of
each target by fixing their eyes on precisely thatspatial DRT in Fig. 2 have a non-significant but

higher average estimated FSIQ (95.8) and GAF spot on the monitor. Since some subjects may have
utilized this rehearsal strategy and others not, thescore (29.8) compared to the remaining schizo-

phrenia subjects (mean FSIQ=91.9; mean GAF= addition of the intervening word-reading task
would serve to eliminate task variance due to the25.3). This sub-group also differs from the remain-

der of the schizophrenia sample in having a worse use of rehearsal strategies, increase standardization
and result in a more reliable and valid test ofSPEM [average log RMS error of 2.36 versus 2.09,

t(37)=2.83, p<0.01] and showing a trend toward working memory.
Correlations between spatial DRT performancea poorer performance on the WCST [average of

0.9 categories achieved versus 1.8, t(37)=1.87, and other tasks in this study were relatively low
in magnitude, although this is not surprising givenp=0.08]. No other neuropsychological measure

differed significantly between these patients and the reliabilities and complex nature of most of the
tasks. Spatial working memory was found to bethe remainder of the schizophrenia sample. Thus,

although antisaccade performance and spatial associated with the category score of the WCST
in the schizophrenia group, but not with the per-working memory ability are not associated in a

linear manner in this patient sample, the data severative number of errors. This finding is intri-
guing, as the lack of association with WCSTsuggest the presence of a sub-group of schizo-

phrenia subjects with greater impairment on these perseveration is somewhat unexpected based upon
theories of how working memory influences typesand several other frontal measures not accounted

for by general cognitive or clinical status. of WCST error. Goldman-Rakic (1987) reasons
that the failure of working (or ‘representational’)
memory to maintain the current sorting principle
during WCST performance leads to perseveration4. Discussion
of the previously correct sorting principle.
Kimberg and Farah (1993), modeling the weaken-Consistent with other reports, this investigation

demonstrated impairment in schizophrenia ing of associations between elements in working
memory, found both the WCST category scorepatients on the working memory component of a

spatial delayed response task. This study contrib- and perseverative errors to be affected in their
model. However, the present findings are consis-utes further to the spatial working memory litera-

ture by including a sensory–motor control tent with those of Gold et al. (1997), who found
that performance in schizophrenia patients on ancondition, multiple delay periods, as well as an 8-s
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auditory working memory task ( letter-number poorly on both tasks, as well as on the WCST and
smooth pursuit tracking. This finding is tentativespan) predicted the WCST category score, but not

WCST perseverative errors. Based upon existing yet intriguing, as such a sub-group of patients with
associated deficits in spatial DRT, WCST, SPEM,empirical evidence, it appears that working

memory impairment in schizophrenia patients is antisaccade performance is consistent with a multi-
trait genetic model of schizophrenia, as outlinedmore predictive of general failure on the WCST

than a specific class of errors such as perseveration by Iacono and Grove (1993). In this model, the
authors posit that the pleiotropic action of a singleor failure to maintain set. Within control subjects,

as well, spatial working memory appears to be major gene can account for a number of character-
istic abnormalities observed in some, but not all,associated with overall WCST performance, as the

category score and both perseverative and non- schizophrenia patients and their relatives, includ-
ing eye-tracking dysfunction and deficits on fron-perseverative errors were significantly correlated

with spatial DRT performance. tally sensitive neuropsychological tests. Further
research with a larger sample is necessary forWe hypothesized that in the schizophrenia

group, spatial working memory performance replication of this identified ‘prefrontal’ sub-group.
The question of a genetic link among these prefron-would show stronger associations with tasks pur-

portedly sensitive to frontal lobe functioning, com- tal measures can be addressed in schizophrenia
family studies in which correlations are examinedpared to control tasks sensitive to other cortical

areas or to generalized functioning. Among the between one relative’s score on a given variable
and the scores of other relatives on different vari-frontal tasks, spatial DRT performance was corre-

lated with performance on the WCST and with ables (Grove et al., 1991).
In sum, the present results support the theoryquality of smooth pursuit eye movement; however,

spatial DRT performance was not associated with of a specific working memory impairment in
schizophrenia. Impairment in working memoryany of the fluency tasks. These findings argue

against a unitary account of working memory as appears to be related to impairments in WCST
performance, SPEM, and possibly to antisaccadethe cognitive common denominator among tradi-

tional ‘frontal’ tasks in schizophrenia. Spatial DRT performance in a subgroup of schizophrenia
patients. These associations between spatial work-performance was also associated with verbal learn-

ing and memory (RAVLT). Thus, whereas spatial ing memory and other putative indices of prefron-
tal functioning provide further converging evidenceDRT performance is relatively independent of

general cognitive status in the patient group, suc- for a common pathophysiological process in some
schizophrenia patients that is linked to prefrontalcess on the spatial DRT for schizophrenia patients

appears multi-factorially determined and to be cortical dysfunction.
related to frontal functions as well as those reflec-
tive of more posterior (i.e. mesial-temporal ) struc-
tures. However, although the RAVLT was initially Acknowledgments
added to serve as a control for more posterior
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relation is noteworthy in light of a growing litera- National Institute of Mental Health (MH 49738
ture on the influence of frontal functions on tests and MH 17069) and the National Alliance for
of declarative memory ( Wheeler et al., 1995). Research on Schizophrenia and Depression.

The observed correlations between SPEM and
spatial working memory are consistent with Park
and Holzman’s finding (Park and Holzman, 1993). References
Performance on the antisaccade task was not sig-
nificantly correlated with spatial DRT perfor- American Psychiatric Association, 1994. Diagnostic and
mance; however, there is a suggestion of a sub- Statistical Manual of Mental Disorders, 4th ed.,

Washington, DC.group of schizophrenia patients who performed



49B.E. Snitz et al. / Schizophrenia Research 38 (1999) 37–50

Aylward, E., Walker, E., Bettes, B., 1984. Intelligence in schizo- phrenic patients on putative neuropsychological tests of fron-
phrenia: Meta-analysis of the research. Schizophr. Bull. 10, tal lobe function. Int. J. Neurosci. 42, 51–58.
430–459. Goldman-Rakic, P.S., 1987. Circuitry of primate prefrontal

Baddeley, A., 1986. Working Memory. Oxford University cortex and regulation of behavior by representational
Press, Oxford. memory. In: Plum, F., (Ed.), Handbook of Physiology: The

Benton, A.L., 1968. Differential behavioral affects in frontal Nervous System. American Physiological Society, Bethesda,
lobe disease. Neuropsychologia 6, 53–60. MD, Vol. 5, pp. 373–417.

Brozoski, T., Brown, R.M., Rosvold, H.E., Goldman, P.S., Goldman-Rakic, P.S., 1991. Prefrontal cortical dysfunction in
1979. Cognitive deficit caused by depletion of dopamine in schizophrenia: The relevance of working memory. In: Carroll,
prefrontal cortex of rhesus monkey. Science 205, 929–931. B.J., Barrett, J.E. (Eds.), Psychopathology and the Brain.

Buchsbaum, M.S., Ingvar, D.H., Kessler, T., Water, R.N., Raven Press, New York, pp. 1–23.
Cappelletti, J., van Kammen, D.P., King, A.C., Johnson, Goldman-Rakic, P.S., 1994. Working memory dysfunction in
J.L., Manning, R.G., Flynn, R.W., Mann, L.S., Bunney, schizophrenia. J. Neuropsychiatr. Clin. Neurosci. 6, 348–357.
W.E., Sokoloff, L., 1982. Cerebral glucography with positron Goldsamt, L.A., Barros, J., Schwartz, B.J., Weinstein, C., Iqbal,
tomography: Use in normal subjects and in patients with N., 1993. Neuropsychological correlates of schizophrenia.
schizophrenia. Arch. Gen. Psychiatry 39, 251–259. Psychiatr. Ann. 23, 151–157.

Carter, C., Roberson, L., Nordahl, T., Chaderjian, M., Kraft, Grawe, R.W., Levander, S., 1995. Smooth pursuit eye move-
L., O’Shora-Celaya, L., 1996. Spatial working memory defi- ments and neuropsychological impairments in schizophrenia.
cits and their relationship to negative symptoms in unmedi- Acta Psychiatr. Scand. 92, 108–114.
cated schizophrenia patients. Biol. Psychiatry 40, 930–932. Grove, W.M., Lebow, B.S., Clementz, B.A., Cerri, A., Medus,

Clementz, B.A., McDowell, J.E., Zisook, S., 1994. Saccadic C., Iacono, W.G., 1991. Familial prevalence and
system functioning among schizophrenia patients and their co-aggregation of schizotypy indicators: A multi-trait family
first-degree biological relatives. J. Abnorm. Psychol. 103, study. J. Abnorm. Psychol. 100, 115–121.
277–287. Guitton, D., Buchtel, H.A., Douglas, R.M., 1985. Frontal lobe

Clementz, V.A., Iacono, W.G., Grove, W.M., 1996. The con- lesions in man cause difficulties in suppressing reflexive
struct validity of root-mean-square error for quantifying glances and in generating goal-directed saccades. Exp. Brain
smooth-pursuit eye tracking abnormalities in schizophrenia.

Res. 58, 455–472.
Biol. Psychiatry 39, 448–450.

Heaton, R.K., Chelune, G.J., Talley, J.L., Kay, G.G., Curtiss,
Courtney, S.M., Petit, L., Maisog, J.M., Ungerleider, L.G.,

G., 1993. Wisconsin Card Sorting Test Manual. PAR,
Haxby, J.V., 1998. An area specialized for spatial working

Odessa FL.
memory in human frontal cortex. Science 279, 1347–1350.

Howell, D.C., 1992. Statistical Methods for Psychology, 3rd ed.First, M.B., Spitzer, R.L., Gibbon, M., Williams, J.B.W., 1995.
PWS-Kent, Boston, MA.Structured Clinical Interview for DSM-IV Axis I Disorders.

Hunter, W.S., 1913. The delayed reaction in animals and chil-New York Psychiatric Institute, Biomedical Research
dren. Behav. Monogr. 2, 1–86.Division, New York.

Iacono, W.G., Lykken, D.T., 1979. Electro-oculographicFleming, K., Goldberg, T.E., Blinks, S., Randolph, C., Gold,
recording and scoring of smooth pursuit and saccadic eye-J.M., Weinberger, D.R., 1997. Visuospatial working memory
tracking: A parametric study using monozygotic twins.in patients with schizophrenia. Biol. Psychiatry 41, 43–49.
Psychophysiology 16, 94–107.Funahashi, S., Bruce, C.J., Goldman-Rakic, P.S., 1989.

Iacono, W.G., Clementz, B.A., 1993. A strategy for elucidatingMnemonic coding of visual space in the monkey’s dorsolat-
genetic influences on complex psychopathological syndromeseral prefrontal cortex. J. Neurophysiol. 61, 1–19.
(with special reference to ocular motor functioning andGersden, I., Pinkert, J., Foetzsch, R., Oehme, L., Neumann,
schizophrenia). In: Chapman, L.J., Chapman J.P., Fowles,U., 1996. Functional impairments in centers of the frontal
D.C. (Eds.), Progress in Experimental Personality andlobe during smooth pursuit eye movement—a study with 99m
Psychopathology Research. Springer, New York, Vol. 16,Tc-ECD SPECT in schizophrenic patients. Neuroimage,
pp. 11–63.Supplement, S483.

Iacono, W.G., Grove, W.M., 1993. Schizophrenia reviewed:Gold, J.M., Carpenter, C., Randolph, C., Goldberg, T.E.,
toward an integrative genetic model. Psychol. Sci. 4, 273–276.Weinberger, D.R., 1997. Auditory working memory and

Jones-Gotman, M., Milner, B., 1977. Design fluency: the inven-Wisconsin Card Sorting Test performance in schizophrenia.
tion of nonsense drawings after focal cortical lesions.Arch. Gen. Psychiatry 54, 159–165.
Neuropsychologia 15, 653–674.Goldberg, T.E., Weinberger, D.R., 1986. Methodological issues

Katsanis, J., Iacono, W.G., 1991. Clinical, neuropsychologicalin the neuropsychological approach to schizophrenia. In:
and brain structural correlates of smooth-pursuit eye trackingNasrallah, H.A., Weinberger, D.R. (Eds.), Handbook of
performance in chronic schizophrenia. J. Abnorm. Psychol.Schizophrenia (Vol. 1, pp. 141–156). Elsevier Science,
100, 526–534.Amsterdam.

Katsanis, J., Kortenkamp, S., Iacono, W.G., Grove, W.M.,Goldberg, T.E., Kelsoe, J.R., Weinberger, D.R., Pliskin, N.H.,
Kirwin, P.D., Berman, K.F., 1988. Performance of schizo- 1997. Antisaccade performance in patients with schizo-



50 B.E. Snitz et al. / Schizophrenia Research 38 (1999) 37–50

phrenia and affective disorder. J. Abnorm. Psychol. 106, Pennington, B.F., 1994. The working memory function of the
prefrontal cortices: Implications for developmental and indi-468–472.
vidual differences in cognition. In: Haith, M.M., Benson, J.,Keefe, R.S.E., Lees Roitman, S.E., Harvey, P.D., Blum, C.S.,
Roberts, R., Pennington, B.F. (Eds.), The Development ofDuPre, R.L., Prieto, D.M., Davidson, M., Davis, K.L., 1995.
Future Oriented Processes. Chicago University Press,A pen-and-paper human analogue of a monkey prefrontal
Chicago, IL, pp. 243–289.cortex activation task: spatial working memory in patients

Petit, L., Clark, V.P., Ingeholm, J., Haxby, J.V., 1997.with schizophrenia. Schizophr. Res. 17, 25–33.
Dissociation of saccade-related and pursuit-related activationKimberg, D.Y., Farah, M.J., 1993. A unified account of cogni-
in human frontal eye fields as revealed by fMRI.tive impairments following frontal lobe damage: The role of
J. Neurophysiol. 77, 3386–3390.working memory in complex, organized behavior. J. Exp.

Pierrot-Deseilligny, C., Rivaud, S., Gaymard, B., Agid, Y.,Psychol. : Gen. 122, 411–428.
1991. Cortical control of reflexive visually-guided saccades.Kraepelin, E., 1971. Dementia praecox (Barclay, R.M., Trans.).
Brain 114, 1473–1485.E.S. Livingstone, Edinburgh, UK (original work published

Rey, A., 1941. Psychological examination of traumatic encepha-1919).
lopathy. Archives de Psychologie 28, 286–340.Kucera, H., Francis, W.N., 1967. Computational Analysis of

Rey, A., 1964. L’examen clinique en psychologie. PressPresent-day American English. Brown University Press,
Universitaire de France, Paris.Providence, RI.

Rezai, K., 1988. Wisconsin Card Sorting Test, Version 1.1.Levin, S., 1984a. Frontal lobe dysfunctions in schizophrenia:
University of Iowa, Department of Nuclear Medicine.II. Impairments of psychological and brain functions.

Sattler, J.M., 1990. Assessment of Children. Author, SanJ. Psychiatr. Res. 18, 57–72.
Diego, CA.Levin, S., 1984b. Frontal lobe dysfunctions in schizophrenia: I.

Sawaguchi, T., Goldman-Rakic, P.S., 1991. D1 dopamineEye movement impairments. J. Psychiatr. Res. 18, 27–55.
receptors in prefrontal cortex: Involvement in workingLezak, M.D., 1995. Neuropsychological Assessment, 3rd ed.
memory. Science 251, 947–950.Oxford University Press, New York.

Seidman, L.J., 1983. Schizophrenia and brain dysfunction: anLuciana, M., Depue, R.A., Arbisi, P., Leon, A., 1992.
integration of recent neurodiagnostic findings. Psychol. Bull.Facilitation of working memory in humans by a D2 dopa-
94, 195–238.mine receptor agonist. J. Cog. Neurosci. 4, 58–68.

Seidman, L.J., Oscar-Berman, M., Kalinowski, A.G., Ajilore,
Luciana, M., Collins, F., 1997. Dopaminergic modulation of

O., Kremen, W.S., Faraone, S.V., Tsuang, M.T., 1995.
working memory for spatial but not object cues in normal

Experimental and clinical neuropsychological measures of
humans. J. Cog. Neurosci. 9, 330–347.

prefrontal dysfunction in schizophrenia. Neuropsychology
McCarthy, G., Blamire, A.M., Puce, A., Nobre, A.C., Bloch, 9, 481–490.

G., Fahmeed, H., Goldman-Rakic, P., Shulman, R.G., 1994. Spitzer, M., 1993. The psychopathology, neuropsychology and
Functional magnetic resonance imaging of human prefrontal neurobiology of associative and working memory in schizo-
cortex activation during a spatial working memory task. phrenia. Eur. Arch. Psychiatry Clin. Neurosci. 243, 57–70.
Proc. Natl. Acad. Sci. 91, 8690–8694. Sweeney, J.A., Mintun, M.A., Kwee, S., Wiseman, M.B.,

McDowell, J.E., Clementz, B.A., 1996. Ocular-motor delayed Brown, D.L., Rosenberg, D.R., Carl, J.R., 1996. Positron
response task performance among schizophrenia patients. emission tomography study of voluntary saccadic eye move-
Neuropsychobiology 34, 67–71. ments and spatial working memory. J. Neurophysiol. 75,

Meehl, P.E., 1970. Nuisance variables and the ex post facto 454–468.
design. In: Radner, M., Winokur, S. (Eds.), Minnesota Tien, A.Y., Ross, D.E., Pearlson, G., Strauss, M.E., 1996. Eye
Studies in the Philosophy of Science. University of Minnesota movements and psychopathology in schizophrenia and bipo-
Press, Minneapolis, MN, pp. 373–402. lar disorder. J. Nerv. Ment. Dis. 184, 331–338.

Meltzer, H.Y., 1992. The importance of serotonin–dopamine Wechsler, D., 1981. Wechsler Adult Intelligence Scale—
interactions in the action of clozapine. Br. J. Psychiatry 17, Revised: Manual. The Psychological Corporation, New
22–29. York.

O’Driscoll, G.A., Alper, N.M., Matthysse, S.W., Levy, D.L., Weinberger, D.R., Berman, K.F., Zec, R.F., 1986. Physiologic
Rauch, S.L., Holzman, P.S., 1995. Functional neuroanatomy dysfunction of dorsolateral prefrontal cortex in schizo-
of antisaccade eye movements investigated with positron phrenia. I. Regional cerebral blood flow evidence. Arch. Gen.
emission tomography. Proc. Natl. Acad. Sci. 92, 925–929. Psychiatry 43, 114–124.

Park, S., Holzman, P.S., 1992. Schizophrenics show spatial Wheeler, M.A., Stuss, D.T., Tulving, E., 1995. Frontal lobe
working memory deficits. Arch. Gen. Psychiatry 49, 975–981. damage produces episodic memory impairment. J. Int.

Park, S., Holzman, P.S., 1993. Association of working memory Neuropsychol. Soc. 1, 525–536.
deficit and eye tracking dysfunction in schizophrenia. Zald, D.H., Iacono, W.G., 1998. The development of spacial

working memory abilities. Dev. Neuropsychol. 14, 563–578.Schizophr. Res. 11, 55–61.


