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Abstract

Utilizing a combination of neuropsychological and cognitive neuroscience approaches may be
essential for characterizing cognitive deficits in schizophrenia and eventually assessing cognitive
outcomes. This study was designed to compare the stability of select exemplars for these
approaches and their correlations in schizophrenia patients with stable treatment and clinical
profiles. Reliability estimates for serial order processing were comparable to neuropsychological
measures and indicate that experimental serial order processing measures may be less susceptible
to practice effects than traditional neuropsychological measures. Correlations were moderate and
consistent with a global cognitive factor. Exploratory analyses indicated a potentially critical role
of the Met allele of the Catechol-O-methyltransferase (COMT) Val158Met polymorphism in
externally paced sequential recall. Experimental measures of serial order processing may reflect
frontostriatal dysfunction and be a useful supplement to large neuropsychological batteries.
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Deficient storage and manipulation of information in working memory has been well
established in schizophrenia (Lee and Park, 2005;Silver et al., 2003). Deficits have been
observed across a wide range of neuropsychological (Blanchard and Neale, 1994;Dickinson
et al., 2004;Saykin et al., 1991;Reichenberg and Harvey, 2007;Keefe et al., 2004;Lee and
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Park, 2005) and neurophysiological paradigms (Clementz et al., 1998;Reilly et al.,
2005;Reilly et al., 2008). Working memory impairments for temporal order have also been
observed (Cellard et al., 2007;Dreher et al., 2001;Fraser et al., 2004) and may have
implications for making causal inferences and executing behavior plans. Using a spatial
serial order recall paradigm adapted from the primate literature (Barone and Joseph, 1989),
we recently reported a unique phenomenon in which internal processing disrupted working
memory for temporal order (Hill et al., 2011). Specifically, when responding was “unpaced”
and participants were allowed to reproduce spatial targets at their own pace, performance
was equivalent to demographically similar controls. However, when responding was
interrupted by a two second pause between responses, schizophrenia patients were impaired.
Unpaced trials may be supported by simple rehearsal storage and chunked retrieval while
paced responding may involve frequent working memory updates. This was attributed to
deficient frontostriatal communications (Dickinson and Elvevag, 2009) responsible for
updating working memory (Hill et al., 2011) and/or Catechol-O-methyltransferase (COMT)
mediated maintenance of working memory in the prefrontal cortex. Specifically, the COMT
Val158Met polymorphism (rs4680) accounts for significant variability in COMT function
whereby the rare (Met) allele is associated with enzyme instability resulting in lower
dopamine metabolism and increased cortical dopamine (Lachman et al., 1996). Indeed, the
Met allele was associated with more efficient prefrontal activity during working memory
processing (Egan et al., 2001).

Approaches to characterizing cognitive deficits in schizophrenia are typically rooted in the
neuropsychological or cognitive neuroscience disciplines. By virtue of wide availability of
well-trained neuropsychologists, standardized administration and scoring procedures,
established reliability, published normative data, portable and low cost instrumentation, and
reliable links to functional status (Green, 1996), the neuropsychological approach has
become engrained in treatment-related studies in schizophrenia. Indeed, the NIMH —
Measurement and Treatment Research to Improve Cognition in Schizophrenia (MATRICS)
program was commissioned to develop a consensus neuropsychological battery for
evaluating cognitive outcomes (Nuechterlein et al., 2008). However, based on tests of highly
specific cognitive processes with closer ties to animal models, neurotransmitter systems, and
brain neurophysiology, the cognitive neuroscience approach may be more sensitive to
pharmacological treatments (Barrett et al., 2004;Burke and Reveley, 2002;Hill et al., 2010).

Understanding the relationship between the neuropsychological and cognitive neuroscience
approaches is essential to integrating these approaches and developing efficient and valid
tools for characterizing cognitive deficits in schizophrenia and eventually assessing
cognitive outcomes. One goal of the present study was to establish reliability of spatial serial
order recall (Hill et al., 2011) and investigate possible practice effects compared to the
consensus neuropsychological battery. Although subtests for the MATRICS Consensus
Cognitive Battery (MCCB) were selected, in part, on reliability and limited practice effects
(Keefe et al., 2011;Nuechterlein et al., 2008), traditional neuropsychological tests may be
more susceptible to practice effects compared to cognitive neuroscience measures (Hill et
al., 2007). Spatial serial order processing paradigms are rooted in animal models and highly
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specific compared to the MCCB. Thus, the stability of this experimental spatial serial order
task is expected to be equivalent with MCCB reliability estimates.

A second aim of this investigation was to determine the neuropsychological correlates of
this novel serial order processing test with the MATRICS consensus neuropsychological
battery. Prior studies of spatial working memory in schizophrenia have shown positive
associations with visual orientation, processing speed, attention, memory for objects and
faces, executive functioning, and auditory verbal learning (Silver et al., 2003;Silver and
Goodman, 2008;Snitz et al., 1999). Thus, one might expect serial order processing to
correlate moderately with MCCB domains. However, our prior report indicated significant
patient deficits in the paced responding condition beyond a general cognitive deficit
(patients were comparable to controls on age, education, parental SES, and intelligence)
(Hill et al., 2011), so the paced condition may be more sensitive and specific in patients.
Thus, paced and unpaced serial order response conditions were predicted to show distinct
correlation patterns in which few MCCB domains uniquely predict unpaced responding
while multiple MCCB domains predict paced responding. Finally, as an exploratory analysis
the impact of the COMT Val158Met polymorphism (rs4680) was assessed for the two
response output conditions. In general, one would expect the Met allele to facilitate
performance during unpaced responding when maintenance demands are essential.
However, when frequent updating is also required, such as during the paced responding
condition, the Met allele may not be optimal.

Methods

Participants

The patient sample included 27 individuals who met criteria for schizophrenia spectrum
disorders (24 schizophrenia, 3 schizoaffective) based on the Structured Clinical Interview
for DSM-IV (SCID). To limit effects of both acute illness and recent changes to medication
treatments, all patients were clinically stable, meaning there was no acute symptomatology,
significant change in positive symptom severity, or change in pharmacotherapy regimen
during the prior month. All patients were treated with antipsychotics. Those treated with a
second-generation antipsychotics (n=23) were prescribed low-dose risperidone (1-3 mg),
while a few patients were treated with first-generation antipsychotics (n=4). Concomitant
medications included SSRIs (n=3), mood stabilizers (n=2), lithium (n=1), anticholinergic
(n=1), and benzodiazepine (n=1). Neither chlorpromazine equivalents (Andreasen et al.,
2010) nor clinical symptom ratings were significantly related to overall neuropsychological
performance. Thus, neither medication status nor clinical symptom ratings were used as
covariates. A sample of 25 healthy individuals, recruited from the community via local
advertisements and research registry, were free of SCID Axis | diagnosis. All participants
had normal range intelligence (WASI 1Q>79) and were free of substance abuse within the
last three months, lifetime history of substance dependence, neurological disease, significant
head injury, and systemic disorders known to affect brain function. Written consent was
provided by participants and the study was approved by the Institutional Review Board at
the University of Illinois at Chicago. There were no group differences for age, education,
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parental socioeconomic status, estimated premorbid intelligence, and current intelligence
(Table 1).

Measures

All participants were given the MCCB, which consists of 10 subtests covering six domains
including, speed of processing, attention/vigilance, working memory, verbal learning, visual
learning, reasoning and problem solving, and social cognition.

Spatial Serial Order Paradigm

The serial order task adapted from animal models was previously described (Hill et al.,
2011). Briefly, participants were asked to retrieve and reconstruct a complete sequence of
spatial locations at their own speed by clicking on target locations in succession (unpaced
condition). In the paced responding condition, a two second delay was imposed after each
response, then participants were cued to click on the next location in the series. Processing
demand for both response output conditions was varied according to the number locations to
be remembered (3 to 5 targets).

Genotyping

Genomic DNA was isolated from EDTA-treated whole blood using standard protocols,
quantified, and quality checked with Picogreen (Invitrogen, Eugene,OR) and Nanodrop
assays (Thermo Scientific, Wilmington, DE). Samples were genotyped for the rs4680 SNP
within the COMT gene using a validated Pyrosequencing assay. Genotyping was done blind
to case/diagnostic status and clinical ratings. Genotype calls were 100%.

Procedures and Statistical Analysis

The translational spatial serial order task was run on a 15.4 inch laptop screen using E-Prime
software (Schneider et al., 2002). To reduce the potential for paced condition instructions to
interfere with the unpaced condition, the conditions were administered in separate sessions
on separate days. The unpaced condition was always administered first and no subject was
administered both conditions on the same day. Both the MCCB and serial order processing
tasks were administered at two separate time points approximately four weeks apart. Test-
retest reliability estimates were calculated for each MCCB subtest and each level of working
memory demand for serial order processing. Regression analyses were used to assess the
baseline neuropsychological correlates of serial order processing accuracy. Separate
analyses were conducted for each response condition (paced and unpaced). The six MCCB
domains were entered together as potential predictors and the F to enter was set at p<.05.
Because the groups were demographically similar, no covariates were used. To assess for
mean changes over time and the potential for differential sensitivity to practice effects two
separate ANOVA were conducted. A two-way repeated measures ANOVA was conducted
for the MCCB composite with diagnosis as the between subjects variable and time as the
within subject variable. For response accuracy on the translational paradigm a four-way
repeated measures ANOVA was conducted with output condition (paced, unpaced), working
memory load (3-5 items), and time as within subjects variables and diagnosis as the between
subjects variable. Allele and genotype frequencies and Hardy Weinberg Equilibrium (HWE)
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were assessed with Haploview version 4.2 software with no evidence for significant
deviation from HWE in all patients or within Caucasian and African American subgroups.
Regardless, the exploratory analyses involving genotype were repeated with race as a
covariate and a similar pattern of findings were observed. Participants with Met/Met or
Val/Met genotypes had similar performance patterns and were grouped together for the
exploratory genetic analyses.

Test-retest Reliability

Regression

Serial order tasks—For the paced condition, test-retest reliability estimates for healthy
controls ranged from .89 to .96 and ICCs ranged from .81 to .92 (Table 2). Paced test-retest
reliability estimates for patients ranged from .91 to .95 and ICCs ranged from .83 to .91. For
the unpaced condition, test-retest reliability estimates for healthy controls ranged from .89
to .96 and ICCs ranged from .80 to .93. Unpaced test-retest reliability estimates for patients
ranged from .77 to .89 and ICCs ranged from .62 to .80 (Table 2).

MCCB—Test-retest reliability estimates for healthy controls ranged from .60 to .96 and
ICCs ranged from .43 to .92. Test-retest reliability estimates for patients ranged from .82 to .
96 and ICCs ranged from .72 to .93 (Table 2).

Stepwise regression of the paced condition revealed that speed of processing was the
strongest predictor of serial order recall accuracy [Schizophrenia patients: R=.64, R2=.
40,F(1,23)=15.58, p=.001; healthy controls: R=.69, R?=.47, F(1,19)=17.00, p=.001]. Zero-
order correlations indicated medium sized correlations for MCCB domains and paced recall
accuracy (SZ: r = .40 to .65; HC: r = .35 to .70) and a high rate of multi-colinearity as no
other domain added significantly to the regression equation. Stepwise regression of the
unpaced condition revealed that for patients, speed of processing [R=.62, R2=.39,
F(1,25)=15.88, p=.001] was the strongest predictor and adding verbal learning to the
regression [R=.70, R2=.49, F(1,24)=11.52, p<.001] significantly increased the explained
variance. For healthy controls, working memory was the best predictor of unpaced serial
order recall accuracy [R=.64, R?=.41, F(1,22)=15.06, p<.001] and no other domain score
significantly increased the amount of explained variance.

Analysis of Variance

A two-way repeated measures ANOVA was used to assess mean MCCB composites scores.
There were significant main effects of diagnosis [Wilks’ Lambda F(1,44)=3.88, p=0.05;
d=0.70] and time [F(1,44)=10.43, p<0.01; d=0.23] but the diagnosis by time interaction was
nonsignificant [F(1,44)=0.20, p=0.66]. These findings indicated mild overall impairments in
patients, but similar improvement over time in both groups. To assess the accuracy of serial
order recall, a four-way repeated measures ANOVA was conducted. There was a significant
main effect for only working memory load [F(1,38)=94.83, p<0.001], but no significant
main effect of time [F(1,38)=0.03, p=0.88] and no significant interactions involving time.
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This indicated modest but uniform practice effects for both groups on neuropsychological
measures and negligible practice effects for serial order recall.

To address the utility of supplementing neuropsychological testing with measures of serial
order processing, a logistic regression was conducted with diagnosis as the criterion.
Composite scores from the MCCB were moderately correlated with the serial order
processing conditions (r = .63-.70) and on par, although somewhat lower, than the regression
findings. Thus, the MCCB composite was included in a logistic regression with the two
serial order order conditions using a stepwise method. The MCCB composite was the best
predictor of diagnosis (-2LL = 42.84, p = 0.06), with the model fit statistic improving when
accuracy for the paced and unpaced conditions were added to the model (-2LL = 40.08;
p=0.06).

Incidental findings—The repeated measures ANOVA of serial order recall accuracy
revealed a trend for the three-way interaction of task by working memory load by diagnosis
[F(1,41)=3.34, p=0.07]. Given the limited power of this small sample size, particularly for
higher-order interactions, the probability of a Type Il error is increased and exploratory
analyses to clarify this interaction were conducted. Post-hoc comparisons indicated that
although performance dropped as working memory load increased for both groups,
schizophrenia patients showed an exaggerated decline for paced responding at higher
working memory loads.

Exploratory genetic analyses—To further explore the serial order task by working
memory load by diagnosis interaction further, COMT subtype was added to the repeated
measures ANOVA and run separately for each group. The serial order task by COMT
subtype was nonsignificant for controls [F(1,19)=0.04, p=0.85] and trend level for
schizophrenia patients [F(1,33)=1.91, p=0.18]. This was not a by-product of selective
COMT subtype cognitive deficits as there were no differences among COMT subtypes on
the MCCB composite [F(1,44)=1.05, p=0.31]. Likewise, there was no difference in
chlorpromazine equivalents or clinical symptom ratings as a function of COMT subtype. As
illustrated in Figure 1, the presence of at least one Met allele may play a role in the
differential disruption of response accuracy during paced output in schizophrenia patients.
Given the small sample and the trend findings, a bootstrapping technique was used to assess
whether adding more subjects, and increasing power, would be likely to produce statistically
meaningful findings. Bootstrapping techniques randomly resample the data (typically to the
equivalent of n=1000) to estimate standard error based on a larger sample size, then adjust
the confidence interval accordingly (Shrout and Bolger, 2002). After resampling, the
bootstrapped model was examined at the 95t percentile confidence interval and indicated a
potentially meaningful finding in which schizophrenia patients with at least one Met allele
were differentially impaired during paced response output.

Discussion

This study was designed to assess the reliability and neuropsychological correlates of a
translational serial order processing measure relative to the consensus neuropsychological
battery in a sample of schizophrenia patients who were demographically similar to healthy
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volunteers. Reliability estimates for serial order processing was at least on par with the
MCCB. Correlational analyses indicated moderate associations between serial order
processing and neuropsychological domains that were similar for patients and controls.
Finally, when predicting diagnostic group the addition of serial order processing to
neuropsychological measures enhanced the model, supporting the notion that experimental
measures may have some utility as a supplement to ‘classical’ neuropsychological batteries.

For the MCCB, estimated reliability was similar for schizophrenia patients and
psychiatrically healthy controls and comparable to those reported by the MATRICS
initiative (Nuechterlein et al., 2008). Reliability estimates for the experimental serial order
processing measure were at least on par with MCCB subtests for both patients and controls.
This was consistent with prior reports that compared traditional neuropsychological
measures with experimental oculomotor measures and found that experimental measures
were somewhat more consistent over time (Hill et al., 2007) and may reflect an increased
tendency for participants to benefit from exposure to neuropsychological test procedures
over time in contrast to a lower likelihood of carry over within or between experimental
serial order processing measures. Indeed, the present findings indicated a main effect of time
for MCCB subtests, but not the experimental serial order processing measure (in either
group). There was no time by diagnosis interaction, hence no evidence of differential
practice effects. This may be a useful point of reference for future studies assessing
neuropsychological measures as outcomes and disentangling treatment-related effects from
practice effects.

Neuropsychological correlates

When predicting serial order processing, MCCB domains accounted for 39-49% of
variance. This was consistent with our expectation of moderate correlations between serial
order processing and neuropsychological domains as well as prior reports (Silver et al.,
2003;Silver and Goodman, 2008;Snitz et al., 1999). The notion that unique correlation
patterns would be associated with specific response output conditions during serial order
recall was weakly supported. Although two of the regressions produced multiple predictors,
there was a high degree of multi-colinearity among neuropsychological domains that was
more consistent with a general cognitive factor. This may reflect the breadth of
neuropsychological measures which concurrently evaluate several discrete cognitive
processes and their integration. Given this level of integration and the overlap across
domains (Dickinson and Harvey, 2009;Dickinson et al., 2011;Hill et al., 2008) removing the
variance associated with one domain may limit the predictive utility of the remaining
domains. Overall, both reliability and regression findings indicate that experimental serial
order processing measures may be less susceptible to practice effects than
neuropsychological measures and may offer a useful supplement to the global cognitive
factor characterizing neuropsychological batteries, particularly for detailed assessment of
working memory.
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Although exploratory, there was evidence that the paced read-out failure in schizophrenia
patients is related to the COMT gene and its Met allele variant of the Val158Met
polymorphism. One account for this finding is that an attenuated caudate signal for updating
the contents of working memory interacts with prefrontal dopamine. COMT plays a critical
role in the maintenance of working memory due to its role in the breakdown of dopamine.
The high activity (Val) functional polymorphism, associated with lower synaptic dopamine,
has been associated with increased risk for schizophrenia and less efficient working memory
related prefrontal activity when compared to the low activity (Met) allele (Egan et al., 2001).
The Met allele has been associated with greater deficits in shifting from one task to another
(Nolan et al., 2004). Thus, for those with a Met allele, paced output of serial order may
entail a challenging shift from maintenance to updating and/or require greater cognitive
control.

The experimental serial order processing measure is highly specific and limited in scope,
potentially resulting in a restricted range that limits the magnitude of correlations with a
broader neuropsychological battery. It is also possible that the extended maintenance
duration during the paced task relative to the unpaced task may accelerate degradation of
maintained information and reduce accuracy in a subset of schizophrenia patients vulnerable
to disruptions of working memory stores. With appropriate regard for inferential limitations
imposed by the small sample sizes the present findings were consistent with the larger
MCCB report (Nuechterlein et al., 2008) and offer a demographically similar healthy control
group to anchor reliability estimates and expectations for practice effects. Although the
groups were demographically similar, the present patient sample was high functioning with
mean current intelligence estimates above 100 and numerically (but not significantly) higher
than controls. Thus, this sample may not be representative of a broader schizophrenia
sample with more severe overall cognitive impairments and the generalizability of the
present findings may be limited. Additional caution should be used when interpreting the
exploratory analyses. This should be addressed prospectively in a large study. Another
limitation lies in the potential impact of antipsychotic treatments. The sample was primarily
chronic schizophrenia patients with long-term exposure to antipsychotic medications.
Treatment with antipsychotics may play an important role in dopamine availability,
particularly in the striatum, and the frontostriatal communication supporting both working
memory maintenance and updating the contents of working memory. Regardless of the
nature of these deficits, the present findings suggest that parametric manipulation of
response output pacing during serial order recall represents a novel, reliable, and specific
approach for investigating frontostriatal systems dysfunction in schizophrenia.
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Figure 1.
Serial order recall accuracy for paced and unpaced response conditions across working

memory load was notable for decreased accuracy in schizophrenia patients with a Met
variant of COMT (Val/Met, Met/Val, or Met/Met) during the paced response condition. In
contrast, performance was similar for schizophrenia patients with a Val/Val allele
combination and both control groups.
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