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Background: Recent research has identified impairment in processing speed, measured by the digit–symbol substi-
tution task, as central to the cognitive deficit in schizophrenia. However, the underlying cognitive correlates of this
impairment remain unknown.
Methods:A sample of cases (N=125)meeting DSM-IV criteria for schizophrenia and a sample of community con-
trols (N=272) from the same geographical area completed a set of putativemeasures of processing-speed ability
towhichwe implemented confirmatory factor and structural regressionmodelling in order to elucidate the latent
structure of processing speed. Next, we tested the degree to which the structural and relational portions of the
model were equal across groups.
Results: Processing-speed ability was best defined, in both controls and cases (χ2=38.5926, p=0.053), as a
multidimensional cognitive ability consisting of three latent factors comprising: psychomotor speed, sequencing
and shifting, and verbal fluency. However, cases exhibited dedifferentiation (i.e., markedly stronger inter-

correlations between factors;χ2=59.9429, pb .01) and a reliance on an alternative ensemble of cognitive operations
to controls when completing the digit–symbol substitution task.
Conclusion: Dedifferentiation of processing-speed ability in schizophrenia and subsequent overreliance on alter-
native (and possibly less than optimal) cognitive operations underlies the marked deficit observed on the digit–
symbol substitution task.
© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Cognitive impairment is ubiquitous in patients with schizophrenia
(Reichenberg and Harvey, 2007), and is considered core to the patho-
physiology of the illness (Green, 1996). Whilst deficits in attention,
memory, working memory and executive functioning have been consis-
tently reported (Reichenberg andHarvey, 2007), recently it has emerged
that processing speed, asmeasured by the digit–symbol substitution task
in particular, is the most impaired cognitive ability in schizophrenia
(Henry and Crawford, 2005; Dickinson et al., 2007; Knowles et al.,
2010). The significance of processing-speed ability in schizophrenia is
further emphasised by its strong association with illness risk (Niendam
et al., 2003; Glahn et al., 2007; Reichenberg et al., 2010), illness severity
(Dickinson et al., 2007) and functional disability (Brekke et al., 2007).
Whilst the importance of processing-speed in schizophrenia is well
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documented a critical question remains unanswered: what are the
underlying cognitive correlates of the impairment?

Empirical evidence suggests that processing speed is a complex,
multidimensional ability formed from a number of simpler cogni-
tive sub-processes (Chiaravalloti et al., 2003). This suggests that a
processing-speed task, such as the digit–symbol substitution task,
could be teased apart to reveal its constituent cognitive sub-
processes. For example, psychomotor speed, visual scanning, sustained
attention and coordination of elementary operations have been pro-
posed as possible contributors to performance on the digit–symbol
substitution task (Joy et al., 2003; Lezak et al., 2004). Given a
multidimensional model, the processing-speed impairment in schizo-
phrenia may be underlain by unusual groupings of the sub-processes
or, alternatively, by an abnormal application of the sub-processes to
the digit–symbol substitution task.

Structural equation modelling allows detailed examination of the
cognitive architecture of a given ability (Miyake et al., 2000). Under
this approach, a hypothesised structure is developed based on theory
and research findings, which is then validated empirically (Kline,
2005). Then that structure can be compared across diagnostic groups.
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Table 1
Neuropsychological measures of processing speed.

Test Unit of
measurement

Description

Visual scanning Time taken to
complete the
task (seconds)

Participants were presented with an array of
letters and numbers and they were asked to
cross all of a particular number.

Simple motor
speed

Participants were required to follow and trace
a dotted line.

Number
sequencing

This is a modified version of the trail making
test part A in which participants were
presented with an array of numbers and they
were required to connect them in numerical
order.

Letter
sequencing

This is a modified version of the trail making
test part A in which participants were
presented with an array of letters and they
were required to connect them in alphabetical
order.

Number–letter
switching

This is a modified version of the trail making
test part B in which participants were
presented with an array of numbers and letters
and they were required to shift back and forth
between connecting numbers and letters in
order.

Letter fluency Number
of words
generated

This task required participants to produce as
many words as possible that begin with a
certain letter, for example ‘F’, within 1 min.

Category
fluency

This task required participants to produce as
many words as possible that belong to a
certain category, for example ‘animals’ within
1 min.

Digit–symbol
substitution
task

Number
of correct
digit–symbol
pairings

This task required participants to fill in rows
containing blank squares each with a
randomly assigned number above it using a
key of symbol–number pairs.
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Therefore the structural equationmodelling approach is ideally suited to
test hypotheses regarding the cognitive underpinnings of the processing
speed impairment in schizophrenia. Previous research suggests that the
general structure of cognition is largely the same in controls and schizo-
phrenia cases but that the inter-correlationswithin that structure are sig-
nificantly larger in cases suggesting that in schizophrenia there is
‘cognitive dedifferentiation’ (Dickinson et al., 2006). The cognitive dedif-
ferentiation hypothesis reflects a phenomenon observed in old-age
where cognitive abilities become increasingly correlated reflecting a de-
cline in basic cognitive structures (Li and Lindenberger, 1999). Evidence
from the field of cognitive ageing suggests an association between de-
gree of dedifferentiation and cognitive ability such that greater dediffer-
entiation the greater the cognitive decline (Ghisletta and Lindenberger,
2003).

We report data from a large sample of schizophrenia cases and
community controls that had completed multiple measures of pro-
cessing speed. To this data we applied a series of modelling tech-
niques. The aims of this study were to: (a) establish the structure of
processing-speed ability and the way in which coding tasks fitted
within this structure, and (b) examine whether differences between
controls and cases in this structure could explain the coding-task
deficit in schizophrenia. For the present study two hypotheses were
tested: (1) the deficit is a result of disparity in the structure of
processing-speed ability between schizophrenia cases and controls
(2) if the structure is shown to be the same, a disparity in the rela-
tionships (for example, in the correlations between factors) within
the model might explain the deficit. The present investigation is, to
our knowledge, the largest rigorous study of processing speed ability
in schizophrenia. Although there have been investigations of the
structure general cognitive ability (IQ) in schizophrenia (Dickinson
et al, 2006; Genderson et al., 2007; Wang et al., 2010; Dickinson et
al., 2010), this is the first study to focus in detail on the structure of
processing-speed ability, and the abnormalities that characterize
schizophrenia.

2. Methods

2.1. Participants

Participants comprised 125 schizophrenia patients (cases) and
272 controls. The study was approved by ethics committees in Israel
and the US, and each participant gave written informed consent.
Cases were consecutively recruited at the Sheba Medical Centre (Tel
Aviv, Israel) between 2006 and 2009. Inclusion criteria for cases
were as follows: 1. At least two admissions to a psychiatric hospital
with a discharge diagnosis of schizophrenia; 2. A chart diagnosis of
schizophrenia; 3. No history of head trauma or neurological disease;
and 4. No history of or any current substance or alcohol abuse.

Controls were ascertained from the same catchment area served
by the medical centre using methods aimed at limiting sampling
bias (Kern et al., 2008). Briefly, recruitment procedures adhered to a
scientific survey sampling method. Residential telephone numbers
in the catchment area served by the medical centre were randomly
sampled. Research staff members called these numbers, conducted
preliminary screening for demographic characteristics, and using a
prepared script explaining the purpose of the study, asked whether
respondents would consider participating. Persons who passed the
initial screening and who were interested in participating were invit-
ed for diagnostic and neuropsychological assessment. The average
age of cases was 31.58 (range 20–67) years of age (68% males), and
had on average 11.73 years of education. The average age of controls
was 40.96 (range 17–65)years of age (34% males), and had on aver-
age 14.33 years of education. For the schizophrenia group the scales
for the assessment of positive and negative symptoms (the SAPS
and the SANS respectively) were administered, the mean SAPS score
was 10.97 (SD=16.11) and the SANS was 28.89 (SD=23.56).
2.2. Diagnostic assessment

The Diagnostic Interview for Genetic Studies (DIGS) (Nurnberger
et al., 1994) was administered. On the basis of the DIGS interview,
medical records information, and interviews with cases' relatives,
consensus research DSM-IV diagnoses were reached for cases. Using
information from the DIGS interview research DSM-IV diagnoses
were also reached for controls. In order to obtain an appropriate con-
trol group and avoid ‘super normal’ controls, which can introduce
bias in case–control studies (Kendler, 1990), controls were only ex-
cluded from the analyses if they had a DSM-IV diagnosis of schizo-
phrenia or any schizophrenia spectrum disorder, a history of head
trauma or neurological disease; or any current substance or alcohol
abuse.

2.3. Neuropsychological assessment of processing speed

A comprehensive neuropsychological battery was administered to
all participants. Processing speed tests were selected in accordance
with the definition of processing speed posited by Salthouse (1996)
such that tests were required to be administered under timed condi-
tions. They also covered abilities previously suggested to be involved
in DSST completion including psychomotor speed, visual scanning,
sustained attention and coordination of elementary operations
(Lezak et al., 2004). Also, tests of both motor and verbal ability were
included. Finally, tests were required to be well standardised and
with known psychometric properties (see Table 1 for a list of the in-
cluded tests). Many of the included tests make up part of the trail
Making Test from the Delis–Kaplan Executive Function System Bat-
tery (D-KEFS; Delis et al., 2001). The test battery is generally consid-
ered to have good reliability and validity including the less known
visual scanning and simple motor speed measures — test–retest reli-
ability for these items are .56 and .77 respectively and inter-rater
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reliability is high (Delis et al., 2001). In terms of validity the motor
speed task correlates highly with the finger tapping test which is a
traditional measure of basic motor speed (Kraybill et al., 2007);
whilst the format of the visual scanning task is essentially identical
to a cancellation task which is a well-established measure of basic
visuomotor skills (Lezak et al., 2004).

2.4. Data analysis

2.4.1. Data preparation
Exploratory and confirmatory factor analyses and structural equa-

tion modelling techniques are highly susceptible to the influence of
outliers and as a consequence data were carefully screened (for detail
see Supplementary materials). There was no evidence of potential
bias. Estimates for the number of participants required for structural
equation modelling analyses vary in the literature. However, Monte
Carlo simulations of structural equation modelling suggest that sam-
ples of at least one-hundred cases are required to confer enough
power for models to converge with a good degree of accuracy
(Loehlin, 1992).

2.5. Model building

First exploratory factor analysis was conducted in the control sam-
ple to give a preliminary indication of the probable groupings of mea-
sures. Next a two-stage model building technique was applied to the
data whereby a measurement model was constructed followed by the
addition of a structural model (Miyake et al., 2000).

2.6. Exploratory factor analysis

Amaximum likelihood exploratory factor analysis was implemented
in controls using Statistical Package for the Social Sciences Version 15.0
(Inc. SPSS, 2006). This approach is best suited to finding latent factors
in a dataset with few variables (Tabachnick, 2007). An oblique rotation
(promax) was applied to the data because latent factors were expected
to correlate. The suggested number of factors was assessed using scree
plots and residual correlation matrices (Tabachnick, 2007).
A B

D

Fig. 1. A schematic of the postulated A. one-factor, B. tw
2.7. Measurement model (confirmatory factor analysis)

Confirmatory factor analysis was conducted using Analysis of Mo-
mentary Structure 7.0 software (AMOS) (Arbuckle, 2006). If processing
speed, as measured in the present study, is a unitary ability then a
one-factor model should fit the data no worse than the two- or
three-factormodels. However if processing speed is amultidimensional
ability then the two- or three-factor models should derive the best
model fit. In accordance with the exploratory factor analysis we postu-
lated a three-factor model (including psychomotor speed, sequencing
and shifting, and fluency) for processing speed and compared this to a
two- (including speed, sequencing and shifting and fluency) and a
one-factor (general processing speed) model (see Fig. 1A–C).

2.8. Structural model (structural regression modelling)

The structural portion of the model sought to identify to what de-
gree each factor of the processing-speed ability might contribute to
digit–symbol substitution performance. We postulated a three-path
model (see Fig. 1D) where all factors contributed to digit–symbol sub-
stitution performance. Alternative versions of this model, with various
combinations of one or two paths, were tested using a nested models
approach. Each solution was assessed using both the model fit indices
and the strength and significance of the regression coefficients.

2.9. Hypothesis testing using multigroup comparisons

The next analysis was designed to test the hypotheses regarding the
underlying cognitive architecture of the processing-speed deficit in
schizophrenia using the factorialmodel developed during the preceding
stages. To this aim multigroup comparisons were conducted using a
factorial invariance approach whereby the equality of models across
groups was tested in an increasingly restrictive fashion (Meredith,
1993).

To test the first hypothesis that the processing-speed deficit is un-
derlain by a disparity in the factor structure of the ability we tested
the extent to which the factor structure and factor loadings were
equal across groups (see Fig. 2, the right-hand blue panel). To test
C

o-factor, C. three-factor and D. structural models.
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the second hypothesis that a disparity in the relationships within the
ability underlies the processing-speed deficit we assessed the extent
to which the factor covariances and structural portion of the model
were equal across groups (see Fig. 2, the left-hand yellow panel).
Thus model fit indices were compared when the factor structure
and then the factor relationships were unconstrained (when they
were allowed to differ across groups) versus when they were
constrained to be equal.

2.10. Indices of model comparison

Models were generated using maximum likelihood estimation
(MLE). In the first instance model fit was assessed using the χ2 statis-
tic. Larger and significant χ2 values suggest greater discrepancy be-
tween expected and observed covariance matrices. However χ2 is a
conservative index, likely to reach significance at large sample sizes,
therefore it was important to utilise additional indices of model fit.
We employed the comparative fit index (CFI), Akaike's information
criterion (AIC), the root mean square error of approximation
(RMSEA), and the parsimony normed fit index (NFI). For CFI and
NFI the closer the value is to 1.0 the better the fit of the model, with
a value of .9 indicating acceptable model fit. For AIC no absolute
value is indicative of good model fit, instead when comparing models
those with a lower value of AIC are better fitting. Lastly, for RMSEA an
adequate fit is denoted by a value of less than .08 and a good fit by a
value equal to or less than .05.

When assessing model fit it is important to take into account a se-
lection of different fit indices as each has its own strengths (Kline,
2005). Thus ‘model fit’ refers to an overall assessment of all of the
fit indices outlined above (including: χ2, CFI, AIC, RMSEA and NFI).
When establishing the factor structure of processing-speed ability
via confirmatory factor analysis the alternative factor models were
compared using a nested models approach. Hence, the fit of the
two-factor and three-factor models were compared to the fit of the
one-factor model and then the model with the best fit was selected.
Similarly, when establishing the structural portion of the model the
Fig. 2. Schematic of the mu
fit of the two-path and one-path models was compared to that of
the three-path model. In addition the strength and the statistical sig-
nificance of the regression coefficients were taken into account.
When establishing the underpinnings of the processing-speed deficit
by testing the equality of models across groups a depreciation in
model fit when the groups were constrained to be equal (for either
the factor structure or the factor relationships) was taken as an indi-
cation that the groups differed significantly.

3. Results

3.1. Descriptive statistics and group comparisons

As can be seen in Table 2, cases performed significantly worse than
controls on all measures of processing speed (all p-valuesb0.001).
The most severe impairment was on the digit–symbol substitution
task followed by semantic fluency, and the smallest effect size was
for simple motor speed. These effect sizes are similar to those
reported in recent meta-analyses (Dickinson et al., 2007; Knowles et
al., 2010). Table 3 presents Pearson's correlation coefficients between
the measures of processing speed in cases and controls.

3.2. Exploratory factor analysis

The exploratory factor analysis revealed two factors, with the ver-
bal fluency measures loading on one factor and the remaining mea-
sures loading on the other. However, large residual correlations
suggested the possible presence of an additional factor (Tabachnick,
2007). The analysis was re-run using a forced three-factor solution,
which resulted in very small residuals (with none larger than .01;
see Supplementary materials Table S1). The number sequencing, letter
sequencing and number–letter switching measures loaded on factor
one, the verbal fluency measures loaded on factor two and the simple
motor speed and visual scanning measures loaded on the third factor.
These analyses suggested that processing speed is a multidimensional
ability consisting of at least two, if not three, factors.
ltigroup comparisons.



Table 4
Fit indices for A. measurement model building (confirmatory factor analysis) and B. the
structural model building (structural regression model).

df χ2 χ2/df p AIC

A. Measurement models
Controls

Three-factor model 11 11.42 1.04 .45 59.42
Two-factor model 13 23.50 1.81 .036 67.50
One-factor model 14 55.73 3.98 b .001 97.73

Cases
Three-factor model 11 22.49 2.04 .021 70.85
Two-factor model 13 29.28 2.25 .006 73.28
One-factor model 14 29.94 2.14 .008 71.94

B. Structural models
Controls

All paths 15 16.56 1.10 .346 74.56
Psychomotor speed and
sequencing and shifting

16 22.29 1.39 .134 78.29

Psychomotor speed and
verbal fluency

16 20.44 1.28 .201 76.44

Sequencing and shifting and
verbal fluency

16 16.56 1.04 .415 72.56

Psychomotor speed 17 34.43 2.03 .007 88.43
Shifting and sequencing 17 35.66 2.10 .005 89.66
Verbal fluency 17 21.37 1.26 .210 75.37
No paths 18 147.68 8.20 b .001 199.68

Cases
All paths 15 25.61 1.71 .042 83.62
Psychomotor speed and
sequencing and shifting

16 25.71 1.61 .058 81.71

Psychomotor speed and
verbal fluency

16 28.80 1.80 .025 84.80

Sequencing and shifting and
verbal fluency

16 25.69 1.61 .059 81.69

Psychomotor speed 17 28.87 1.70 .036 82.87
Shifting and sequencing 17 25.94 1.52 .076 79.94
Verbal fluency 17 31.97 1.88 .015 85.97
No paths 18 141.56 7.86 >.001 193.56

Table 2
Performance of controls and cases on measures of processing speed.

Task Control
(N=272)

Schizophrenia
(N=125)

p-value Effect size
(Cohen's d)

Mean SD Mean SD

Digit–symbol
substitution task

74.14 16.87 47.68 19.24 b .001 −1.51

Semantic fluency 45.90 9.99 34.54 8.77 b .001 −1.18
Number sequencing 39.06 17.29 60.14 27.36 b .001 −1.12
Letter fluency 38.42 11.53 26.43 11.55 b .001 −1.04
Letter sequencing 83.52 40.83 128.64 62.36 b .001 −1.01
Visual scanning 23.24 7.27 32.11 12.85 b .001 −0.96
Number–letter sequencing 40.21 19.94 51.14 30.03 b .001 −0.93
Simple motor speed 38.79 14.01 60.52 28.02 b .001 −0.47
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3.3. Measurement model

Table 4A presents the fit indices for the one, two and the three-factor
models of processing speed for each group. In line with the results of the
exploratory factor analysis the three-factor model (see Fig. 3) had the
best fit to the data with good fit indices in both controls (χ2=11.4211,
p=0.45; RMSEA=.01; CFI=.99; NFI=0.98) and cases (χ2=22.4911,
p=0.021; RMSEA=0.093; CFI=0.93, NFI=0.91). This suggests that
processing speed, as measured by the neuropsychological tests included
here, is better characterised as a multidimensional three-factor model
rather than a two-factor or a one-factormodel.We conducted a sensitiv-
ity analysis wherebywe tested alternative groupings ofmeasures on fac-
tors (see Supplementarymaterials Table S2 for the tested combinations).
However, the three-factor model posited here was the best fit. That two
of the factors which include only two indicators should not affect the re-
liability of themodel. Bollen's two-indicator rule states that if ‘a standard
model with two ormore factors has at least two indicators per factor, the
model is identified’ so long as every construct is correlated with at least
one other construct (Bollen, 1989; Kline, 2005).

3.4. Structural model

Next we examined to what degree each factor of processing-speed
ability was related to performance on the digit–symbol substitution
task. Table 4B gives thefit indices for the one, two and three-pathmodels
for each group. In both controls (χ2=16.5616, p=0.42; RMSEA=0.01;
CFI=1.00 and NFI=0.98) and cases (χ2=25.6916, p=0.59; RMSEA=
0.07; CFI=.98 and NFI=0.94) the best fitting model was a two path
Table 3
Correlations between measures of processing speed in controls (lower diagonal) and cases

Psychomotor speed Sequ

Visual
scanning

Simple
motor
speed

Number
sequencing

Visual
scanning 1 .58** .63**

Psychomotor
speed simple

motor
speed

0.46** 1 .63**

Number
sequencing 0.51** 0.39** 1

letter
sequencing 0.50** 0.41** 0.66**Sequencing

and shifting number−
letter
shifting

0.45** 0.40** 0.59**

Letter
fluency −0.20** −

0.20** −0.30**Verbal
fluency category

fluency −0.26** −
0.23** −0.30**

Digit−
symbol
coding

−0.41** −
0.29** −0.49**

**=pb .001.
model, with a path from sequencing and shifting (for controls,
β-coefficient=− .52, pb .01 and for cases β-coefficient=− .23, pb .05)
and the other from verbal fluency (for controls, β-coefficient=.21,
pb .01, and for cases β-coefficient=− .91, pb .01). In neither group was
the path from psychomotor speed to digit–symbol substitution task per-
formance significant, which suggests that the digit–symbol substitution
task is a measure of complex rather than simple level processing-speed
ability.
(upper diagonal).

encing and shifting Verbal fluency

Letter
sequencing

Number−
letter
shifting

Letter
fluency

Category
fluency

Digit−
Symbol 
coding 

.63** .62** −.42**  −.62**  −.69**

.58** .62** −.42**  −.62** −.53**

.73** .62**  −.53**  −.45**  −.67**

1 -.70** −.49**  −.47**  −.62**

0.62**
1 −.56**  −.53**  −.62**

 −0.44**  −0.38** 1 .47**  −.58**

 −0.36**  −0.32** 0.47** 1  −.70**

 −0.54**  −0.53** 0.35** 0.40** 1



Controls
Cases

Digit Symbol
Substitution Task

Number
Sequencing

Letter
Sequencing

Number-Letter
Switching

Visual
Scanning

Simple
Motor Speed

Letter
Fluency

Category
Fluency

.60  .68

.78  .86

.84  .89

.67  .76

.71  .60

Sequencing
and

 Shifting

Fluency

Psychomotor
Speed

.76  .89 

.8
2

.8
7

5
84

.4
7

.8
9

.75  .84

-.52  -.22

.21  .69

Fig. 3. The final multidimensional model of processing speed. The measurement model is shown on the right in blue and the structural model is shown on the left in orange.
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3.5. Explaining potential underpinnings of the deficit in processing speed
in schizophrenia

3.5.1. A disparity in the factor structure?
Table 5 gives the fit indices for the testing of model equality be-

tween groups. The factor structure, factor loadings, correlations be-
tween factors and the structural regression components were forced
to be equal between groups and the fit indices were assessed in
each case. Regarding the first hypothesis, the structure of processing
speed was the same in controls and cases. It was possible to equate
the factor structure (χ2=33.9622, p=0.050, RMSEA=.04, CFI=.99,
NFI=.96) and factor loadings (χ2=38.5926, p=0.053, RMSEA=
.04, CFI=.99, NFI=.96) across the control and case groups without
significantly worsening model fit.

3.6. A disparity in the relationships between factors?

Regarding the second hypothesis, the relationships within the
model were significantly different between controls and cases. Equat-
ing the factor correlations across groups gave rise to a significantly
worse model fit indicating that the factor correlations cannot be as-
sumed to be equal across groups (χ2=59.9429, p=0.003). The factor
correlation coefficients for both groups are shown in Fig. 3 (see
curved, bidirectional arrows). Inspection of this figure suggests that
the correlations between factors in the case group are consistently
higher than those in the control group. This implies that processing
speed is more dedifferentiated in cases than in healthy controls.

Next we examined the structural portion of the model, this was also
significantly different between cases and controls (χ2=282.3257,
pb .001). The structural portion of themodel is shown in Fig. 3 (see single
headed arrows connecting factors to the digit–symbol substitution task).
Table 5
Fit indices for the hypothesis testing using multigroup comparisons.

Equality of: df χ2 p AIC CFI

Factor structure 22 33.96 .050 129.96 .99
Factor loadings 26 38.59 .053 126.59 .99
Factor correlations 29 54.94 .003 136.94 .97
Structural model 57 282.32 b .001 344.32 .80
Inspection of the coefficients associated with these paths shows that in
controls the factor which best predicts performance on the digit–symbol
substitution task is the sequencing and shifting factor, whilst in cases the
verbal fluency factor best predicts coding task performance.

3.7. Moderator analysis

Previous research suggests that processing-speed ability varies as a
function of age (Salthouse, 1996). Furthermore differences in cognitive
ability and more specifically cognitive structure may arise between
genders. When the effects of age and gender were partialled out the
results of the CFA were precisely the same. It was possible to equate
the factor structure (χ2=29.2922, p=0.137, RMSEA=.031, CFI=.99,
NFI=.96) and factor loadings (χ2=35.5726, Δχ2=6.534, p=.180
RMSEA=.03, CFI=.99, NFI=.95) across the control and case groups
without significantly worsening model fit. However, equating the factor
covariances gave rise to a significant depreciation in model fit (χ2=
45.2929, Δχ2=16.00, p=.030, RMSEA=.04, CFI=.97, NFI=.93) where
in cases the covariances were significantly greater (see Supplementary
materials Table S3).

The differences in processing-speed structure within cases could
not be explained by differences in medication status. There were no
significant associations between type of anti-psychotic medication
(typical vs. atypical) and processing-speed ability or treatment with
anticholinergic medication and processing speed ability.

4. Discussion

Impaired processing speed in schizophrenia is well established and
the hallmark of this deficit is slowed digit–symbol substitution task per-
formance. Thefindings from the present study provide important insight
into the cognitive underpinnings of the processing-speed deficit, specif-
ically abnormal relationships within processing-speed ability and, per-
haps as a result of this, that patients use a different ensemble of
cognitive operations to complete the digit–symbol substitution task.

The results showed that both controls and cases had the same basic
factor structure of processing speed consisting of three sub-processes
(psychomotor speed, sequencing and shifting abilities and verbal
fluency). However, in cases there was dedifferentiation: decreased spe-
cialisation of the sub-processes of the ability. Dedifferentiation was
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closely tied to poor performance. Healthy controls relied preferentially on
sequencing and shifting abilities to complete the digit–symbol substitu-
tion task, which is what we might expect given the requirements of the
measure. In contrast cases relied predominantly on the same processes
that are required to complete verbalfluency tasks. The verbalfluency fac-
tor is arguably the factormost akin to effortful processing. Thus it appears
that schizophrenia patients are seemingly unable to utilise the same
cognitive processes that controls rely upon when completing the digit–
symbol substitution task.

One possible explanation is that healthy controls, by virtue of their
clearly defined processing-speed structure, should be able to selectively
recruit only those sub-processes that are appropriate for successful task
completion. Conversely for cases, because of the greater degree of over-
lap between sub-processes, it might be difficult to recruit only those
that are necessary for the task at hand and consequently they rely on dif-
ferent cognitive processes to controls. Possibly in schizophrenia there is
‘an overreliance on effortful and prefrontally mediated processing’, a
hypothesis presented by Dickinson et al. (2010).

Alternatively, this difficultymay be related to a general inefficiency in
mental coordination in schizophrenia, or cognitive dysmetria, which
results in problems with ‘prioritising, processing, coordinating and
responding to information’ effectively (Andreasen et al., 1998). Thus
the processing-speed deficit in schizophrenia could be explained by an
imbalance of the otherwise finely tuned underlying sub-processes of
the ability. Recent factor analytic studies of IQ in schizophrenia have
shown that correlations betweenmeasureswere stronger in schizophre-
nia than in relatives or healthy controls (Dickinson et al., 2006, 2010),
suggesting that dedifferentiation of cognition in schizophrenia may be
more general.

Dedifferentiation of cognition is thought to occur as part of the normal
cognitive decline associated with the ageing process. The age differentia-
tion hypothesis states that during childhood general cognitive ability
becomes separated into specific abilities and then in older age biological
changes in the brain cause the overlap between those specific cognitive
abilities to become greater (Li and Lindenberger, 1999). Therefore the
overlap of cognitive ability in schizophrenia can be described as akin to
that seen in ageing individuals; given this it is not surprising that schizo-
phrenia patients are more susceptible to the cognitive effects of ageing
than healthy controls (Friedman et al., 2001; Kirkpatrick et al., 2008). It
is possible that differentiation never occurs in individuals that go on to
develop schizophrenia. This is in keeping with a neurodevelopmental
hypothesis of the illness. According the neurodevelopmental hypothesis
proposed by Feinberg (1982) the pruning of redundant synaptic
connections, that usually occurs in adolescence and which serves
to increase efficiency and specialisation of cortical regions, is aber-
rant in schizophrenia. The precise nature of this abnormality is
unclear however a substantial body of evidence has accrued which sup-
ports the idea that neuronal abnormalities exist in the brains of schizo-
phrenia patients particularly in the frontal cortex (Lesh et al., 2011). In
support of the neurodevelopmental hypothesis those individuals that
go on to develop schizophrenia exhibit cognitive deficits in childhood
and then are subject to a developmental lag during adolescence
(Niendam et al., 2003; Reichenberg et al., 2010).

Performance on the tasks included in the present study has been
consistently linked to large-scale cortical networks and within those
networks more specifically to the prefrontal cortex. Performance on
both the trail making test (TMT) parts A and B (which correspond
to the psychomotor speed and the sequencing and shifting factors
respectively) have been associated with activation in the dorsolateral
and medial prefrontal areas (Moll et al., 2002; Zakzanis et al., 2005;
Shibuya-Tayoshi et al., 2007; Kubo et al., 2008). Similarly perfor-
mance on verbal fluency tasks is associated with activation in the
left inferior frontal gyrus (Baldo et al., 2006; Costafreda et al., 2006;
Allen and Fong, 2008; Grogan et al., 2009; Kircher et al., 2009). This
clear localisation of verbal fluency ability might be utilised in future
functional and anatomical work to corroborate the results of the
present study. If cases rely on verbal fluency ability to complete the
digit–symbol substitution task then the left inferior frontal gyrus
should show greater activation in cases than in healthy controls
when completing the digit–symbol substitution task.

Whilst this study has a number of strengths, for example the use
of chart diagnosis, it also has some potential limitations. It might be
argued that the model presented in the current paper is not necessar-
ily the definitive model of processing speed, as alternative specifica-
tions may fit the data equally well (Kline, 2005). Further the results
presented here could be a reflection of method variance – that is a
spurious relationship borne out of the very similar method shared
by tasks – rather than the underlying structure of processing speed
(Joy et al., 2000). In particular, it is not surprising that there should
be a verbal fluency factor separate from factors characterised by
motor tasks. However, the inclusion of verbal fluency measures was
deemed appropriate given that these measures frequently load on
processing-speed factors in factor analysis studies (Nuechterlein et
al., 2004). A further criticism along a similar vein is that many of the
included measures are from the D-KEFS (Delis et al., 2001). However,
a reaction time task loaded significantly on the psychomotor speed
factor (see, Supplementary materials Fig. S1) in controls (there was
relatively less data for cases on this measure and so it was not includ-
ed in the final model); which provides evidence that the proposed
structure is not due to measurement selection but rather to an under-
lying structure of simple and complex sub-processes. Moreover the
final groupings of measures were a result of exploratory and also con-
firmatory factor analysis whereby alternative groupings were careful-
ly considered. Another potential limitation of the present study is the
difference in gender distribution in controls and cases (34% male and
68% male respectively) which may affect the results given that previ-
ous research has shown that brain structure may vary between genders.
However, when analysis was conducted on the processing-speed data
after the effect of gender had been partialled out the results remained
the same i.e. a three-factor model fit best in both groups and cases
were characterised by marked dedifferentiation (see Supplementary
materials). It is possible that processing-speed ability in different patient
groups may be characterised differently, for example in a first-episode
group. Indeed, alternative taxonomies of processing-speed ability have
been posited prior to themodel presented here, for example that includ-
ed in the Cattell–Horn–Carroll theory of cognitive abilities (McGrew,
2005). The present study has attempted to deconstruct the necessary
requirements of successful digit–symbol substitution task completion.
However, abilities other than processing speed may be involved in com-
pleting the digit–symbol substitution task for examplememory. Previous
research studies using two subtests of the digit–symbol substitution task
have shown that processing-speed ability accounts for 50% of the vari-
ance associated with digit–symbol coding task performance whilst
memory accounts for only 1% of additional variance (Kreiner and Ryan,
2001). However, it is of note that the processing-speed measures
which appear to most strongly influence digit–symbol performance in
this study are those that also require access to memory (for example,
verbal fluency)which begets the authors to investigate this point further
in future work.

In summary, the results of the present study suggest that the
processing-speed impairment in schizophrenia is underlain by dediffer-
entiation and the application of an alternative ensemble of cognitive
operations to those seen in controls; and that these characteristics are
evident in many, but not all cases, and are disease related. Future work
should determine whether these characteristics are specific to schizo-
phrenia, or also characterize other psychotic and affective disorders,
and should seek to establish their anatomical and pharmacological
underpinnings.
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