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Abstract 

Considerable work has been devoted to characterizing the latent structure of cognition in 

schizophrenia (SZ) to understand important clinical outcomes associated with generalized or 

specific deficits but findings are limited in a number of ways. Previous work has not assessed 

bifactor and other complex models of cognition in SZ, which might provide a better 

understanding of the structure of cognitive abilities. It is also unclear whether the latent structure 

of cognitive abilities is similar between men and women with SZ or whether the latent structure 

of cognitive abilities is stable over time with repeated assessment. These limitations must be 

addressed before cognitive tests can be meaningfully interpreted in SZ, applied to investigate 

sex-based differences, or used longitudinally to judge changes in cognition in response to 

treatment and disease progression. To address these limitations, this dissertation conducted three 

studies aimed to: (I) assess a bifactor and other complex models of cognition in SZ, (II) compare 

the factor structure of men and women with SZ, and (III) examine the stability of the latent 

structure of cognition in SZ over repeated assessment. Each study used archival data from the 

National Institute of Mental Health Data Archive. The first study included 813 individuals with 

SZ who were divided into a baseline calibration sample (n = 413) and a cross-validation sample 

(n = 400). The second study examined whether the factor structure was the same (invariant) 

between men and women with SZ at a baseline assessment (men n = 612; women n = 201) and 

then again approximately two months later (men n = 549; women n = 198). The third study 

examined longitudinal invariance of the factor structure across four repeated assessments (n = 

205) that included a baseline assessment and follow up assessments that occurred approximately 

two, six, and 18 months later. Results of these studies indicated that a bifactor seven-factor 

model that includes one general factor and seven specific factors (Processing Speed, Phonemic 
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Fluency, Semantic Fluency, Reasoning, Working Memory, Verbal Memory, and Vigilance) best 

characterized the latent structure of cognition in SZ. The same bifactor seven-factor model was 

found to be invariant between men and women with SZ at two assessments. Subsequent 

comparison of the factor scores between men and women showed that women performed higher 

on Semantic Fluency, Verbal Memory, and General cognition, that men scored higher on 

Vigilance, and that there were no statistically significant differences between their performance 

scores on Processing Speed, Phonemic Fluency, Reasoning, and Working Memory. Further, the 

bifactor seven-factor model was longitudinally invariant across four assessments that spanned 

approximately 16.5 months. These results contribute to extant literature that has previously 

characterized cognition in SZ by demonstrating that cognition may be best understood by a more 

complex model that incorporates both general deficit and specific deficit conceptualizations. This 

model remained invariant between men and women allowing for direct comparisons of cognitive 

abilities and identification of a pattern of differences that was consistent with some prior 

literature. Finally, the longitudinal stability of the bifactor model suggests that tests are 

measuring equivalent latent constructs despite fluctuations in abilities that might be expected 

because of modifying factors of disorder state (e.g., symptoms, medication, course), and so can 

be appropriately used to investigate longitudinal changes in cognition.  

Keywords: cognition, schizophrenia, factor analysis, bifactor, CATIE 
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Chapter I: Introduction 

Neurocognition in schizophrenia (SZ) has been the focus of much investigation because 

neurocognitive deficits are core features of the disorder and predict important clinical outcomes. 

The central role of neurocognitive deficits was apparent from early conceptualizations of SZ, 

which Kraepelin (1899) designated as dementia praecox or premature dementia. He identified SZ 

as a form of dementia because it was characterized by disordered intellectual functioning. 

However, unlike other forms of dementia, most individuals with SZ did not exhibit a progressive 

decline in cognitive abilities, and some demonstrated full recovery. Disordered cognition 

remained a hallmark feature of the disorder. The research available on disturbances in cognition 

and associated underlying neuropathology in SZ is now quite extensive, but significant questions 

remain unanswered.   

First, there is an ongoing debate as to whether the neurocognitive deficits in SZ are 

generalized, (i.e., most or all cognitive abilities are negatively impacted) or whether there are 

differential profiles of deficits that would suggest neuropathology is confined to specific brain 

regions and neural circuits. Investigations of neurocognitive heterogeneity suggest variability in 

cognitive profiles of individuals with SZ, such that some individuals exhibit generalized deficits, 

whereas others have profiles characterized by deficits in some abilities with sparing of others. 

Second, studies investigating the latent structure of cognitive abilities in SZ have not established 

differences between men and women, although such differences might be anticipated given that 

other important differences between men and women with SZ are apparent (e.g., age of onset, 

severity of illness, severity of social and academic premorbid deficits). Similarly, the 

longitudinal stability of the latent structure of cognitive abilities has not been examined, although 
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changes in cognition due to symptom fluctuations, alterations in medication regimens, practice 

effects, and other factors might be expected to modify latent structure.  

The three studies in this dissertation examine each of these three issues. The aim of the 

first study was to assess whether cognition in SZ was best characterized by a general latent 

construct, a number of specific latent constructs, or a combination of both general and specific 

constructs, and then to determine if the best model could be replicated. The second study 

examined the latent structure of cognitive abilities in a heterogeneous subgroup of SZ (men and 

women) to determine if the same model would best characterize the latent structure in both men 

and women at baseline and follow-up assessment, or if there were differences in latent structure 

based on binary sex. The third paper investigated whether the latent structure of cognitive 

abilities in SZ remained stable following four repeated assessments. This dissertation used data 

from the National Institute of Mental Health (NIMH) Clinical Antipsychotic Trials of 

Intervention Effectiveness (CATIE), which was a multi-site study conducted in the early 2000’s 

and contains neurocognitive, symptom, laboratory test, genomic, and medication data for adults 

with SZ. 
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Chapter II: Bifactor Model of Cognition in Schizophrenia: Evidence for General and 

Specific Abilities 

Note: Study I was published in the Journal of Psychiatric Research. 

Becker, M. L., Ahmed, A. O., Benning, S. D., Barchard, K. A., John, S. E., & Allen, D. N. 

(2021). Bifactor model of cognition in schizophrenia: Evidence for general and specific 

abilities. Journal of Psychiatric Research, 136, 132-139. 

https://doi.org/10.1016/j.jpsychires.2021.01.051.  
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Abstract 

Background: Despite extensive study of cognition in schizophrenia, it remains unclear as to 

whether cognitive deficits and their latent structure are best characterized as reflecting a 

generalized deficit, specific deficits, or some combination of general and specific constructs. 

Method: To clarify latent structure of cognitive abilities, confirmatory factor analysis was used to 

examine the latent structure of cognitive data collected for the Clinical Antipsychotic Trials of 

Intervention Effectiveness (CATIE) for Schizophrenia study. Baseline assessment data (n = 813) 

were randomly divided into calibration (n = 413) and cross-validation samples (n = 400). To 

examine whether generalized or specific deficit models provided better explanation of the data, 

we estimated first-order, hierarchical, and bifactor models. Results: A bifactor model with seven 

specific factors and one general factor provided the best fit to the data for both the calibration 

and cross-validation samples. Conclusions: These findings lend support for a replicable bifactor 

model of cognition in schizophrenia, characterized by both a general cognitive factor and 

specific domains. This suggests that cognitive deficits in schizophrenia might be best understood 

by separate general and specific contributions 

Student Contribution Statement: Megan Becker Wright’s role on this manuscript included study 

conceptualization, data preparation, statistical analyses and interpretation, writing the first draft 

of the manuscript, and overseeing the revision process with coauthors.  
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Introduction 

Early conceptualizations of schizophrenia (SZ) as dementia praecox acknowledged SZ as 

a brain disorder with cognitive deficits as a core feature (Bleuler, 1908). Since then, an extensive 

literature has developed regarding neuropsychological deficits in SZ and other psychotic 

disorders. Some of the findings from this literature suggest 1) cognitive abnormalities in SZ 

include generalized and specific deficits; 2) there are substantial interindividual differences in 

pattern and severity of cognitive deficits (Allen et al., 2001; Heinrichs and Awad, 1993), and 3) 

cognitive deficits predict functional capacity and outcomes (Ahmed et al., 2015a; Fett et al., 

2011; Kalache et al., 2015; Green et al., 2004, 2000). There has been substantial debate with 

regard to whether a generalized deficit or specific cognitive deficits are at the core of SZ, or if 

some combination of specific and generalized deficits best characterize the disorder. Specific 

deficit approaches have focused on identification of “differential deficits” or patterns of 

preserved and impaired abilities, the latter of which might reflect dysfunction of specific brain 

regions or circuits. Factor analysis of multidimensional first-order models has been extensively 

used to identify specific first-order cognitive dimensions assessed by neuropsychological tests in 

SZ and has produced marked variability across studies (Fioravanti et al., 2012). Variability 

among studies is likely due to differences in neuropsychological tests included in the analyses, 

whether exploratory or confirmatory approaches were used, and extent to which sample 

characteristics (e.g., clinical state, sex, age) and size vary across studies. However, some of the 

commonalities across studies are summarized in Table 1. Studies consistently identify Processing 

Speed, Executive Function/Reasoning, Working Memory, Verbal Memory, and 

Attention/Vigilance cognitive factors. Additional factors such as Crystallized Verbal abilities, 

Visual Learning and Memory, and Social Cognition have also emerged when measures for these 



7 
 

domains are included in analyses. Identification of these common cognitive domains provides 

support for the potential usefulness of neuropsychological tests to investigate differential deficits 

in SZ.  

However, there have also been questions about the utility of various specific cognitive 

domains that are commonly identified in those with SZ, as opposed to composite scores that 

represent one or more general cognitive abilities (Bismark et al., 2018; Dickinson et al., 2004; 

Harvey et al., 2013; Heinrichs and Awad, 1993). Historically, early conceptualization of a 

general deficit model focused on a unitary disease process underlying cognition in SZ, albeit 

with differing expression, and a substantial literature has developed that documents impairment 

across most cognitive tests when SZ is compared to healthy controls (Heinrichs and Zakzanis, 

1998; Dickinson et al., 2007). Studies indicating substantial shared variance between specific 

cognitive test scores also provide support for a common cognitive factor that accounts for the 

observed deficits across many specific domains (Dickinson et al., 2008a, 2008b). Measurement 

issues inherent in the tests present additional challenges to understanding specific neurocognitive 

deficits in SZ. For example, scores produced by neuropsychological tests typically are not pure 

indicators of a specific cognitive ability, but often reflect both lower- and higher-level abilties. 

Lower-level perceptual or motor deficits can impact higher order cognitive function, including 

working memory and executive function (Friedman and Miyake, 2017; Gold et al., 2018; Lesh et 

al., 2011). Some theorists posit that deficits in one domain may impact other domains, thereby 

resulting in the appearance of a general cognitive deficit (Heinrichs and Zakzanis, 1998; Green et 

al., 2013). Thus, factorial structure is likely impacted because general deficits across cognitive 

abilities resulting from impaired higher-level (e.g., executive function) cognitive processes may 

obscure the separation of specific cognitive domains (Hill et al., 2008). Hierarchical factor 
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analytic models provide support for a latent structure of cognitive abilities in SZ where first 

order specific cognitive factors load onto a higher order general factor (Dickinson et al., 2006, 

2008b). 

Despite this rather extensive work, there are still some important issues that require 

clarification regarding the latent structure of cognition in SZ. To date, first-order and hierarchical 

models served to test conjectures about the nature of a generalized cognitive deficit as a unitary 

disease process, the unique contributions of separate cognitive domains, and the contributions of 

generalized cognition indirectly through specific factors. From this work, hierarchical models 

gained increasing acceptance for their representation of the generalized deficit model in which 

certain test scores load on specific domains, which in turn load on a generalized deficit domain 

(Dickinson et al., 2006, 2008b; Heinrichs and Zakzanis, 1998). However the considerable 

heterogeneity across multiple aspects of pathology in SZ, including cognition, appears 

inconsistent with a unitary pathology generalized deficit model as well as specific deficit models 

identified using hierarchical and first-order factor analysis, respectively. Bifactor models of 

cognition offer an alternative to first-order and hierarchical models although they have not been 

tested in SZ (McCleery et al., 2015). Further, bifactor models may be useful for further 

elucidating the unique contributions of both general and specific deficits by allowing for their 

separation, unlike hierarchical models. Such a structure may better account for the cognitive 

heterogeneity demonstrated using cluster analysis and other classification approaches, which 

identifies subgroups of individuals with SZ who have distinct neurocognitive profiles. Some 

subgroups are differentiated by level of performance differences (e.g., average performance, 

impaired performance) while others display unique patterns of deficit and sparing (e.g., 

executive deficit subgroup, verbal memory deficit subgroup) (Allen et al., 2001; Heinrichs and 
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Awad, 1998; Goldstein, 1990; Seaton et al., 2001). Bifactor characterization may better account 

for individuals with unitary deficits and those with clearer separation of abilities, whether their 

abilities resemble cognition in healthy controls or deficits attributable to localized anatomical 

correlates. Further, a bifactor model would aid in determining if cognition in SZ is better 

understood with scores having direct latent contributions from a generalized deficit versus 

specific deficits, in comparison to previously examined indirect contributions of generalized 

deficit through specific domains. Thus, this comparison may provide new insight into cognition 

in SZ and possibly provide a more theoretically accurate representation of the latent structure of 

abilities (see Supplemental Figure 1) (Gignac, 2016). From a psychometric perspective, bifactor 

models require many more parameters to fit than hierarchical models. However, the hierarchical 

model imposes a proportionality constraint such that the ratio of general to group factor variance 

must be the same in each first-order factor; the violation of this constraint is why bifactor models 

fit better even accounting for their reduced parsimony (Gignac, 2016). The unique variance 

within general and group factors can be estimated directly in the bifactor model, whereas the 

proportionality constraint makes that kind of estimation untenable in hierarchical models.  

Based on these considerations, the current study was conducted to extend research 

findings regarding latent structure of cognitive abilities in SZ by comparing first-order correlated 

factor models to hierarchical and bifactor models. Bifactor models were examined to further 

investigate the extent to which there was support for generalized and specific latent constructs. 

The hierarchical five-factor model conceptualized by Keefe et al. (2006) (Processing Speed, 

Verbal Memory, Working Memory, Reasoning, and Vigilance as the first-order factors loading 

onto the generalized second-order factor) was expected to provide the best fit of the data. 

Alternative models included a unitary model, to represent a generalized cognitive deficit, and 



10 
 

six- and seven-factor models. Six-factor models were selected based on known verbal fluency 

deficits in SZ, which separated Verbal Fluency measures from Processing Speed (Tyburski et al., 

2015). Previous work has also noted differences in performance on verbal fluency measures 

among those with SZ, with greater impairment on semantic fluency tasks relative to phonemic 

fluency (Bozikas et al., 2005; Henry and Crawford, 2005; Phillips et al., 2004). Thus, a seven-

factor model that split Verbal Fluency to further differentiate Semantic from Phonemic Fluency 

was also examined (see Table 3).  

Method 

Participants 

The Clinical Antipsychotic Trials and Intervention Effectiveness (CATIE) study included 

1,493 participants from multiple sites throughout the United States who had a DSM-IV diagnosis 

of SZ, and who were between the ages of 18 and 65, able to take oral medication, demonstrated 

adequate decision making, and provided informed consent (Keefe et al., 2006; Stroup et al., 

2003). Of the original 1,493 participants, only individuals with complete cognitive data 

(excluding social cognition) at the baseline assessment were included in the analyses (n = 839). 

Twenty-six additional participants were excluded because they were multivariate outliers 

according to a p < .001 cutoff for Mahalonobis distance. The final data set included 813 cases 

that were randomly split into two samples, one that served as a calibration group (n = 413) and 

the other as a cross-validation (n = 400) group. Demographic and descriptive data for these 

groups are presented in Table 2 and Supplemental Table 2, respectively. This study used 

deidentified archival data that were determined to be exempt by the local institutional review 

board for the protection of human subjects. 

Measures 
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The CATIE cognitive battery consists of the following measures: WRAT-III Reading 

Test (Wilkinson, 1993), Controlled Oral Word Association Test (COWAT)  (Benton and 

Hamscher, 1978), Category Instances (Benton and Hamscher, 1978), Wechsler Intelligence Scale 

for Children Revised-Third Edition (WISC-III) Mazes (Wechsler, 1991), Hopkins Verbal 

Learning Test (HVLT-R) (Brandt, 1991), Face Emotion Discrimination Task (FEDT) (Kerr and 

Neale, 1993), Wechsler Adult Intelligence Scale-Revised (WAIS-R) Digit Symbol (Wechsler, 

1974), Letter-Number Span Test (Gold et al., 1997), Grooved Pegboard (Lafayette Instrument 

Company, 1989), Computerized Continuous Performance Test-Identical Pairs (CPT-IP) 

(Cornblatt et al., 1998), Computerized Test of Visuospatial Working Memory (CTVWM) 

(Hershey et al., 1999), and a computerized, 64-card version of the Wisconsin Card Sorting Test 

(WCST) (Heaton et al., 1993). Although factor analytic studies have provided evidence that 

social cognition is a separate cognitive domain in SZ, social cognition measures were excluded 

from these analyses because those data were verified to be unacceptably skewed, which was also 

reported in prior work (Allen et al., 2007; Keefe et al., 2006).  

Procedures 

The CATIE Neurocognitive Assessment Training Unit trained staff in the protocols for 

data collection, editing, and transmission at each site. Assessment certification with a 

Neurocognitive Assessment Training Unit evaluator ensured that uniform testing occurred across 

sites and helped assessors anticipate responses to various challenges that might occur with 

testing (Keefe et al., 2003). The Neurocognitive Assessment Unit Data randomly audited the data 

entered from each site into a web-based system to verify and correct score entry. In addition to 

the baseline assessment examined in this study, cognitive data were collected at two, six, and 18 
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month timepoints, with data also collected if the study drug was switched or if the participant 

continued past 18 months.  

Data Analysis 

 Data met the assumptions of confirmatory factor analysis regarding homoscedasticity and 

linearity. Parameter estimates were produced with conventional standard errors, as most 

variables did not violate normality, and those that did were corrected. Models evaluated in the 

current study are presented in Table 3. A unidimensional one-factor model was evaluated as an 

informed baseline model that hypothesized all test scores loaded on one general cognitive factor. 

The first-order five-factor model we evaluated was based on the report of Keefe et al., which 

reported a hierarchical model composed of five domain scores, including Processing Speed, 

Reasoning, Working Memory, Verbal Memory, and Vigilance factors (Keefe et al., 2006). A six-

factor model separated Verbal Fluency from Processing Speed, based on studies of SZ that 

identified verbal fluency deficits (Tyburski et al., 2015). Finally, a seven-factor model split 

phonemic and semantic fluency into separate constructs, based on research suggesting that these 

two verbal fluency measures are differentially sensitive to cerebral dysfunction in SZ (Ojeda et 

al., 2010; Piras et al., 2019). In addition, hierarchical and bifactor models were examined for the 

five-, six-, and seven-factor models. Hierarchical models are consistent with the view that a 

generalized factor indirectly contributes to the latent structure of scores through specific 

domains. Bifactor models were included to test for separate latent contributions of general and 

specific factors, consistent with generalized versus specific ability conceptualizations of 

cognitive deficit in SZ. 
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All factor models were estimated in Mplus version 5 using maximum likelihood as an 

estimator (Muthén and Muthén, 2007). Overall model fit was assessed using several goodness-

of-fit indices. These included the model chi-square, a test that indicates agreement between the 

model and the hypothesized model (Hu and Bentler, 1999). Because the chi-square is sensitive to 

sample size (i.e., chi-square may be significant for good fitting models if sample size is large), a 

number of other goodness of fit statistics were examined including the comparative fit index 

(CFI), root mean squared error of approximation (RMSEA), Akaike’s information criterion 

(AIC), and the Bayesian information criterion (BIC). The CFI is an incremental fit index that is 

less sensitive to sample size than the chi square and compares the independence model to the 

hypothesized model (Bentler, 1990). The RMSEA is a parsimony adjusted index that evaluates 

the fit between the hypothesized model and the population covariance matrix (Steiger, 1990). 

The AIC and BIC were used to compare the relative fit of competing models. The AIC is a 

relative fit index of model parsimony that allows comparison between non-nested models by 

taking into account degrees of freedom in the model (Akaike, 1987). The BIC is also a relative 

fit index that has a stricter penalty for overparameterized models than the other indices used for 

these analyses (Vrieze, 2012). Model fit was considered good if CFI values were equal to or 

greater than .95, and RMSEA values were less than or equal to .06 (Hu and Bentler, 1999). 

Relative fit was determined by lower AIC and BIC values (Akaike, 1987; Dziak et al., 2020). All 

models were initially fit to the data in the calibration group, and the best fitting model was then 

evaluated in the cross-validation group. 

Results 

Table 4 shows the goodness of fit indices for calibration and cross-validation models. As 

the table indicates, most of the models provided a poor fit of the data. The bifactor six-factor 



14 
 

model had good fit in the calibration group, although the bifactor seven-factor model provided 

the best fit in the calibration group based on all of the goodness of fist statistics. In this regard, 

both the AIC and the BIC were lowest for this model, indicating that despite its increased 

complexity, it provided a better fit of the data in comparison to the six-factor model. The bifactor 

seven-factor model was then estimated for the cross-validation group and goodness of fit 

statistics indicated excellent model fit.  

Bifactor seven-factor models and factor loadings for the calibration and cross-validation 

groups are presented in Figure 1. As shown from the figure, most of the variables had strong 

loadings on their respective specific factors, with greater loading variability on the general 

factor, which is to be expected. WCST final sorts demonstrated low loadings on both factors, 

whereas other scores with low loadings on specific factors showed much higher loadings on the 

general factor (Digit Symbol, LNS, Mazes).  

Discussion 

The purpose of this study was to examine the latent structure of cognitive abilities in SZ 

to determine whether bifactor models, consistent with generalized and specific cognitive deficits, 

might better explain the latent structure of neurocognition in SZ. A bifactor model was identified 

as the best fitting model in calibration and cross-validation samples. This model consisted of 

seven specific factors (Processing Speed, Phonemic Fluency, Semantic Fluency, Reasoning, 

Working Memory, Verbal Memory, and Vigilance) and one general factor. Processing Speed, 

Executive Function/Reasoning, Working Memory, Verbal Memory, and Attention or Vigilance 

are commonly identified as separable dimensions in the factor analytic literature (see Table 1).  

The preferred bifactor seven-factor model resulted from the separation of the Processing Speed 

construct into Processing/Motor Speed, Phonemic Fluency, and Semantic Fluency constructs. 
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The BIC, which is less biased toward overparameterized models suggested that the increased 

model complexity moving from five to seven factors did not account for the superior fit of the 

bifactor seven-factor model (Vrieze, 2012). Additionally, there is empirical support for this 

seven-factor model. For example, studies of SZ using cognitive scores have demonstrated more 

severe impairment in semantic fluency compared to phonemic fluency (Bozikas et al., 2005; 

Henry and Crawford, 2005; Phillips et al., 2004). There are also GABAergic mediated 

differences for the Verbal Fluency split, as those with SZ had higher cerebellar GABA 

concentrations and poorer performance on phonemic fluency relative to controls (Piras et al., 

2019). Further, differences between semantic and phonemic processing in SZ have been 

observed in near-infrared spectroscopy (NIRS), as semantic tasks elicit greater frontal activation, 

which is opposite of healthy adults, and may indicate heightened task difficulty (Kubota et al., 

2005). However, NIRS studies on Verbal Fluency have had mixed results (Koike et al, 2013).  

The general factor was most strongly defined through tests of Processing Speed (Digit 

Symbol), Working Memory (LNS), and nonverbal reasoning (Mazes) in the calibration and 

cross-validation groups. This pattern suggests that the more generalized cognitive deficit in SZ is 

associated with impairment in these cognitive domains, which has the overall effect of producing 

more generalized decrements in performance across the seven specific cognitive factors. 

Working memory and executive function are reported to separately account for variance in 

general cognition in SZ, a finding that is consistent with the general factor identified here (Gold 

et al., 2018). Not only did Digit Symbol, LNS, and Mazes demonstrate high loadings on the 

general factor, they had low loadings on their specific factors, providing further support for the 

general factor having a greater influence on performance for these tests. The bifactor model is 

also consistent with multigroup factor analyses that report significantly higher factor loadings 
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and higher correlations between cognitive domains for those with SZ compared to controls, both 

of which suggest a more generalized latent structure of cognitive ability (Dickinson et al., 2006). 

Certainly, such results may be called broad rather than generalized as some have proposed, to 

allow for greater precision reflecting the overlap of some, but not the majority, of scores with 

latent contributions from this over-arching factor (Gold and Dickinson, 2013).  

These results extend previous findings that reported superior fit of hierarchical models, as 

they provided direct comparison of a bifactor model to competing hierarchical and first-order 

models. To our knowledge, this is the first study to examine bifactor models of cognition in SZ. 

The results of this work suggest that the latent structure of cognition in SZ is characterized by 

both a general factor and specific factors. This finding may provide insight into the long-standing 

theoretical debate regarding a generalized cognitive deficit in SZ versus specific deficits. Studies 

examining cognitive heterogeneity in individuals with SZ suggest that a generalized deficit 

model is likely an oversimplification of cognition in SZ. These studies have identified average 

performing and impaired subgroups of individuals with SZ, which is consistent with a general 

factor influencing cognition. However, they have also identified subgroups of patients that 

exhibit unique differentiated cognitive profiles, with preservation of some abilities and 

impairment of others, a finding that is more consistent with specific ability conceptualizations of 

SZ cognition. Perhaps this lack of consensus regarding general and specific deficit models is 

predominantly due to failure to test models that incorporate separation of general and specific 

cognitive constructs, thereby providing only partial characterizations of cognition in SZ. 

The current results should be interpreted with a number of limitations in mind. Despite 

acceptable goodness of fit statistics for the bifactor seven-factor model, some of the CATIE 

variables had low loadings on their respective factors, indicating such measures as Digit Symbol 
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and Mazes may only assess general cognitive functioning. Also, five of the seven factors were 

composed of scores from a single test, which may raise concerns about the contributions of 

method variance (rather than cognitive construct) driving the CFA results (Lesh et al., 2011). 

This limitation arises from the purpose of the testing conducted in the CATIE study, which 

precluded more comprehensive assessments that could include more than one measure for each 

of the cognitive constructs. It is likely that use of more or different tests would result in different 

latent structures for specific domains than the one identified here. However, this limitation does 

not diminish the main findings of consistency of latent bifactor structure between samples or 

conceptualizing the structure of cognition in SZ according to a general and more specific factors. 

It is also the case that we did not directly evaluate the relative contribution of the general and 

specific factors to overall performance on the cognitive tests. Some have suggested that a general 

factor accounts for most of the variance in cognitive test performance (Dickinson et al., 2008b). 

Although the findings of this study speak to a bifactor structure for the CATIE battery 

specifically, they suggest that follow-up studies should include batteries of tests aimed at 

assessing multiple domains with scores from more than one test comprising a given domain to 

better characterize cognition in SZ. Given that this sample was composed primarily of  

individuals in the chronic phase of illness, the results of this study may not generalize to 

populations at risk for psychosis or those with first episode psychosis. Additional investigation of 

a bifactor structure for SZ within these groups is warranted, as is further investigation of a 

bifactor cognitive structure for more diverse ethnoracial groups and those outside of the United 

States.  

From a group level perspective, the bifactor structure identified here may provide 

additional insight into cluster analytic and latent class/profile analyses that have investigated 
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whether subgroups of individuals with SZ might be identified based on cognitive profiles 

(Goldstein, 1990; Lim et al., 2020; Seaton et al., 2001). These studies support investigation of 

cognitive subgroups in SZ that may differ in patterns of cognitive deficits, symptom profiles, 

morphological alterations, and clinical outcomes that can inform treatment choice and 

appropriate allocation of resources (Goldstein, 1990; Lim et al., 2020; Seaton et al., 2001). A 

bifactor structure represents a purely dimensional representation of cognitive heterogeneity in 

SZ. It remains unknown if the unveiled bifactor structure is valid for all putative cognitive 

subgroups. Factor mixture modeling is a latent variable modeling approach that combines factor 

analysis with latent class/profile analysis and has seen application in the study of SZ 

heterogeneity (Ahmed et al., 2015b, 2018; Miettunen et al., 2016). It could thus allow for a closer 

approximation of the heterogeneity of cognitive deficits in SZ by simultaneously capturing 

cognitive dimensions and subgroups reported in other studies. The flexibility of this approach 

would be particularly useful for determining if the bifactor structure co-exists with, and is 

invariant across non-arbitrary subgroups. 

This bifactor characterization of cognition in SZ supports the differentiation of score 

profiles. For instance, some people with SZ may show deficits across multiple domains (e.g., 

processing speed, semantic fluency, reasoning, verbal memory, and vigilance) consistent with a 

generalized deficit. Others may demonstrate deficits within a distinct domain such as processing 

speed that, once accounted for, explains deficits in performance across other tests. Still others 

may show impaired scores across nearly all domains with even more profound impairment in 

specific domains (such as phonemic fluency and working memory) that would indicate a 

combination of generalized and specific deficits. Nevertheless, some people with SZ who do not 

show cognitive deficits and are otherwise “average performing” would still show minor 
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variations in test scores around a typical level of functioning. When interpreting test scores, this 

bifactor characterization provides evidence for examining both composite scores and scores that 

are more directly linked to specific cognitive deficits, as opposed to interpreting only composite 

scores. This interpretive method would aid in detecting an individual’s unique pattern of 

performance and level of deficit, if present. Future studies may examine the relationship between 

a broad or generalized factor and various functional outcomes in SZ as well as investigate the 

relative contributions of specific domains to cognitive and functional deficits in order to 

determine if bifactor models are more useful for predicting outcomes than first-order or 

hierarchical models.    
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Table 1. Cognitive Domains Included from Previous Factor Analyses 

Study PS EF WM VM ATT NVM CV SC IF Factors 

Burton et al. 
(2013) 

X X X X X X    3 

Gladsjo et 
al. (2004) 

X X X X X X X   6 (ATT and WM) 

Keefe et al. 
(2006) 

X X X X X     Hierarchical, 5 on 1 

Ojeda et al. 
(2010) 

X X X X X X    6 

McCleery et 
al. (2015) 

X X X X X X  X  7 

Nuechterlein 
et al. (2004) 

X X X X X X  X  7 

Schretlen et 
al. (2013) 

X X  X X X   X 6 

Note. VM = Verbal Memory, ATT = attention or vigilance, PS = processing speed, EF = 

executive function/reasoning/problem solving, WM = working memory, NVM = non-verbal 

memory (visual learning and memory), CV = crystalized verbal abilities, SC = social cognition, 

and IF = ideational fluency. Burton et al. (2013) collapsed factors of the above represented 

domains. Gladsjo et al. (2004) grouped attention and working memory measures under one 

factor, which resulted in six factors. Schretlen et al. (2013) had a sample size of 110 adults with 

schizophrenia.  
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Table 2. Baseline Demographics of Calibration, Cross-Validation, and Total Sample 

 Calibration Cross-validation Total 
Mean age in years (SD) (n = 411) (n = 399) (n = 810) 
 38.3 (10.7) 39.0 (10.7) 38.7 (10.7) 

% Male (n = 413) (n = 410) (n = 813) 

 78.5 72.0 75.3 

Mean education in years (SD) (n = 409) (n = 395) (n = 804) 

 11.6 (3.5) 11.7 (3.4) 11.7 (3.5) 

Race/Ethnicity (n = 410) (n = 399) (n = 809) 

   White/Caucasian 255 254 509 

   Black/African American  137 119 256 

   Asian  7 12 19 

   More than one race  9 8 17 

   American Indian/Alaska 
Native  

1 3 4 

   Native Hawaiian/Pacific 
Islander  

1 2 3 

   Unknown or not reported 
race/ethnicity 

-- 1 1 

Hispanic/Latino  49 43 92 

Not Hispanic/Latino 362 356 718 

Mean PANSS (SD) (n = 412) (n = 399) (n = 811) 

Positive Symptom Score 18.5 (5.4) 18.4 (5.8) 18.5 (5.6) 

Negative Symptom Score 19.8 (6.4) 19.7 (6.2) 19.8 (6.3) 

General Symptom Score 36.7 (9.0) 37.0 (9.5) 36.9 (9.3) 

Medication (n = 411) (n = 399) (n = 810) 

   Olanzapine  112 110 222 

   Quetiapine  39 49 88 

Risperidone  99 87 186 

Ziprasidone  22 22 44 

Haloperidol  25 18 43 

Decanoate  6 6 12 

Perphenazine  3 10 13 

Other  39 24 63 

All Other  88 79 167 

None  110 112 222 
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Note. Neuroleptic medications were taken on the day of baseline cognitive testing or two weeks 

prior. Other = participant received any other neuroleptic besides one of the neuroleptics listed 

above; All Other = participant received any other neuroleptics (olanzipine, quetiapine, and 

risperidone not included); None = participant did not receive neuroleptics. Hispanic/Latino was a 

separate variable, so individuals also chose between race options listed. Race and ethnicity 

descriptors reflect those used in the CATIE database. 
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Table 3. Scores Included in Factors   

CATIE Domains and Test scores CFA Models 
 1-factor 5-factor 6-factor 7-factor 
Processing Speed     

Grooved Pegboard Trial 1  1 1 1 1 
Grooved Pegboard Trial 2  1 1 1 1 
WAIS-R Digit-Symbol Test number correct 1 1 1 1 
COWAT 1st letter  1 1 6 6 
COWAT 2nd letter  1 1 6 6 
COWAT 3rd letter 1 1 6 6 
Category Instances 1st category 1 1 6 7 
Category Instances 2nd category 1 1 6 7 
Category Instances 3rd category 1 1 6 7 

Reasoning     
WCST perseverative errors 1 2 2 2 
WCST completed categories 1 2 2 2 
WCST sorts in final condition 1 2 2 2 
WISC-III Mazes total correct  1 2 2 2 

Working Memory     
Letter-Number Sequencing Test total correct 1 3 3 3 
CTVWM mean errors 5 second delay 1 3 3 3 
CTVWM mean errors 15 second delay 1 3 3 3 

Verbal Memory     
HVLT-R Trial 1 1 4 4 4 
HVLT-R Trial 2 1 4 4 4 
HVLT-R Trial 3 1 4 4 4 

Vigilance     
CPT-IP d’ condition 2 1 5 5 5 
CPT-IP d’ condition 3 1 5 5 5 
CPT-IP d’ condition 4 1 5 5 5 

Note. Hierarchical and bifactor models kept these domains for single-level and specific factors, 

respectively, with the addition of the higher-order or global factor accordingly. WAIS-R = 

Wechsler Adult Intelligence Scale-Revised (WAIS-R) COWAT = Controlled Oral Word 

Association; WISC-III = Wechsler Intelligence Scale for Children, 3rd Ed. (WISC-III); WCST = 

Wisconsin Card Sort Test; CTVWM = Computerized Test of Visual Working Memory; HVLT-

R = Hopkins Verbal Learning Test- Revised; CPT-IP d’ = Conners’ Continuous Performance 

Test- Identical Pairs; d’ = number of correct responses minus false alarms. 



34 
 

Table 4. Results of Fit Indices Using Robust Methods with Standard Error Correction 

Group Models X2 (df) CFI RMSEA (90% CI) AIC BIC 
Calibration 1 2175.43(209) 0.58 0.151 (0.145, 0.157) 46241.69 46507.24 

5 1256.63 (199) 0.78 0.113 (0.107, 0.119) 45342.89 45648.68 

H5 1467.43 (208) 0.73 0.121 (0.115, 0.127) 45535.70 45805.27 

B5 589.02 (187) 0.91 0.072 (0.066, 0.079) 44699.29 45053.35 

6 746.80 (194) 0.88 0.083 (0.077, 0.089) 44843.06 45168.96 

H6 1074.32 (208) 0.82 0.100 (0.095, 0.106) 45142.59 45412.16 

B6 420.83 (189) 0.95 0.054 (0.048, 0.061) 44527.10 44873.11 

7 586.15 (188) 0.92 0.072 (0.065, 0.078) 44694.41 45044.45 

H7 1030.11 (208) 0.83 0.098 (0.092, 0.104) 45098.38 45367.95 

B7* 385.10 (190) 0.96 0.050 (0.043, 0.057) 44489.37 44831.36 

Cross-validation B7* 293.91 (190) 0.98 0.037 (0.028, 0.045) 42726.56 43065.83 

Note. CFI = comparative fit index. RMSEA = root mean-square error of approximation. RMSEA 90% CI = root mean-square error of 

approximation 90% confidence interval. AIC = Akaike’s Information Criterion, BIC = Bayesian Information Criterion; model 

numbers represent the number of single-level factors; H = hierarchical with a single higher-order factor; B = bifactor with a 
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generalized factor, and numbers represent the number of specific factors. All of the bifactor seven models had significant chi-squared 

values at p <.001. * indicates the best fitting models.
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Figure 1. Bifactor Seven-Factor Model for the Calibration and Cross-Validation Samples 

 

 
 

Note. Numbers represent factor loadings for calibration (loading listed first) and cross-validation 

(loading listed second) groups. Digit Symbol = Wechsler Adult Intelligence Scale-Revised 

(WAIS-R) Digit Symbol Test; Grooved Peg (1 or 2) = Grooved Pegboard Test Trial (1 or 2); 

COWAT (1, 2, or 3) = Controlled Oral Word Association Test Trial 1, 2, or 3; Category (1, 2, or 

3) = Category Test Trial 1, 2, or 3; Mazes = Wechsler Intelligence Scale for Children, 3rd Ed. 

(WISC-III) Mazes; WCST = Wisconsin Card Sort Test; per errors = perseverative errors; 

categories = number of categories administered; final sorts = number of sorts in the final 
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condition; LNS = Letter-Number Sequencing Test; CTVWM = Computerized Test of Visual 

Working Memory; 5 sec = mean errors during the five second delay; 15 sec = mean errors during 

the fifteen second delay; HVLT-R (1, 2, or 3) = Hopkins Verbal Learning Test- Revised Trial 1, 

2, or 3; CPT-IP d’ (2, 3, or 4) = Conners’ Continuous Performance Test- Identical Pairs number 

of correctly identified targets on the two-, three-, or four- digit condition. 
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Supplementary Materials 

Table 1. Cognitive Tests within Each Domain 

Domain Test Description Scores 
Processing 
Speed 

Grooved 
Pegboard 
 
 
 
 
 
WAIS-R Digit-
Symbol 
 
 
 
 
 
COWAT 
 
 
 
 
 
 
 
 
Category 
Instances 

Participant places pegs one at a 
time into a board with 25 
randomly positioned slots 
using dominant hand for 45 
seconds. This process is 
repeated for a second trial.  
 
Participant copies as many 
symbols as possible in 90 
seconds when presented with 
the numeral associated with 
that symbol as denoted on a 
legend.  
 
Participant verbally recalls as 
many words as possible that 
begin with a specific letter for 
60 seconds. This process is 
repeated using a different letter 
per trial.  
 
 
 
Participant verbally recalls as 
many words as possible that 
belong within a specific 
category for 60 seconds. This 
process is repeated using a 
different category per trial.  
 
 

number of pegs placed 
dominant hand Trial 1 
 
number of pegs placed 
dominant hand Trial 2 
 
 
number of correct symbols 
 
 
 
 
 
 
number of words recalled for 
1st letter 
 
number of words recalled for 
2nd letter    
 
number of words recalled for 
3rd letter    
 
number of words recalled for 
1st category    
 
number of words recalled for 
2nd category    
 
number of words recalled for 
3rd  category    

Reasoning Computerized 
WCST 
 
 
 
 
 
 
 
 

Participant indicates whether 
the stimuli on a card are within 
the same category as the 
original stimuli presented for a 
given sort (set of cards). 
 
 
 
 
 

perseverative errors 
(participant hit the space bar 
either too slowly for one 
presentation of the stimulus 
or so quickly for its 
subsequent stimulus that the 
subsequent stimulus was 
likely not perceived) 
number of completed 
categories   
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WISC-III 
Mazes 

 
 
 
 
Participant completes 10 
mazes which involve tracing 
the correct path from a stick 
figure placed in the center of 
each maze to the opening on 
the outside of the maze. 

 
number of sorts in the final 
condition  
 
completion time in seconds    
 

Working 
Memory 

Letter-Number 
Sequencing Test 
 
 
 
 
 
 
CTVWM 
 
 

Participant immediately recalls 
a sequence of numbers and 
letters in a specific order after 
being read the sequence of 
numbers and letters in a mixed 
order. This is repeated for 30 
sequences.  
 
Participant stares at a fixation 
point in the center of the 
computer screen while a cue is 
presented for 150 milliseconds 
in one of 32 possible locations 
on the screen. Either no delay 
occurs or a 5 or 15 second 
delay occurs, during which the 
participant completes a 
distractor task involving 
identifying a target shape from 
a series of other shapes. 
Afterward, the fixation point 
appears again, and the 
participant must indicate 
where the cue was located. 
There are 8 trials for each 
delay type.  

number of correct sequences   
 
 
 
 
 
 
 
mean errors no delay (in 
millimeters between recalled 
cue location and actual cue 
location for each trial)    
 
mean errors 5 second delay 
minus mean errors no delay  
 
mean errors 15 second delay 
minus mean errors no delay  
 

Verbal 
Memory 

HVLT-R Participant recalls as many 
words as possible after being 
read a list of 12 nouns. This is  
repeated for three trials with  
the same list of words.  
 
 
 

number of words recalled on 
Trial 1   
 
number of words recalled on 
Trial 2   
 
number of words recalled on 
Trial 3  
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Vigilance CPT-IP Participant is presented a two-
digit number on a computer 
screen for condition 2 and lifts 
his/her finger after each 
stimulus presentation to 
indicate if the subsequent two-
digit number presented is the 
same as the number seen 
previously. This is completed 
150 times with different 
numbers. The participant then 
completes condition 3 which 
contains 150 trials of three-
digit numbers and then 
completes condition 4 which 
contains 150 trials of four-digit 
numbers.  
 

d’ (number of target letters 
correctly identified) 
condition 2   
 
d’ condition 3   
 
d’ condition 4   
 
 

Note. Table information derived from Keefe et al. (2003, 2006). 
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Table 2. Descriptive Statistics for Cognitive Tests (Raw Scores) in the Calibration, Cross-

Validation, and Total Samples 

Test  Calibration 
(n = 413) 

Cross-validation 
(n = 400) 

Total 
(n = 813) 

 Mean (SD) Mean (SD) Mean (SD) 
Grooved Pegboard Trial 1 12.6 (3.7) 12.6 (3.5) 12.6 (3.6) 
Grooved Pegboard: Trial 2 14.2 (3.8) 14.1 (3.5) 14.2 (3.7) 
WAIS-R Digit Symbol Test  40.7 (13.8) 39.9 (12.9) 40.3 (13.4) 
COWAT 1st letter    10.4 (4.0) 10.3 (3.9) 10.54 (4.0) 
COWAT 2nd letter    8.5 (3.8) 8.4 (3.5) 8.5 (3.7) 
COWAT 3rd letter    10.8 (4.4) 10.6 (4.4) 10.7 (4.4) 
Category Instances 1st category    14.5 (4.9) 14.6 (4.4) 14.6 (4.7) 
Category Instances 2nd category    10.5 (3.3) 10.4 (3.4) 10.5 (3.4) 
Category Instances 3rd category    8.8 (3.4) 9.0 (3.2) 8.9 (3.3) 
WCST perseverative errors   12.6 (9.9) 13.1 (9.9) 12.9 (9.9) 
WCST completed categories   2.3 (1.6) 2.3 (1.6) 2.3 (1.6) 
WCST sorts in final condition  2.2 (3.1) 2.2 (2.9) 2.2 (3.0) 
WISC-III Mazes total correct 18.8 (5.5) 18.8 (5.5) 18.8 (5.5) 
Letter-Number Sequencing Test total correct  11.2 (4.2) 11.0 (4.2) 11.1 (4.2) 
CTVWM mean errors 5 second delay   25.0 (14.5) 25.0 (14.8) 25.0 (14.7) 
CTVWM mean errors 15 second delay   26.8 (15.1) 27.8 (16.1) 27.3 (15.6) 
HVLT-R Trial 1   5.1 (1.8) 4.9 (1.6) 5.0 (1.7) 
HVLT-R Trial 2   6.8 (2.1) 6.8 (2.0) 6.8 (2.1) 
HVLT-R Trial 3   7.9 (2.3) 7.9 (2.3) 7.9 (2.3) 
CPT-IP: d′ condition 2   2.47 (1.05) 2.50 (0.98) 2.49 (1.02) 
CPT-IP: d′ condition 3  1.85 (0.91) 1.88 (0.86) 1.87 (0.89) 
CPT-IP: d′ condition 4   1.11 (0.86) 1.02 (0.73) 1.07 (0.80) 

Note. WAIS-R = Wechsler Adult Intelligence Scale-Revised (WAIS-R) COWAT = Controlled 

Oral Word Association; WISC-III = Wechsler Intelligence Scale for Children, 3rd Ed. (WISC-

III); WCST = Wisconsin Card Sort Test; CTVWM = Computerized Test of Visual Working 

Memory; HVLT-R = Hopkins Verbal Learning Test- Revised; CPT-IP d’ = Conners’ Continuous 

Performance Test- Identical Pairs; d’ = number of correct responses minus false alarms. 
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Figure 1. Hierarchical Model Compared to Bifactor Model 

 
 

(A)         (B)  
Note. Adapted from Reise et al. (2010). Model A = Hierarchical model in which variables load 

on first-order factors which in turn load on a second-order factor; Model B = Bifactor model in 

which variables load on specific factors separately from their loadings on a general factor; F = 

factor; V = variable. 
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Chapter III: Latent Structure of Cognitive Tests is Invariant in Men and Women with 

Schizophrenia 

Note: Study II was submitted for publication to Schizophrenia Research.  

The first dissertation paper, “Bifactor model of cognition in schizophrenia: Evidence for 

general and specific abilities,” estimated a number of competing models examining the latent 

constructs of cognitive abilities in schizophrenia (SZ). A number of bifactor and hierarchical 

models were estimated that addressed whether cognition in SZ was best conceptualized as 

composed of a number of different specific constructs, a general/global construct, or a 

combination of the two. A bifactor model that was not previously examined had the best fit in an 

initial calibration sample and was replicated within the cross-validation sample, which provided 

evidence supporting the validity of this complex model. It is important to understand the latent 

structure of cognitive abilities in SZ to compare cognitive subgroups of the disorder with the 

intention of linking those groups to specific disorder characteristics (symptom profiles, 

functional outcomes, etc.) to develop more targeted preventative efforts and treatment 

approaches. The findings of the first paper increase this understanding by demonstrating that 

cognition in SZ was not best characterized by specific factors or a general factor, but by a model 

incorporating a number of specific latent constructs with a general construct. Future directions 

for this work include further exploration as to whether a bifactor model can be replicated in SZ 

when using different tests that assess similar and different cognitive abilities. Subsequent studies 

should also explore generalizability of a bifactor model with other cognitive batteries for SZ and 

psychosis populations broadly, such as those with first episode psychosis and schizoaffective 

disorder compared to bipolar disorder with psychosis. Finally, the invariance of the bifactor 

model should be examined so that differences reported based on important demographic 
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characteristics (e.g., sex) and longitudinal changes in cognitive function with repeated 

assessment can be attributed to actual differences between groups or across time as opposed to 

measurement variance  

The second paper examined invariance of the bifactor model between men and women 

with SZ. Cognitive differences based on binary sex are of interest in SZ, given differences in 

symptoms, onset, and premorbid functioning between men and women. However, cognitive test 

performance in SZ has continued to demonstrate mixed results as to whether differences between 

men and women are present, and if so, and the extent to which these differences might be 

attributable to variance in latent structure. The second dissertation paper, “Latent structure of 

cognitive tests is invariant in men and women with schizophrenia,” first examined measurement 

invariance as a possible source that could explain the discrepancy between results of studies 

about cognition between men and women with SZ. Once the latent structure of cognition 

between men and women was found invariant at baseline and follow-up assessment, we assessed 

actual differences in cognition between men and women. Examination of invariance between the 

latent structure of cognitive abilities between men and women with SZ was important for better 

understanding and characterizing binary sex-based cognitive performance. 
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Abstract 

Studies comparing the cognitive functioning of men and women with schizophrenia have 

produced conflicting results that could arise from sex-based differences in the latent structure of 

cognitive abilities. The current study used multigroup confirmatory factor analysis to examine 

invariance in latent structure of cognitive abilities between men and women with schizophrenia. 

Confirmatory factor analysis of an initial neurocognitive assessment (men n = 612, women n = 

201) and cross-validation using second assessment (men n = 549, women n = 198) demonstrated 

that a bifactor seven-factor model fit the data best for both men and women. Invariance analyses 

further indicated this model was invariant across men and women at both assessments. Group 

comparisons indicated women had significantly higher scores for Semantic Fluency, Verbal 

Memory, and General Cognitive factors, whereas men exhibited better performance on the 

Vigilance factor. Results indicate that cognition in SZ is characterized by both a general 

cognitive factor and specific domains for both men and women. Invariance analysis provides 

evidence that cognitive differences between men and women do not result from sex-based 

differences in the latent structure of cognitive abilities. Current results also indicate small but 

statistically significant neurocognitive differences between men and women with SZ.  

Keywords: schizophrenia, cognition, CATIE, factor analysis, invariance, sex differences 
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conceptualization, data preparation, statistical analyses and interpretation, writing the first draft 
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Introduction 

Men and women with schizophrenia (SZ) differ across important disease and 

symptomatic domains (for review see Riecher-Rössler et al., 2018). Differences are seen in age 

of onset (Canuso and Pandina, 2007; Eranti et al., 2013; Häfner et al., 1989, 1994; Leung and 

Chue 2000; van der Werf et al., 2014), premorbid functioning (Allen et al., 2013; Ayesa-Arriola 

et al., 2020), course and outcome (Canuso and Pandina, 2007; Ochoa et al., 2012; Riecher-

Rössler and Häfner, 2000), substance abuse (Abel et al., 2010; Ochoa et al., 2012), and affective 

symptoms (Ochoa et al., 2012). Men have demonstrated lower premorbid IQ compared to  

women (Alyward et al., 1984), and among those with SZ, some studies report sex differences on 

cognitive tests similar to those found in healthy adults (Bozikas et al., 2010; Halari et al., 2006).  

Among healthy adults, some evidence suggests that men perform better on visuospatial tasks, 

whereas women perform better on tests that measure verbal skills and memory (Halari et al., 

2005; Ittig et al., 2015; Zanelli et al., 2013). Some studies also indicate healthy adult women 

have advantages in verbal memory and inhibition-switching compared to men (Riecher-Rössler 

et al., 2018; Vaskinn et al., 2011). For those with SZ, women generally perform better on 

processing speed and verbal memory tasks (Fond et al., 2018; Longenecker et al., 2010; 

Torniainen et al., 2011; Tsai et al., 2017), whereas men show some advantages on tests of 

vigilance/sustained attention, and perhaps working memory and problem solving (Fond et al., 

2018; Mu et al., 2020). Women with later symptom onset may exhibit more severe visuospatial 

and problem solving deficits compared to men (Ayesa-Arriola et al., 2014; Buck et al., 2020; 

Ittig et al., 2015). However, these results are not consistent across studies. Notably, Fond et al. 

(2018) did not find differences in performance on phonemic fluency or problem solving between 

men and women with SZ. Others found similar working memory scores between men and 
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women with chronic SZ (Fond et al., 2018; Longenecker et al., 2010; Mu et al., 2020). 

Regarding general cognitive abilities, some studies indicate women may have higher global 

cognitive performance than men (Han et al., 2012), although this may depend on the number of 

domains and tests included within studies, as others find deficits in global cognitive scores for 

women (Fond et al., 2020), or a similar level of general deficit between men and women (Mu et 

al., 2020).  

Methodological differences may explain some inconsistencies across studies (Keith et al., 

2007; Pezutti et al., 2020). However, sex-based differences in the measurement properties of the 

cognitive tests might also contribute to inconsistent findings. Studies that report mean 

differences between men and women with SZ assume unbiased and invariant measurement, i.e., 

that the scales measure equivalent constructs in men and women. However, before attributing 

mean differences in performance on tests to differences in abilities, researchers must examine 

invariance in the latent structure of the tests to determine if the measurement of latent constructs 

is comparable between groups (Putnick & Bornstein, 2016). A number of studies of population-

based normative samples for widely used tests (e.g., Wechsler Intelligence scales) conclude that 

some differences in performance between men and women appear to be real, whereas other 

appear to result from sex-based test measurement variance (e.g., Pezutti et al., 2020). Similarly, 

latent structure of cognitive abilities may be variant for men and women with SZ, which would 

contribute to inconsistent findings in the SZ literature. However, sex-based variance in 

measurement properties of cognitive tests has not been examined in SZ. 

 Therefore, the current study extends research findings regarding sex-based differences in 

cognition by examining whether the latent structure of cognition in SZ is invariant between men 

and women by applying multigroup confirmatory factor analysis (CFA) to neurocognitive data 
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collected as part of the Clinical Antipsychotic Trials of Intervention Effectiveness (CATIE) 

study. Models were examined separately for men and women and included two assessments to 

determine stability of their latent structure. We expected that a bifactor seven-factor model 

(Becker et al., 2021) would fit the data better than other models. If the latent structure is invariant 

across sex, it is expected based on the literature that women will perform better on tests of 

processing speed (Fond et al., 2018; Longenecker et al., 2010; Torniainen et al., 2011), verbal 

memory (Fond et al., 2018; Longenecker et al., 2010; Tsai et al., 2017), and general cognitive 

ability (Han et al., 2012; Murillo-Garcia et al., 2020), whereas men were expected to score better 

scores on tests of vigilance (Mu et al., 2020).  

Method 

Participants 

The CATIE study included 1,493 people from 57 sites throughout the United States with 

a DSM-IV diagnosis of SZ who were between the ages of 18 and 65, able to take oral 

medication, demonstrated adequate decision making, and provide informed consent (Keefe et al, 

2006; Stroup et al., 2003). Participants with two assessments were included in the current study. 

Neurocognitive data for assessment 1 was available for 1,425 participants (men n = 1,060, 

women n = 365) and 1,133 participants had data from assessment 2, conducted approximately 

two months after assessment 1 (men n = 840, women n = 293). Only individuals with complete 

cognitive data were included in analyses. Multivariate outliers were excluded based on 

Mahalonobis distance with p < .001, resulting in exclusion of 26 participants (n = 22 men, n = 4 

women) at assessment 1 and 38 participants (n = 26 men, n = 7 women) at assessment 2. The 

final data set included 813 cases at assessment 1 (men n = 612, women n = 201), and 747 cases 
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at assessment 2 (men n = 549, women n = 198). This study used deidentified archival data and 

was deemed exempt by the local institutional review board for the protection of human subjects.  

Measures 

The CATIE battery consists of numerous well-validated and reliable tests of Processing 

Speed, Reasoning, Working Memory, Verbal Memory, and Vigilance domains. Tests included in 

the multigroup CFA for this study are listed in Table 1 (Supplementary Materials). More detail 

about test battery and administration, staff training for adherence with standards for data 

collection, test scoring, and data editing and transmission is reported by Keefe et al. (2003). 

Following assessment 1, participants completed assessment 2 cognitive testing at scheduled 

study intervals.  

Data Analysis  

Data were examined to determine if test scores met assumptions of CFA regarding 

normality, homoscedasticity, and linearity. The reaction time scores for the CPT and the no delay 

score for the visual working memory test were excluded because the violated these assumptions. 

Conventional standard errors were used to estimate CFA parameters. See Table 1 and Table 1 

Supplementary Materials for group demographic and descriptive data, respectively.   

Assessment 1 data was used to identify the best fitting model for men and women.  

Assessment 2 data was then used to cross-validate the findings from assessment 1. At assessment 

1, first-order, hierarchical, and bifactor models were examined for men and women. Models are 

presented in Table 2 Supplementary Materials. First order models that were examined included 

one-, five-, six-, and seven-factor models. The one-factor model hypothesized all test scores 

loaded on one general cognitive factor. The five-factor model was based on Keefe et al. (2006) 

which reported a hierarchical model with five domains including Processing Speed, Reasoning, 
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Working Memory, Verbal Memory, and Vigilance for the CATIE cognitive data. A six-factor 

model separated Verbal Fluency measures from Processing Speed, based on studies that 

identified verbal fluency deficits in SZ (Tyberski et al., 2015). A final seven-factor model 

identified by Becker et al. (2021) further split phonemic and semantic fluency into separate 

constructs, according to research suggesting that those with SZ exhibit differential patterns of 

cognitive abilities across both components of verbal fluency (Ojeda et al., 2010; Piras et al., 

2019). In contrast to first-order models, the hierarchical models include a general second order 

factor to examine whether a general cognitive construct accounts for the covariation among the 

specific first order factors. Hierarchical five-, six-, and seven-factor models were tested. Finally, 

bifactor five-, six-, and seven-factor models were also examined to determine whether there were 

separate latent contributions of general and specific factors. For assessment 2, the best fitting 

model identified in assessment 1 was then estimated in males and females. 

Mplus version 5 using Maximum Likelihood as an estimator was used to estimate all 

models (Muthén and Muthén, 2007). Model fit was assessed using model chi-square, the 

Comparative Fit Index (CFI), Root Mean Squared Error of Approximation (RMSEA), and 

Bayesian Information Criterion (BIC). The chi-square provides a good indication of how well the 

hypothesized model fits the actual data (Hu and Bentler, 1999). Because chi-square may be 

significant even with good fitting models when sample size is large, the CFI, TLI, RMSEA, and 

BIC were also considered. The CFI was used to compare the independence model to the 

hypothesized model (Bentler, 1990), Tucker Lewis Index (TLI) values ≥. 95 were included as 

cutoffs for good model fit (Byrne, 2010; Browne and Cudeck, 1992), RMSEA to evaluate the fit 

between the hypothesized model and the population covariance matrix (Steiger, 1990), and the 

BIC to compare the relative fit of competing models. The BIC has a strict penalty for 
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overparameterized models than the other indices used for these analyses and was added to better 

estimate fit in larger models (Vrieze, 2012). Good model fit was indicated by CFI and TLI ≥ .95, 

and RMSEA ≤ .06 (Hu and Bentler, 1999). Lastly, relative fit was determined by lower BIC 

values (Dziak et al., 2020). 

Following these analyses, multi-group CFA was used to assess measurement invariance 

between men and women at assessment 1 and 2. Configural, metric, scalar, and residual 

invariance were examined sequentially to allow for comparison of factorial invariance with 

successive and additive constraints (Byrne, 2008). Configural invariance was assessed to 

determine if the same items load on factors for men and women. Weak factorial invariance was 

examined using metric invariance to determine if factor loadings for the factor structures of men 

and women were similar (Horn and McArdle, 1992). Strong factorial invariance was assessed 

using scalar invariance to determine if both factor loadings and intercepts were the same. Strict 

factorial invariance was assessed using residual factorial invariance to determine if residual 

variances were the same. Change to the following goodness of fit indices with each step of 

analysis were used to evaluate model invariance: chi-square difference with p < .05, CFI and TLI 

decreases ≤ 0.010, and RMSEA increase ≤ 0.015 (Chen, 2007).   

Following invariance analyses, standardized factor scores were extracted from 

assessment 1 data for each factor using Mplus version 5. Differences in factor scores between 

men and women were then examined for each factor. To determine if there were any group 

differences, a general linear modeling approach was used that included between-subjects effects 

(men, women) and within-subject effects (factor scores). Age and the PANSS negative symptom 

score were included as covariates, given that women were significantly older at assessment 1 (p 

= .01, Cohen’s d = 0.20) and men had more severe negative symptoms (p = .02, Cohen’s d = 



   
 

53 
 

0.18). Years of education and PANSS general and positive symptom scores were not 

significantly different between groups (p = .74, .71, and .10, respectively). The percentage of 

men and women across neuroleptic type at assessment 1 or within two weeks prior were 

examined using chi-square; there was no statistically significant difference (χ2(4) =4.60, p =.33), 

so neuroleptic type was not included as a covariate.  

Results 

Model Fit Indices 

Table 2 shows the goodness of fit indices for men and women baseline models and the 

bifactor seven-factor model for men and women at assessment 1 and 2. The unidimensional one-, 

five-, six-, seven-factor, hierarchical five-, six-, seven-factor, and bifactor five-factor models did 

not result in good fit of assessment 1 data for either sex. The bifactor six-factor model had good 

fit for men at assessment 1, but not women. However, the bifactor seven-factor model provided 

good fit for both groups and was superior in fit for men relative to the bifactor six-factor model. 

Model fit remained good for the bifactor seven-factor model in both men and women at 

assessment 2. As expected, most of the assessment 1 test scores demonstrated strong loadings on 

their specific factors, with variable loadings on the general factor (see Figure 1). Notably, some 

tests (LNS, DS, Mazes) demonstrated relatively low loadings on their specific factors. Consistent 

with assessment 1, assessment 2 indicated that LNS, DS, and Mazes all showed higher factor 

loadings on the general factor and considerably low loadings on the specific factors.  

Invariance Analyses 

Results of measurement invariance analyses are presented in Table 3, which includes 

estimates of measurement invariance for the bifactor seven-factor model in men and women at 

assessment 1 and at assessment 2. Overall, there were minor differences in fit statistics at 
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assessments 1 or 2 for the different levels of invariance that were examined. At assessment 1, 

estimates of configural invariance indicated CFI and TLI values of .96 and RMSEA of .045. 

Similar CFI and TLI values were obtained when testing for metric invariance. CFI and TLI 

values decreased slightly when testing for scalar invariance, but the change did not exceed .010, 

indicating invariance. CFI and TLI values were also stable when testing for residual invariance. 

At assessment 2, CFI and TLI values remained consistent at .95 and, together with consistent 

RMSEA values, demonstrated configural, metric, scalar, and residual invariance.  

Factor Score Comparisons for Women and Men 

Factor scores for men and women at assessment 1 for the eight cognitive factors are 

presented in Figure 2. Raw scores for each factor are presented (solid lines), as are estimated 

marginal means controlling for age and negative symptom differences between men and women 

(dashed lines). Results of the overall analysis with age and negative symptoms as covariates 

indicated a significant main effect for cognitive factor, F(6.40,5147.25) = 22.32, p < .001, partial 

ɳ2 = .03, but not sex, F(1,804) = 3.75, p =.05, partial ɳ2 = .01, with a significant sex by cognitive 

factor interaction, F(6.40,5147.25) = 4.55, p < .001, partial ɳ2 = .01. Negative symptoms were a 

significant predictor in the overall model, F(1,840) = 33.17, p < .001, partial ɳ2 = .04, whereas 

age was not, F(1,840) = .41, p = .52. As can be seen from Figure 2, the interaction effect was 

accounted for by women performing better than men on Semantic Fluency, F(1,804) = 21.18, p < 

.001, partial ɳ2 = .03, Verbal Memory, F(1,804) = 6.89, p < .01, partial ɳ2 = .01, and the General 

factor, F(1,804) = 4.87, p < .05, partial ɳ2 = .01. Men performed better on Vigilance, F(1,804) = 

7.63, p < .01, partial ɳ2 = .01. There were no statistically significant differences between groups 

on Processing Speed, Phonemic Fluency, Reasoning, and Working Memory, Fs(1, 804) < 0.72, 

ps > .88 partial ɳ2s < .00. Univariate ANCOVAs with age and negative symptoms as covariates 
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confirmed this interpretation, with significant differences between groups on Semantic Fluency, 

F(1,804) = 21.18, p < .001, partial ɳ2 = .03, Verbal Memory, F(1,804) = 6.89, p < .01, partial ɳ2 = 

.01, Vigilance, F(1,804) = 7.63, p < .01, partial ɳ2 = .01, and General, F(1,804) = 4.87, p < .05, 

partial ɳ2 = .01 factors. There were no significant differences between groups on Processing 

Speed, Phonemic Fluency, Reasoning, and Working Memory, Fs(1, 804) < 0.73, ps > .66 partial 

ɳ2s < .001. 

Discussion 

The purpose of this study was to determine whether the latent structure of cognitive 

abilities was invariant for women and men with SZ to further examine sex-based differences in 

cognitive abilities. Various competing models were examined, including first-order one-, five-, 

six-, and seven-factor models, hierarchical five-, six-, and seven-factor models with a general 

second-order factor, and bifactor five-, six-, and seven-factor models. A bifactor model with 

seven specific factors and one general factor provided the best fit for the latent structure of the 

CATIE cognitive data for both men and women. The results of this study are consistent with the 

model previously identified by Becker et al. (2021) using the CATIE data and extend those 

results by demonstrating that the bifactor model provides an excellent fit for men and women 

with SZ. The seven specific factors included Processing Speed, Phonemic Fluency, Semantic 

Fluency, Reasoning, Working Memory, Verbal Memory, and Vigilance. The distinction between 

this model and less complex five-factor models was the separation of the Processing Speed 

construct into Processing/Motor Speed, Phonemic Fluency, and Semantic Fluency constructs. Fit 

indices such as the BIC, suggested that increased complexity for the seven-factor bifactor model 

did not account for its optimal fit. Follow-up examination of standardized factor score 

differences revealed a significant interaction, where women performed significantly better than 
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men on Semantic Fluency, Verbal Memory, and on the overall General domain, and men 

performed better on Vigilance. However, differences on these factors were small (partial 

ɳ2s=.01-.03). 

The impetus for examining the latent structure of cognitive abilities was based on 

numerous studies that demonstrated differences between the onset, presentation, and course of 

SZ in men and women, yet mixed evidence supporting sex-based cognitive differences. The 

extent to which these cognitive differences resulted from biases in the measurement properties of 

the tests, which could vary across men and women, had not previously been examined. Contrary 

to other well-documented important differences between women and men with SZ, the results of 

this study suggest that they have similar latent structure of cognitive abilities, indicating that any 

differences in their cognitive abilities are not accounted for by sex-based differences in the 

cognitive constructs assessed by the neuropsychological tests in the CATIE battery. These results 

were further strengthened by invariance between men and women at two different assessment 

times. Further, factor score differences between men and women were consistent with prior work 

suggesting that they differ across comparable tests of verbal memory (Fond et al., 2018; 

Longenecker et al., 2010; Tsai et al., 2017), vigilance (Mu et al., 2020) and general cognitive 

abilities (Han et al., 2012). Fewer studies of chronic SZ have included semantic fluency 

measures, although some reported comparable animal fluency scores between men and women 

with first-episode psychosis (Ayesa-Arriola et al., 2014; Danaher et al., 2018), a result that 

differs from the results of this study. The current study replicates previous research, which found 

similar performance for men and women with SZ in terms of processing speed (Mu et al., 2020), 

phonemic fluency (Fond et al., 2018), reasoning (Longenecker et al., 2010), and working 

memory (Longenecker et al., 2010; Mu et al., 2020) domains.  
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The identified latent structure may not fully characterize differences in cognition between 

men and women with SZ because the test battery did not evaluate some cognitive domains (e.g., 

visual memory, visuospatial skills), which could differ based on sex (Ayesa-Arriola et al., 2014). 

Also, some of the factors were estimated by multiple performance measures from a single test, 

due to the brevity of the CATIE battery. Our analyses indicated that the CATIE battery 

demonstrated invariance between men and women at assessments 1 and 2, which supports 

analyses that combine cognitive scores for both sexes. Therefore, further examination of men’s 

and women’s cognitive factor structures should include visuospatial tasks and more breadth of 

tests that examine verbal memory, executive function, and reaction time. Further, data for this 

study were collected from individuals with chronic SZ, so it remains unclear as to whether the 

bifactor seven-factor structure is invariant between men and women with psychosis broadly. The 

differences in performance between men and women with SZ identified on some factors were 

significant but small, which may explain why some studies identify differences and others do 

not.  

These results are clinically relevant as they support measurement invariance for men and 

women with SZ, and thus indicate that the CATIE battery is appropriate for use with both sexes, 

such that scores can be interpreted in a similar manner. Given invariance of the latent structure of 

the CATIE battery between men and women, performance on any given test may best be 

attributed to actual abilities, albeit with small differences between groups, as opposed to 

measurement bias. Such findings are also critical when considering the utility of 

neuropsychological test scores in treatment outcome studies. Similarity in latent structure of 

cognitive abilities between men and women with SZ assures that changes in cognition may be 
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attributed to the independent variables of interest (e.g., intervention, changes in symptoms) as 

opposed to test bias.  

Future research should examine the stability of latent cognitive structure of SZ with 

repeated assessment. While some differences in specific factors are expected based on the 

composition of the test battery, studies should examine whether this bifactor structure of 

cognitive abilities can also be identified with test batteries that incorporate different tests to 

understand the generalizability of these findings. However, the current results provide strong 

evidence for the invariance of the latent structure of cognitive abilities across men and women 

diagnosed with SZ. 
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Table 1. Assessment 1 Demographics 

 Men Women Total 
Mean age in years (SD) (n = 609) (n = 201) (n = 810) 
 38.1 (10.9) 40.2 (9.8) 39.1 (10.4) 
Mean education in years (SD) (n = 604) (n = 200) (n = 804) 
 11.7 (3.4) 11.8 (3.8) 11.8 (3.6) 
Race (n = 609) (n = 200) (n = 809) 
   White/Caucasian 397 112 509 
   Black/African American  183 73 256 
   Asian  12 7 19 
   More than one race  12 5 17 
   American Indian/Alaska Native  1 3 4 
   Native Hawaiian/Pacific 

Islander  
3 0 3 

   Unknown or not reported 
race/ethnicity 

1 0 1 

Ethnicity 
   Hispanic/Latino  

73 19 92 

   Not Hispanic/Latino 536 182 718 
Mean PANSS (SD) (n = 611) (n = 200) (n = 811) 

Positive Symptom Score 18.6 (5.6) 17.9 (5.5) 18.3 (5.6) 
Negative Symptom Score 20.0 (6.3) 18.9 (6.4) 19.5 (6.4) 
General Symptom Score 36.8 (9.2) 37.1 (9.5) 37.0 (9.4) 

Medication (n = 450) (n = 158) (n = 608) 
   Olanzapine  176 46 222 
   Quetiapine  58 30 88 

Risperidone  137 49 186 
Ziprasidone  28 16 44 
Haloperidol  33 10 43 
Decanoate  11 1 12 
Perphenazine  7 6 13 

Other  42 21 63 
All Other  114 53 167 
None  171 51 222 

Note. Table adapted from Becker et al. (2021). Neuroleptic medications were taken on the day of 

assessment 1 testing or two weeks prior. Other = participant received any other neuroleptic 

besides of the neuroleptics listed above; All Other = participant received any other neuroleptics 

(olanzapine, quetiapine, and risperidone not included); None = participant did not receive 

neuroleptics.  
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Table 2. Results of Fit Indices for Men and Women with SZ 

Assessment Model 2 (df) CFI RMSEA (90% CI) TLI BIC 
Assessment 1       
 Men 1 3121.60 (209) .57 .151 (.146, .156) .52 68496.27 

5 1881.49 (199) .75 .118 (.113, .122) .71 67320.33 
H5 2158.88 (208) .71 .124 (.119, .129) .68 67539.97 
B5 855.55 (187) .90 .076 (.071, .082) .88 66371.39 
6 1135.83 (194) .86 .089 (.084, .094) .83 66606.76 
H6 1599.39 (208) .79 .105 (.100, .109) .77 66980.48 
B6 492.26 (188) .96 .051 (.046, .057) .94 66001.69 
7 876.43 (188) .90 .077 (.072, .083) .87 66385.86 
H7 1561.13 (208) .80 .103 (.098, .108) .78 66942.22 
B7* 381.88 (188) .97 .041 (.035, .047) .97 65891.30 

Women 1 1187.57 (209) .54 .153 (.144, .161) .49 22588.79 
5 756.88 (199) .74 .118 (.109, .127) .70 22211.13 
H5 860.67 (208) .69 .125 (.116, .134) .66 22267.19 
B5 376.30 (188) .91 .071 (.060, .081) .89 21888.89 
6 461.45 (194) .88 .083 (.073, .093) .85 21942.21 
H6 652.36 (208) .79 .103 (.094, .112) .77 22058.88 
B6 344.96 (188) .93 .064 (.054, .075) .91 21857.54 
7 367.37 (188) .92 .069 (.058, .079) .90 21879.95 
H7 673.11 (208) .78 .105 (.097, .114) .76 22079.62 
B7* 314.94 (188) .94 .058 (.047, .069) .93 21827.52 

Assessment 2       
 Men B7* 457.71 (189) .96 .051 (.045, .057) .95 58736.24 
 Women B7* 303.95 (188) 

 
.95 

 
.056 (.044, .067) 

 
.94 21341.65 

 Note. Model numbers represent the number of single-level factors; H = hierarchical with g as the 

higher order factor; B = bifactor with g as the global factor and numbers represent the number of 

specific factors. All of the bifactor seven-factor models had significant chi-squared values at p < 

.001. * indicates that best fitting models.  
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Table 3. Measurement Invariance of the Bifactor Seven-Factor Model 

Invariance Level Chi-Square 
2 (df) 

Chi-Square Difference 
Test 2(df) 

CFI CFI 
Change 

TLI TLI 
Change 

RMSEA RMSEA 
Change 

BIC 

Assessment 1          

   Configural 2(201)=368.87, p<.001 - .960 - .956 - .045 - 87865.11 

   Metric 2(209)=371.54, p<.001 2(32)=38.83, p=.19 .962 -.002 .959 -.003 .044 .001 87657.33 

   Scalar 2(212)=413.39, p<.001 2(19)=91.45, p<.001 .953 .009 .949 .010 .048 -.004 87632.02 

   Residual 2(215)=403.89, p<.001 2(10)=19.77, p<.05 .956 -.003 .953 -.004 .046 .002 87550.55 

Assessment 2 
        

 

   Configural 2(196)=393.76, p<.001 - .951 - .946 - .052 - 80213.42 

   Metric 2(202)=386.55, p<.001 2(30)=30.15, p=0.46 .954 -.003 .951 -.005 .049 .003 80002.13 

   Scalar 2(202)=410.22, p<.001 2(19)=73.23, p<.001 .948 .006 .945 .006 .053 -.004 79953.53 

   Residual 2(205)=409.13, p<.001 2(9)=34.90, p<.001 .949 -.001 .947 -.002 .052 .001 79905.57 

Note. Chi-square for the baseline model in the Assessment 1 data: 2(226) = 4,475.27, p < .001. Chi-square for the baseline model in the 

Assessment 2 data: 2(215) = 4,250.86, p < .001. 
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Figure 1. Bifactor Seven-factor Model Loadings for Men (M) and Women (W) at 
Assessments 1 and 2 

 
Note. See Table 3 in Supplementary Materials for definitions of variables.  
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Figure 2. Specific and General Standardized Factor Scores for Men (M) and Women (W) 

 
Note. W=Women; M=Men; RS=Raw Scores, COV=raw scores with age and negative symptoms 

covaried. Error bars represent standard errors. PSp=Processing Speed, PFl=Phonemic Fluency, 

SFl=Semantic Fluency, REA=Reasoning, WM=Working Memory, VM=Verbal Memory, 

VIG=Vigilance, and GEN=General.  
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Supplementary Materials 

Table 1. Descriptive Statistics 

Test Score Assessment 1 Assessment 2 

 Mean (SD) Mean (SD) 

 Men Women Men Women 

Grooved Pegboard Trial 1 12.6 (3.6) 12.5 (3.8) 12.9 (3.7) 12.8 (3.9) 
Grooved Pegboard: Trial 2 14.1 (3.6) 14.1 (3.9) 14.1 (3.8) 14.2 (3.9) 
WAIS-R Digit Symbol Test  39.2 

(13.3) 
43.6 

(13.0) 
39.9 

(13.1) 
44.9 

(13.3) 
COWAT 1st letter    10.2 (4.0) 10.7 (3.8) 10.2 (4.0) 10.8 (4.0) 
COWAT 2nd letter    8.4 (3.7) 8.6 (3.5) 8.1 (3.7) 8.7 (3.5) 
COWAT 3rd letter    10.6 (4.5) 10.8 (4.0) 10.3 (4.2) 10.9 (4.2) 
Category Instances 1st category    14.5 (4.8) 14.6 (4.3) 14.5 (4.8) 14.8 (4.2) 
Category Instances 2nd category    10.2 (3.2) 11.4 (3.5) 10.2 (3.4) 11.8 (3.3) 
Category Instances 3rd category    8.5 (3.2) 10.2 (3.3) 8.7 (3.4) 10.5 (3.6) 
WCST perseverative errors   12.9 

(10.0) 
12.7 (9.9) 10.9 (8.0) 10.5 (8.3) 

WCST completed categories   2.3 (1.6) 2.3 (1.6) 2.5 (1.7) 2.5 (1.7) 
WCST additional cards in final category 2.2 (3.0) 2.4 (3.2) 2.0 (2.8) 2.1 (2.8) 
WISC-III Mazes total correct 19.2 (5.5) 17.6 (5.2) 19.5 (5.3) 17.6 (5.4) 
Letter-Number Sequencing Test total 
correct  

10.9 (4.3) 11.5 (3.9) 11.6 (4.2) 12.1 (3.8) 

CTVWM mean errors 5 second delay   25.1 
(15.3) 

24.7 
(12.4) 

24.6 
(15.3) 

25.0 
(13.9) 

CTVWM mean errors 15 second delay   27.2 
(16.0) 

27.4 
(14.6) 

27.4 
(16.6) 

28.1 
(17.9) 

HVLT-R Trial 1   4.9 (1.7) 5.5 (1.8) 5.0 (1.7) 5.4 (1.8) 
HVLT-R Trial 2   6.6 (2.0) 7.1 (2.2) 6.8 (2.1) 7.5 (2.1) 
HVLT-R Trial 3   7.7 (2.3) 8.4 (2.3) 7.9 (2.3) 8.5 (2.3) 
CPT-IP: d′ condition 2   2.51 

(1.00) 
2.41 

(1.07) 
2.69 

(0.97) 
2.65 

(1.06) 
CPT-IP: d′ condition 3  1.87 

(0.90) 
1.85 

(0.86) 
2.10 

(0.96) 
1.93 

(0.90) 
CPT-IP: d′ condition 4   1.09 

(0.82) 
1.00 

(0.76) 
1.18 

(0.80) 
1.06 

(0.75) 
Note: Assessment 1 (men n = 612, women n = 201), Assessment 2 (men n = 549, women n = 

198) 
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Table 2. Scores Included in Factors 

CATIE Domains and Test scores CFA Models 
 1-factor 5-factor 6-factor 7-factor 
Processing Speed     

Grooved Pegboard Trial 1  1 1 1 1 
Grooved Pegboard Trial 2  1 1 1 1 
WAIS-R Digit-Symbol Test number correct 1 1 1 1 
COWAT 1st letter  1 1 6 6 
COWAT 2nd letter  1 1 6 6 
COWAT 3rd letter 1 1 6 6 
Category Instances 1st category 1 1 6 7 
Category Instances 2nd category 1 1 6 7 
Category Instances 3rd category 1 1 6 7 

Reasoning     
WCST perseverative errors 1 2 2 2 
WCST completed categories 1 2 2 2 
WCST additional cards in final category 1 2 2 2 
WISC-III Mazes total correct  1 2 2 2 

Working Memory     
Letter-Number Sequencing Test total correct 1 3 3 3 
CTVWM mean errors 5 second delay 1 3 3 3 
CTVWM mean errors 15 second delay 1 3 3 3 

Verbal Memory     
HVLT-R Trial 1 1 4 4 4 
HVLT-R Trial 2 1 4 4 4 
HVLT-R Trial 3 1 4 4 4 

Vigilance     
CPT-IP d’ condition 2 1 5 5 5 
CPT-IP d’ condition 3 1 5 5 5 
CPT-IP d’ condition 4 1 5 5 5 

Note. Table was adapted from Becker et al. (2021). Hierarchical and bifactor models kept these 

domains for single-level and specific factors, respectively with the addition of g (including all 

variables) as the higher-order or global factor accordingly. WAIS-R = Wechsler Adult 

Intelligence Scale-Revised (WAIS-R) COWAT = Controlled Oral Word Association; WISC-III 

= Wechsler Intelligence Scale for Children, 3rd Ed. (WISC-III); WCST = Wisconsin Card 

Sorting Test; CTVWM = Computerized Test of Visual Working Memory; HVLT-R = Hopkins 
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Verbal Learning Test- Revised; CPT-IP d’ = Conners’ Continuous Performance Test- Identical 

Pairs number of correctly identified targets  
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Table 3. Definitions of Variables 

Abbreviation Test Score 
Digit Symbol Wechsler Adult Intelligence Scale-Revised (WAIS-R) Digit 

Symbol Test 
Grooved Peg (1 or 2) Grooved Pegboard Test Trial (1 or 2) 
COWAT (1, 2, or 3) Controlled Oral Word Association Test Trial 1, 2, or 3 
Category (1, 2, or 3) Category Test Trial 1, 2, or 3 
Mazes Wechsler Intelligence Scale for Children, 3rd Ed. (WISC-III) 

Mazes 
WCST Wisconsin Card Sorting Test 
per errors perseverative errors 
categories number of categories administered 
final sort number of additional consecutive cards in the final category 
LNS Letter-Number Sequencing Test 
CTVWM Computerized Test of Visual Working Memory 
5 sec mean errors during the five second delay 
15 sec mean errors during the 15 second delay 
HVLT-R (1, 2, or 3) Hopkins Verbal Learning Test- Revised Trial 1, 2, or 3 
CPT-IP d’ (2, 3, or 4) Conners’ Continuous Performance Test- Identical Pairs number of 

correctly identified targets on the two-, three-, or four- digit 
condition 
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Chapter IV: Longitudinal Stability of the Latent Structure of Cognition in Schizophrenia 

Note: Study III was submitted to European Psychiatry.  

The second dissertation paper, “Latent structure of cognitive tests is invariant in men and 

women with schizophrenia,” examined the latent structure of cognitive abilities in men and 

women with SZ to determine if measurement variance between these groups could underlie the 

variability observed in studies comparing cognitive performance in men and women. The results 

from this paper indicated that a bifactor seven-factor structure best fit the latent structure of 

cognitive abilities for both men and women with SZ. This bifactor model achieved strict factorial 

invariance, which further suggests that the latent structure between men and women with SZ is 

the same despite known differences in onset, symptoms, disorder course, and other important 

variables between men and women. Given that the factor structure was invariant, differences in 

the latent structure do not appear to account for differences in cognitive test performance 

between men and women with SZ. Future work should include tests that assess other domains 

such as visuospatial skills, that have documented sex differences among healthy adults. Such 

work would help determine if sex difference in SZ are consistent with what is found in the 

general population or are more consistent with neurodevelopmental abnormality that may 

contribute to symptoms and course of the disorder. Additional work would also benefit from 

inclusion of gender diverse individuals with SZ. 

Following this work, the third dissertation paper, “Stability of bifactor structure of 

cognition in schizophrenia with repeated assessment,” further examined the stability of the latent 

structure of cognition in SZ. It was critical to examine the latent structure longitudinally because 

neuropsychological tests are often used to examine changes in cognitive abilities over time, 

which could indicate improvement or decline in function. These analyses will elucidate whether 
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potential practice effects, changes in symptoms or medications, and other influences alter the 

constructs the tests measure when repeatedly administered over an extended period of time. Such 

information is critical when drawing conclusions from treatment outcome studies that 

incorporate neuropsychological measures to examine changes in cognition rather than 

measurement error.  
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Abstract 

Neurocognitive tests are now commonly used in treatment outcome studies of 

schizophrenia (SZ) spectrum disorders to determine if treatment is impacting cognitive abilities. 

In these applications, longitudinal measurement invariance of the neurocognitive tests is essential 

to ensure that changes in test scores over time are not simply the result of changes in the 

measurement properties of the tests caused by repeated administrations. However, this critical 

issue has not been rigorously examined. To investigate measurement invariance of 

neurocognitive tests in SZ, the current study examined neurocognitive test performance across 

four repeated assessments that were collected as part of the Clinical Antipsychotic Trials of 

Intervention Effectiveness (CATIE). Confirmatory factor analysis was conducted to identify 

whether first-order or bifactor models provided the best fit to the data for all four assessments, 

and invariance analysis was used to examine change in the latent structure of cognition across 

repeated assessments. Results lend support for a stable bifactor model characterized by both a 

global cognitive factor and specific cognitive domains. These findings allow longitudinal 

changes in cognitive abilities as a result of treatment or other relevant variables to be more 

confidently attributed to actual changes in cognition and thus demonstrate that neurocognitive 

tests are well suited for longitudinal investigation of cognitive changes in SZ. 

 

Keywords: schizophrenia, cognition, CATIE, factor analysis, repeated assessment 
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Introduction 

Cognitive deficits in schizophrenia (SZ) are common and predict important outcomes, 

which has prompted their examination in treatment trials designed to ameliorate SZ symptoms. 

One basic issue that requires further investigation is whether the latent structure of cognitive 

abilities remains stable across repeated assessment. In treatment outcome trails, longitudinal 

cognitive changes could be associated with the effects of novel interventions, exposure-related 

practice effects that change the nature of the cognitive constructs assessed by the tests, changes 

in positive or negative symptoms that might interfere with a patient’s ability to perform 

optimally, or numerous other factors (Herold et al., 2020; Moritz et al. 2021; Okasha et al., 2020; 

Rodriguez-Toscano et al., 2020). The extent to which longitudinal changes in cognitive test 

scores may reflect measurement error that results from repeated assessments is important to 

determine if cognitive tests are to be confidently used to assess changes in cognition in 

randomized controlled trials of novel interventions, developmental studies of age-related 

changes, or other conditions where longitudinal changes in cognition are central to assessment 

objectives. However, the longitudinal stability of the latent structure of specific and general 

neurocognitive abilities in SZ has not been rigorously evaluated.  

An exploratory factor analysis of the neurocognitive data from the Comparison of 

Atypicals in First Episode SZ (CAFE) study found support for the longitudinal stability of a one 

factor model of neurocognition over a 12-week assessment period (Hill et al., 2008). Similarly, 

over an 18-week assessment period, invariance analysis provided support for a model consisting 

of one latent construct reflecting performance on neurocognitive and functional performance 

measures for individuals with SZ (Harvey et al., 2013). In both studies, one factor was identified, 

and the latent structure of the neurocognitive test scores did not appear to change in response to 
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antipsychotic medication treatment. These findings provide preliminary support for the stability 

of a generalized neurocognitive factor, but do not provide much insight into whether latent 

models that include more specific neurocognitive abilities identified as important features of SZ 

(e.g., attention, executive functions, memory) would demonstrate similar stability over time. The 

stability of specific factors is relevant because some studies support a unitary factor (Dickinson 

et al., 2004; 2006; Harvey et al., 2013; Hill et al., 2008), whereas other factor analytic studies 

identify separable and specific cognitive domains including processing speed, executive 

function, working memory, verbal memory, and attention/vigilance domains (Burton et al., 2013; 

Becker Wright et al., 2021; Gladsjo et al., 2004; Keefe et al., 2006; Ojeda et al., 2012; McCleery 

et al., 2015; Nuechterlein et al., 2004). Some studies also identify crystalized verbal abilities, 

visual learning and memory, and social cognition when measures for these abilities are included 

in the batteries (Burton et al., 2013; Gladsjo et al., 2004; Ojeda et al., 2012; McCleery et al., 

2015; Nuechterlein et al., 2004). Becker et al. (2021) recently examined whether the latent 

structure of neurocognition in SZ might be best characterized by models that include general and 

specific latent constructs, including hierarchical and bifactor models. Confirmatory factor 

analysis (CFA) of the CATIE data set indicated a bifactor model with one general factor and 

seven specific factors provided the best fit of the data. That model demonstrated better fit than 

multidimensional first-order and hierarchical models and is consistent with idea that cognition in 

SZ may manifest with both specific and generalized deficits. This model also provided the best 

fit when males and females were examined separately, and it evidenced strict factorial 

invariance, which further suggests that measurement variance does not appear to account for 

differences in levels of cognitive performance sometimes reported between males and females 

(Ayesa-Arriola et al., 2014; Bozikas et al., 2010; Buck et al., 2020; Halari et al., 2006; Fond et 
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al., 2018; Longenecker et al., 2010; Mu et al., 2020; Ittig et al., 2015; Torniainen et al., 2011; 

Tsai et al., 2017).  

 This study was conducted to follow up the results reported by Becker et al. (2021) by 

determining whether the bifactor latent structure of cognitive tests identified in that study would 

demonstrate longitudinal invariance across four assessments spanning 18 months. The analyses 

were conducted on the neurocognitive data collected as part of the Clinical Antipsychotic Trials 

of Intervention Effectiveness (CATIE) study to identify a best fitting model using CFA to 

compare first-order and bifactor models. Invariance analyses were then conducted for the best 

fitting model to examine longitudinal measurement invariance.  

Method 

Participants 

Participants in the current study were selected from the CATIE database, which consisted 

of 1,493 participants from 57 sites across the United States with a DSM-IV diagnosis of SZ. 

Individuals in the database were between 18 and 65 years old, were able to take oral medication, 

had adequate decision making, and provided informed consent (Keefe et al., 2006; Stroup et al., 

2003). Of the 839 participants who had complete neurocognitive baseline data, only those who 

had complete data at all four assessment timepoints were included in the current student, which 

resulted in a sample of 211 participants. Multivariate outliers were identified using a 

Mahalanobis distance cut-off of p < .001, and based on these analyses, a total of six participants 

were excluded from the dataset, resulting in a final sample of 205. Demographic and clinical data 

for this sample of 205 participants at baseline assessment is presented in Table 1. 

Measures 
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The CATIE battery was comprised of tests for the following domains: Processing Speed, 

Reasoning, Working Memory, Verbal Memory, and Vigilance. The specific tests within the 

battery included: WRAT-III Reading Test (Wilkinson, 1993), Controlled Oral Word Association 

Test (COWAT; Benton and Hamscher, 1978), Category Instances (Benton and Hamscher, 1978), 

Wechsler Intelligence Scale for Children Revised-Third Edition (WISC-III) Mazes (Wechsler, 

1991), Hopkins Verbal Learning Test (HVLT-R; Brandt, 1991), Face Emotion Discrimination 

Task (FEDT; Kerr and Neale, 1993), Wechsler Adult Intelligence Scale-Revised (WAIS-R) 

Digit Symbol (Wechsler, 1974), Letter-Number Span Test (Gold et al., 1997), Grooved Pegboard 

(Lafayette Instrument Company, 1989), Computerized Continuous Performance Test-Identical 

Pairs (CPT-IP; Cornblatt et al., 1988), Computerized Test of Visuospatial Working Memory 

(CTVWM; Hershey et al., 1999) and a computerized, 64-card version of the Wisconsin Card 

Sorting Test (WCST; Heaton et al., 1993). FEDT scores were excluded from analyses for two 

reasons: First, previous work demonstrated that social cognition is separate from other 

subdomains of neurocognition (Allen et al., 2007), and second, CATIE FEDT scores are 

considered unacceptably skewed, per the report of Keefe et al. (2006).  

Procedures 

Neurocognitive tests were administered by CATIE staff, who were trained in data 

collection, editing, and transmission by the National Institute of Mental Health Neurocognitive 

Assessment Training Unit. Training included specific consideration for testing those with SZ to 

help ensure reliable data collection (Keefe et al., 2003). The National Institute of Mental Health 

Neurocognitive Assessment Training Unit audited test scores for accuracy. Participants repeated 

cognitive testing at approximately two, six, and 18 months following a baseline assessment or a 

change in medication. Some participants had additional assessments for a variety of reasons 
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(switching study medications) but only four assessments were used in the current study in order 

to maximize sample size.   

Data Analysis  

 Cognitive data from the first four consecutive assessments was used to ensure that any 

practice effects based on test exposure would be similar across participants. The four assessment 

points included baseline assessment and follow-up assessments occurring approximately two, 

six, and 18 months after the baseline assessment and following study neuroleptic induction (see 

Keefe et al., 2003, for more detail about the CATIE study phases and design). Descriptive 

statistics for the test-retest intervals are provided in Table 2. Cognitive data met the assumptions 

of CFA regarding normality, homoscedasticity, and linearity, so parameter estimates were 

produced with conventional standard errors. 

Factor models were completed using Mplus version 5 using Maximum Likelihood as an 

estimator (Muthén and Muthén, 2007). Fit was assessed using model chi-square and additional 

goodness of fit indices due to the sensitivity of chi-square to sample size. These additional 

analyses included comparative fit index (CFI) to examine differences between the independence 

model and the hypothesized model (Bentler, 1990), root mean squared error of approximation 

(RMSEA) to evaluate fit between the hypothesized model and the population covariance matrix 

(Steiger, 1980), and Bayesian information criterion (BIC) to compare the fit between the models 

tested. BIC was examined due to its stricter penalty for overparameterized models compared to 

other relative fit indices (e.g., Akaike information criterion; Vrieze, 2012). Model fit was 

considered good according to the following thresholds: CFI and TLI ≥ .95, RMSEA ≤ .06 (Hu & 

Bentler, 1999), and lower BIC values (Dziak et al., 2020). Acceptable fit included CFI and TLI ≥ 

.90 and RMSEA ≤ .08. 
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Models evaluated in the current study are presented in Table 3. A one-factor model was 

evaluated as an informed baseline model that hypothesized all test scores loaded on one general 

neurocognitive factor. The five-factor model evaluated was used as a comparison model and was 

based on the report of Keefe et al. (2006) and included Processing Speed, Reasoning, Working 

Memory, Verbal Memory, and Vigilance factors. A single-level model was included in this paper 

given that it had better fit than hierarchical baseline models in recent work (Becker et al., 2021). 

The seven-factor model split phonemic and semantic fluency into separate constructs, based on 

research suggesting that these two fluency measures are differentially sensitive to cerebral 

dysfunction in SZ (Piras et al., 2019).  

After examining factor structure, multi-group CFA was used to assess longitudinal 

measurement invariance across the four repeated assessments. As recommended by Byrne 

(2008), invariance was assessed at configural, metric, scalar, and residual levels, to allow 

determination of weak, strong, or strict factorial invariance. Configural invariance measures 

whether the same items load on the same factors at each assessment. Metric invariance assesses 

the equivalence of factor loadings across the repeated assessment (Horn and McArdle, 1992) 

which provides evidence for weak factorial invariance. Scalar invariance was used to assess 

whether loadings for each test score on each factor remained the same with repeated assessment, 

which would provide evidence for strong factorial invariance. Finally, residual factorial 

invariance examines the equivalence of residual variances across assessment, which provides 

evidence for strict factorial invariance. Models were considered invariant with repeated 

assessment if chi-square (chi-square difference with p > .05) and if differences in fit indices did 

not exceed the following thresholds: CFI difference ≤ 0.010, TLI difference ≤ 0.010, and 

RMSEA difference ≤ 0.015 (Chen, 2007). 
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Results 

Model Fit Indices 

Table 4 contains the goodness of fit indices for the single-level one-factor, five-factor, and 

bifactor seven-factor models for all four assessments. The single-level one- and five-factor 

models had consistently poor fit for each assessment. However, the bifactor seven-factor model 

demonstrated good fit for the first and fourth assessment, with acceptable fit for the second and 

third assessments. Thus, the bifactor seven-factor model fit the data best for each assessment. 

Factor loadings for the bifactor seven-factor model are presented in Table 5. Digit Symbol, 

Mazes, and LNS had relatively low loadings on their specific factors and high loadings with the 

general factor across all four assessments.  

Invariance Analyses 

Invariance analyses are presented for all four assessments for the one-factor, five-factor, 

and bifactor seven-factor models in Table 6. For the bifactor seven-factor model, CFI, TLI, and 

RMSEA values remained stable, indicating metric invariance. CFI and TLI values decreased 

slightly in models with assumed scalar invariance, and RMSEA increased minimally; however, 

these changes in fit indices were small enough to indicate that the models were invariant. Lastly, 

CFI, TLI, and RMSEA values remained stable across assessments when testing for residual 

invariance. In conclusion, all four assessments were found to have configural, metric, scalar, and 

residual invariance.  

Secondary Analyses 

To determine whether missing data was influencing the current results, the fit of the 

bifactor seven-factor structure that was identified in the sample of 205 participants was 

compared to the fit of the model for the remainder of the baseline sample of participants who did 
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not have complete neurocognitive data at all four assessments. After adjusting for univariate 

outliers and deleting multivariate outliers, this comparison sample included 621 participants. 

Invariance analyses comparing the 205 participants who were included to the 621 participants 

who were not indicated that the latent structure did not differ between those who had all four 

assessments compared to those who did not. Fit indices indicated that the bifactor seven-factor 

structure provided good fit for both samples (Supplementary Materials Table 1). Invariance 

analyses conducted using the bifactor seven-factor model for both samples also found that CFI, 

TLI, and RMSEA values were stable between samples (Supplementary Materials Table 2). CFI 

decreased slightly with examination of scalar invariance; however, this did not exceed the 

change thresholds specified previously. Thus, the latent structure for the sample used to examine 

longitudinal stability did not appear to differ from the rest of participants included in the baseline 

sample. 

Discussion 

The purpose of this study was to determine whether the latent structure of cognitive 

abilities remained stable across four longitudinal assessments collected over a 65-week period. 

Various competing models were examined, including a one-factor, a five-factor, and bifactor 

seven-factor model. The bifactor seven-factor model provided the best fit for the CATIE data at 

all four assessments, and consisted of seven specific factors (Processing Speed, Phonemic 

Fluency, Semantic Fluency, Reasoning, Working Memory, Verbal Memory, and Vigilance) and 

a generalized factor. These findings are consistent with our previous work that identified and 

validated a bifactor seven-factor model for the CATIE baseline data (Becker et al., 2021). It was 

critical to examine the latent structure of cognitive abilities across repeated assessments because 

a number of aspects might influence test performance over time, such as changes in symptoms 
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and medications, which may in turn alter the cognitive factor structure. Potential changes in 

factor structure would limit conclusions that might be drawn from changes in test performance 

over time, such as in outcome studies that use cognitive data to examine the efficacy of various 

treatments for SZ, given that those studies often span months or years. This study is the first to 

examine longitudinal invariance of a complex model of cognition in SZ. Results provide strong 

evidence for the stability of the latent structure of cognitive abilities with repeated assessment in 

individuals diagnosed with SZ. The results also suggest that the stability of the latent structure is 

robust, given that a significant amount of time passed (approximately 16.5 months) between 

baseline testing and the fourth assessment, and given that extraneous factors (e.g., medication, 

psychiatric symptoms, health status) may impact performance on cognitive tests (Herold, Duval, 

& Schröder, 2020; Moritz et al. 2021; Okasha et al., 2020). This finding suggests that cognitive 

tests that are commonly utilized in SZ batteries measure the same latent constructs with repeated 

assessments (and over time). The stability in cognitive factor structure identified here allows 

changes in cognition to be more confidently attributed to variables of interest as opposed to 

measurement variance of the cognitive tests. Invariance was present despite induction of 

medication and other changes in disorder manifestations or health-related characteristics (e.g., 

symptoms, side-effects) that inevitably occur in longitudinal evaluations.  

The current results present multiple important considerations for research. These results 

suggest that expected changes in test scores are not introducing measurement variance. Thus, 

factor scores derived from the latent constructs identified here will be useful for longitudinal 

cognitive evaluations that document cognitive changes in SZ as a result of intervention, disease 

progression, and other important clinical factors. It is the case that depending on the test 

characteristics, prior exposure to a test may operate on test scores in different ways. Although 
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not directly examined in the current study, the results suggest that the measurement properties of 

these cognitive tests remain invariant regardless of changes in test scores that result from prior 

exposure or practice effects.  

Regarding clinical implications, the results of the current study corroborate previous 

findings that various neuropsychological profiles are found in SZ and provide support for 

conclusions drawn from reliable change indices. For example, some people with SZ have 

relatively well-preserved cognitive abilities with good separation of domains similar to healthy 

adults, whereas others have generalized deficits across multiple domains, and others show a mix 

of generalized and/or specific deficits (Becker et al., 2021). These findings regarding invariance 

of factor structure with repeated assessment are also relevant for repeated clinical evaluations 

because reliable change indices assume measurement invariance; specifically, that the latent 

structure of cognition does not change over time except with the induction of neurological insult. 

Thus, changes in performance over time are attributed to decline in cognitive functioning. 

Furthermore, these results provide strong support that the latent structure is invariant at the group 

level.  

This study is limited in several respects. Individuals included in these analyses were 

drawn from a larger group, and the substantial reduction in available cases with repeated 

assessment is likely due to the considerable attrition reported within the CATIE study following 

an 18-month course, which raises concern for generalizability (Rosenheck et al., 2006; Volavka 

et al., 2014). However, this bifactor model was demonstrated to fit in the larger sample (Becker 

et al., 2021), when participants were split into male and female groups (Becker Wright et al., 

under review), and when compared to the participants at baseline who were not included in the 

current longitudinal analyses, which provides evidence that results found in this group 
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generalize. Another important consideration is that the factors identified in this study were 

limited to some degree by the neuropsychological tests that were included in the assessment 

battery. A more extensive neuropsychological test battery is expected to identify other factors 

that were not identified here. Furthermore, the CATIE battery also includes multiple scores 

derived from single tests, which raises concerns about method variance contributing to the 

overall model fit, making it difficult to determine how well the measures assess the cognitive 

constructs of interest (Becker et al., 2021). 

Future studies should investigate the generalizability of the bifactor seven-factor 

structure, examine the stability of factor structure with varying durations, and compare 

subgroups of SZ profiles over time. Generalizability of the bifactor structure would be improved 

by inclusion of more diverse ethnoracial samples of individuals with SZ and with related 

populations (e.g., psychosis broadly). Additionally, alternative batteries should be examined that 

include different tests and their respective scores within each domain to examine whether a 

bifactor structure is truly replicable or at least partially attributed to method variance. Studies 

may examine whether the bifactor seven-factor structure is consistent with repeated assessment 

and over longer durations given the lifespan course of SZ. Future work may also examine 

intraindividual profile comparisons within subgroups of cognitive performance (such as by using 

general or specific factor scores) to determine if there is variability in cognition for certain 

cognitive subgroups of  SZ with repeated assessment or over time. This study provides support 

for consistency of the latent structure of cognition in SZ with repeated assessment and supports 

the use of neuropsychological data to examine longitudinal changes in cognition in treatment 

outcome studies and other circumstances where changes in cognitive function are anticipated.   
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Table 1. Baseline Demographics  

Demographic Type A1 
 n = 205 
Mean age in years (SD) 39.1 (10.6) 
  
 n = 205 

Mean education in years 
(SD) 

12.1 (3.0) 

 n = 205 

% Male 72.7 

  

% Race n = 204 

   White/Caucasian 73.0 

   Black/African 
American  

21.1 

   Asian  3.4 

   More than one race  1.5 

   American 
Indian/Alaska Native  

.98 

   Native 
Hawaiian/Pacific 
Islander  

0 

  

% Ethnicity n = 205 

Hispanic/Latino  26 

Not Hispanic/Latino 179 

  

Mean PANSS (SD) n = 205 

Positive Symptom 
Score 

17.2 (5.2) 

Negative Symptom 
Score 

19.6 (6.5) 

General Symptom 
Score 

35.4 (8.9) 

  

Medication n = 205 

   Olanzapine  74 

   Quetiapine  20 

Risperidone  55 



   
 

102 
 

Ziprasidone  11 

Haloperidol  10 

Decanoate  1 

Perphenazine  4 

Other  12 

All Other  36 

None  35 

Note. A = Assessment 1. Table was adapted from Becker et al. (2021). Race and ethnicity 

descriptors reflect those used in the CATIE database. Hispanic/Latino was a separate variable, so 

individuals also chose between race options listed. Neuroleptic medications were taken on the 

day of baseline testing or two weeks prior. Other = participant received any other neuroleptic 

besides of the neuroleptics listed above; All Other = participant received any other neuroleptics 

(olanzapine, quetiapine, and risperidone not included); None = participant did not receive 

neuroleptics.  
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Table 2. Descriptive Statistics 

Test Score A1 A2 A3 A4 
 Mean (SD) Mean (SD) Mean (SD) Mean (SD) 
  n = 205 n = 205 n = 205 
Test-retest interval 
from baseline 
(weeks) 

- 8.7 (2.3) 24.6 (4.6) 65.4 (15.9) 

     
Grooved Pegboard 
Trial 1 

12.77 (3.84) 13.67 (3.58) 13.79 (3.64) 13.98 (4.12) 

Grooved Pegboard: 
Trial 2 

14.29 (3.74) 14.84 (3.64) 15.01 (3.66) 15.04 (3.88) 

WAIS-R Digit 
Symbol Test  

41.15 (12.57) 44.01 (12.88) 44.76 (13.93) 45.58 (14.70) 

COWAT 1st letter    10.38 (4.12) 10.54 (4.07) 10.75 (4.06) 11.28 (4.45) 
COWAT 2nd letter    8.63 (3.72) 8.31 (3.58) 8.43 (3.80) 8.89 (3.77) 
COWAT 3rd letter    10.74 (4.58) 10.76 (4.48) 10.70 (4.39) 11.07 (4.48) 
Category Instances 
1st category    

14.80 (4.69) 14.88 (4.70) 14.89 (4.88) 15.10 (4.73) 

Category Instances 
2nd category    

10.50 (3.20) 10.90 (3.55) 10.80 (3.30) 11.00 (3.44) 

Category Instances 
3rd category    

9.23 (3.37) 9.24 (3.39) 9.65 (3.45) 9.47 (3.39) 

WCST 
perseverative errors   

11.80 (9.03) 9.94 (7.16) 10.11 (8.35) 10.22 (8.35) 

WCST completed 
categories   

2.42 (1.66) 2.60 (1.77) 2.81 (1.87) 2.80 (1.84) 

WCST additional 
cards in final 
category 

2.42 (3.18) 2.11 (2.94) 2.34 (2.95) 2.43 (2.96) 

WISC-III Mazes 
total correct 

19.78 (4.74) 19.96 (4.92) 20.41 (4.75) 20.39 (4.74) 

Letter-Number 
Sequencing Test 
total correct  

11.38 (4.09) 12.28 (4.02) 12.25 (3.99) 12.42 (4.43) 

CTVWM mean 
errors 5 second 
delay   

23.24 (12.19) 21.45 (10.94) 21.47 (10.78) 21.31 (11.36) 

CTVWM mean 
errors 15 second 
delay   

25.14 (12.59) 24.27 (12.66) 24.14 (13.16) 24.75 (13.35) 

HVLT-R Trial 1   5.05 (1.75) 5.24 (1.85) 5.32 (1.91) 5.26 (1.80) 
HVLT-R Trial 2   7.03 (2.07) 7.07 (2.16) 7.14 (2.07) 7.21 (2.26) 
HVLT-R Trial 3   8.18 (2.31) 8.22 (2.28) 8.37 (2.22) 8.31 (2.40) 
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CPT-IP: d′ 
condition 2   

2.72 (0.96) 2.93 (0.88)  2.98 (0.89) 2.97 (0.89) 
 

CPT-IP: d′ 
condition 3  

2.03 (0.84) 2.27 (0.96) 2.33 (0.89) 2.23 (0.96) 
 

CPT-IP: d′ 
condition 4   

1.13 (0.82) 1.29 (0.81) 1.32 (0.83) 1.37 (0.82) 

Note. n = 205 for all test scores. A1 = Assessment 1, A2 = Assessment 2, A3 = Assessment 3, 

A4 = Assessment 4.  
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Table 3. Scores Included in Factors  

CATIE Domains and Test scores 1-factor 5-factor 7-factor 
Processing Speed    

Grooved Pegboard Trial 1  1 1 1 
Grooved Pegboard Trial 2  1 1 1 
WAIS-R Digit-Symbol Test number correct 1 1 1 
COWAT 1st letter  1 1 6 
COWAT 2nd letter  1 1 6 
COWAT 3rd letter 1 1 6 
Category Instances 1st category 1 1 7 
Category Instances 2nd category 1 1 7 
Category Instances 3rd category 1 1 7 

Reasoning    
WCST perseverative errors 1 2 2 
WCST completed categories 1 2 2 
WCST additional cards in final category 1 2 2 
WISC-III Mazes total correct  1 2 2 

Working Memory    
Letter-Number Sequencing Test total correct 1 3 3 
CTVWM mean errors 5 second delay 1 3 3 
CTVWM mean errors 15 second delay 1 3 3 

Verbal Memory    
HVLT-R Trial 1 1 4 4 
HVLT-R Trial 2 1 4 4 
HVLT-R Trial 3 1 4 4 

Vigilance    
CPT-IP d’ 2 1 5 5 
CPT-IP d’ 3 1 5 5 
CPT-IP d’ 4 1 5 5 

Note. Table was adapted from Becker et al. (2021). The bifactor seven-factor model kept these 

domains for specific factors, with the addition of g (including all variables) as the global factor. 

WAIS-R = Wechsler Adult Intelligence Scale-Revised (WAIS-R) COWAT = Controlled Oral 

Word Association; WISC-III = Wechsler Intelligence Scale for Children, 3rd Ed. (WISC-III); 

WCST = Wisconsin Card Sort Test; CTVWM = Computerized Test of Visual Working Memory; 

HVLT-R = Hopkins Verbal Learning Test- Revised; CPT-IP d’ = Conners’ Continuous 

Performance Test-Identical Pairs number of correctly identified targets for conditions 2-4.  
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Table 4. Fit Indices of the Factor Models for Each Assessment 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Note. For each of the four assessments, n = 205. CFI = comparative fit index. RMSEA = root 

mean-square error of approximation. RMSEA 90% CI = root mean-square error of 

approximation 90% confidence interval. BIC = Bayesian information criterion. Model numbers 

represent the number of single-level factors; 5 = five first-order factors; B7 = bifactor model with 

one global factor and 7 specific factors. Each of the bifactor seven-factor models had significant 

chi-squared values at p <.001. * indicates that best fitting models.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Assessment Model ꭓ2 (df) CFI TLI RMSEA (90% CI) BIC  
1 1 1192.67 (209) .558 .512 .152 (.143, .160) 22906.82 

5 749.41 (199) .753 .713 .116 (.107, .125) 22516.79 
B7* 285.00 (188) .956 .946 .050 (.038, .062) 22110.93 

2 1 1345.51 (209) .544 
 

.496 .163 (.155, .171) 22695.64 

 5 817.28 (199) .752 .712 
 

.123 (.114, .132) 22220.64 
 B7* 316.97 (189) .949 .937 .057 (.046, .068) 21773.55 
3 1 1297.92 (209) .548 .500 .159 (.151, .168) 22831.11 

 5 798.44 (199) .751 .711 .121 (.112, .130) 22384.86 
 B7* 330.58 (189) .941 .928 .060 (.049, .071) 21970.23 
4 1 1216.88 (209) .581 .537 .153 (.145, .162) 

 
23019.70 

 5 731.15 (199) .779 .743 .114 (.105, .123) 22587.19 
 B7* 272.50 (189) .965 .958 .046 (.034, .058) 22181.78 
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Table 5. Factor Loadings for the Bifactor Seven-factor Model at Four Assessments 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Note. Factor loadings are presented for both general and specific factors for each of the four 

assessments (n = 205). A1-4 = Assessment number. Digit Symbol = Wechsler Adult Intelligence 

Scale-Revised (WAIS-R) Digit Symbol Test; Grooved Peg (1 or 2) = Grooved Pegboard Test 

Trial (1 or 2); COWAT (1, 2, or 3) = Controlled Oral Word Association Test Trial 1, 2, or 3; 

Category (1, 2, or 3) = Category Test Trial 1, 2, or 3; Mazes = Wechsler Intelligence Scale for 

Factor  General factor loadings Specific factor loadings 
Test Score A1 A2 A3 A4 A1 A2 A3 A4 

Processing Speed         
    Digit Symbol .70 .71      .72      .74     .22 .20      .26      .24      
    Grooved Peg 1 .55 .52      .49      .54      .78 .79      .77      .80      
    Grooved Peg 2 .54      .48      .49      .56      .74 .80      .84      .72      
Phonemic Fluency         

COWAT 1 .51      .53      .57      .53      .73 .62      .67      .66      
COWAT 2 .62      .52      .67      .60     .52 .65      .39      .56      
COWAT 3 .56      .58      .62      .65     .59 .67      .58      .53      

Semantic Fluency         
Category 1 .62    .52      .60      .64      .45      .49      .40      .40     
Category 2 .54      .54      .52      .59     .61      .67      .61      .56      
Category 3 .42      .45      .50      .49     .67      .71      .66      .66      

Reasoning         
Mazes .45      .53      .45      .43      .13      .10      -.14      .05      
WCST pers errors -.42 -.59      -.42      -.50      -.71      -.69      .91      -.80      
WCST categories .44 .53      .46      .50      .66      .54      -.55     .58     
WCST final sort .17      .19      .27      .16      .17      .27      -.18      .25      

Working Memory         
LNS .71 .76      .77      .71      -.05      .08      -.08     -.09     
CTVWM 5 sec -.49      -.49     -.39     -.40     .74      .38      .92      .92 
CTVWM 15 sec -.48     -.62      -.43     -.44      .51      .79      .39      .47      

Verbal Memory         
HVLT-R 1 .51      .51      .51      .49     .47      .52      .59      .55      
HVLT-R 2 .59      .58      .55      .58      .81      .76      .76      .67     
HVLT-R 3 .52 .64      .61      .61      .51      .52      .57      .63      

Vigilance         
CPT-IP d’ 2 .58      .56      .57      .59     .45      .49      .45      .47      
CPT-IP d’ 3 .63      .62      .61      .66 .73      .79      .77      .75      
CPT-IP d’ 4 .57      .58      .63      .64     .38      .40      .38      .36 
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Children, 3rd Ed. (WISC-III) Mazes; WCST = Wisconsin Card Sort Test; per errors = 

perseverative errors; categories = number of categories administered; final sort = number of 

additional consecutive cards in the final category; LNS = Letter-Number Sequencing Test; 

CTVWM = Computerized Test of Visual Working Memory; 5 sec = mean errors during the five 

second delay; 15 sec = mean errors during the fifteen second delay; HVLT-R (1, 2, or 3) = 

Hopkins Verbal Learning Test- Revised Trial 1, 2, or 3; CPT-IP d’ (condition 2, 3, or 4) = 

Conners’ Continuous Performance Test-Identical Pairs number of correctly identified targets on 

the two-, three-, or four-digit condition.  
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Table 6. Measurement Invariance Estimates at Four Assessments 
 

1-Factor Model 
Chi-Square  

ꭓ2 (df)  

Chi-Square 
Difference Test  

ꭓ2(df) CFI CFI Change TLI TLI Change RMSEA 
RMSEA 
Change BIC 

Invariance Threshold    ≤ -.010  ≤ -.010  ≤ .015  

Configural 
ꭓ2(180)= 374.16,  

p < .001 - .729 - .726 - .073 - 86135.38 

Metric 
ꭓ2(181)= 372.46, 

 p <.001 
ꭓ2(40)=34.66,  

p =.7091 .733 .004 .732 .006 .072 -.001 85853.90 

Scalar 
ꭓ2(181)=371.75, 

 p < .001 
ꭓ2(63)=114.69,  

p < .001 .734 .001 .733 .001 .072 .000 85633.07 

Residual 
ꭓ2(181)= 369.27,  

p < .001 
X2(47)=62.31,  

p = .0666 .738 .004 .736 .003 .071 -.001 85376.23 

Five-Factor Model          

Configural 
ꭓ2(180)= 305.83,  

p < .001 - .825 - .823 - .058 - 85428.54 

Metric 
ꭓ2(180)= 304.31, 

 p < .001 
ꭓ2(39)= 44.56, 

 p = .2492 .827 .002 .825 .002 .058 .000 85215.05 

Scalar 
ꭓ2(180)= 363.51,  

p < .001 
ꭓ2(57)= 1259.45, 

 p < .001 .744 -.083 .741 -.084 .071 .013 86171.21 

Residual 
ꭓ2(181)= 362.12, 

 p < .001 
ꭓ2(47)=51.11,  

p = .3155 .748 .004 .746 .005 .070 -.001 85898.69 

          

Bifactor 7-Factor Model          

Configural 
ꭓ2(179)= 242.06,  

p < .001 - .912 - .911 - .041 - 85350.08 

Metric 
ꭓ2(180)= 243.11,  

p < .001 
ꭓ2(70)= 90.97,  

p = .0469 .912 .000 .911 .000 .041 .000 84832.98 

Scalar 
ꭓ2(180)= 246.38,  

p < .001 
ꭓ2(66)= 149.76,  

p < .001 .907 -.005 .906 -.005 .042 .001 84631.42 

Residual 
ꭓ2(181)= 248.06,  

p < .001 
ꭓ2(46)= 66.95,  

p = .0234 .907 .000 .906 .000 .043 .001 84391.85 

          

Note. CFI = Confirmatory fit index; TLI = Tucker Lewis index; RMSEA = root mean square error of approximation; BIC = Bayesian 

information criterion. Chi-square for the baseline model: ꭓ2(182) = 899.53, p < .0001. Values represent fit indices and their change 

over four repeated assessments for a one-factor, five-factor, and bifactor seven-factor model.
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Supplementary Materials 

Table 1. Model Fit Statistics for the Repeated Assessment Sample Compared to the Other 
Baseline Participants  

 
 
 
Note. CFI = 

Confirmatory fit index; TLI = Tucker Lewis index; RMSEA = root mean square error of 

approximation; BIC = Bayesian information criterion. B7 = bifactor model with one global 

factor and 7 specific factors. Each of the bifactor seven-factor models had significant chi-squared 

values at p < .001. Repeated assessment sample (n = 205) and the rest of the baseline participants 

(n = 621). 

 
 
 
 
 

 

 

 

 

 

 

 

 

Sample Model ꭓ2 (df) CFI TLI RMSEA (90% CI) BIC  
205 B7 285.00 (188) .956 .946 .050  (.038, .062) 22110.93 
621 B7 421.31 (188) .965 .957 .045  (.039, .050) 67288.54 
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Table 2. Invariance Analysis for the Repeated Assessment Sample Compared to the Other Baseline Participants  

Note. CFI = Confirmatory fit index; TLI = Tucker Lewis index; RMSEA = root mean square error of approximation; BIC = Bayesian 

information criterion. Chi-square for the baseline model: ꭓ2(231) = 4622.19, p < .001. Repeated assessment sample (n = 205) and the 

rest of the baseline participants (n = 621). 

 

 
 

Bifactor 7-Factor Model 
Chi-Square  

ꭓ2 (df)  

Chi-Square 
Difference Test  

ꭓ2(df) CFI CFI Change TLI TLI Change RMSEA 
RMSEA 
Change BIC 

    ≤ -.010  ≤ -.010  ≤ .015  

Configural 
ꭓ2(208)= 391.95,  

p < .001 - .958 - .953 - .046 - 89545.56 

Metric 
ꭓ2(214)= 384.72,  

p < .001 
ꭓ2(31)= 28.46, 

 p = .598 .961 .003 .958 .005 .044 -.002 89337.53 

Scalar 
ꭓ2(219)= 393.60,  

p < .001 
ꭓ2(20)= 35.90,  

p = .016 .960 -.001 .958 .000 .044 .000 89229.10 

Residual 
ꭓ2(221)= 393.78,  

p < .001 
ꭓ2(17)= 25.78,  

p = .079 .961 .001 .959 .001 .044 .000 89133.42 
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Chapter V: Conclusion 

This series of studies was undertaken to achieve three goals including 1) determining 

whether a first order, hierarchical or bifactor models best characterized the latent structure of 

cognitive abilities in SZ, 2) determine whether the latent structure of cognitive abilities in SZ 

was invariant between men and women, and 3) determine if the latent structure was stable over 

time with repeated assessment. The major findings for each aim were as follows: the first 

dissertation paper, “Bifactor model of cognition in schizophrenia: Evidence for general and 

specific abilities,” found that a bifactor seven-factor model best fit cognitive data in SZ and that 

this model was replicated in a cross-validation sample. The second paper, “Latent structure of 

cognitive tests is invariant in men and women with schizophrenia,” concluded that a bifactor 

seven-factor model characterized the latent structure of cognitive abilities in men and women 

with SZ. Further, this structure was invariant, and women performed better than men on 

Semantic Fluency, Verbal Memory, and General cognition, whereas men had better Vigilance 

scores. However, men and women with SZ performed similarly on Processing Speed, Phonemic 

Fluency, Reasoning, and Working Memory measures. Results of the third paper “Stability of 

bifactor structure of cognition in schizophrenia with repeated assessment,” indicated that a 

bifactor seven-factor model of cognition in SZ was invariant over four repeated assessments 

conducted over 16.5 months.  

The results from these studies contributed to existing literature by introducing a bifactor 

model of cognition in SZ, providing evidence that measurement invariance is not an underlying 

cause of discrepancies in cognitive differences in men and women with SZ, and support 

longitudinal administration of cognitive tests because the latent structure (bifactor model) 

remains invariant with repeated assessment. Specifically, a bifactor model had not previously 
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been tested in SZ and may characterize the latent structure of cognitive abilities better than 

previous models that concluded SZ is characterized by a general deficit or hierarchical models, 

as these models cannot allow for the examination of how individual scores contribute to a 

general factor. Importantly, the results of this study imply that cognitive tests in SZ might be best 

selected and interpreted with scores that capture specific areas of cognition and general cognitive 

abilities. Thus, data collected in evaluations can be used to target specific deficits for treatment 

targets, as with cognitive remediation, and allow for the examination of a more generalized 

deficit across domains that might be associated with functional outcomes and other important 

domains.  

 Given the heterogeneity of cognitive performance in SZ, it was important to examine 

whether the latent structure of cognitive abilities was the same for men and women due to mixed 

evidence about performance between these groups across cognitive domains. The second paper 

added to literature on differences between men and women by providing evidence that the 

measurement of cognitive tests is invariant between these groups and thus is not a likely 

explanation for discrepancies in cognitive performance previously reported for men and women 

with SZ. Further, the results suggest that men and women with SZ differ across some aspects of 

cognitive functioning, but that performance across many domains is comparable. This work 

directly relates to the importance of test selection for men and women with SZ, as it suggests that 

the CATIE battery is appropriate for use with men and women with SZ because the tests likely 

consistently measure the same constructs in both groups. Regarding the observed differences in 

cognitive performance between men and women, findings in this area warrant replication and 

extension to include other cognitive domains where sex-based differences have been identified in 

the normal population.  
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 The final study further contributes to extant knowledge by demonstrating that the latent 

structure, specifically a bifactor structure, remains stable with repeated assessment over the 

course of 16.5 months. Although cognitive tests are often used for longitudinal assessment, 

previous research with SZ has not examined longitudinal invariance in the latent structure of 

complex models like the bifactor model, over multiple follow-up assessments, nor over the 

duration examined in this third paper. These findings are important for drawing conclusions from 

repeated cognitive evaluations in SZ and suggest that because test measurement remains 

invariant over time, change in scores may be attributed to actual change performance (i.e., 

reliable change), rather than error that could result from changes in the measurement of test 

constructs with repeated assessment. With this known, the accuracy of clinical decision making 

based on reliable change can be more confidently assured.  

 Future directions based on these works should examine whether a bifactor model 

generalizes to other samples of individuals with SZ, such as ones that include more ethnoracially 

diverse sample or other groups with psychosis. Studies should include additional measures of the 

cognitive domains with fewer scores derived from the same measure, which would increase 

divergent validity and add incrementally to the robust assessment of aspects of each cognitive 

domain. Additional exploration as to whether a bifactor model can be replicated despite 

including fewer or more cognitive domains (specific factors) to better understand the scores 

related to the general deficit in SZ when considering more practical (shorter) or comprehensive 

(longer) batteries.  

Subsequent studies of cognition in men and women with SZ should include tests that 

assess additional domains with identified differences in healthy men and women. Also, more 

studies are needed that compare cognitive differences in men and women with SZ to men and 
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women without the disorder to determine what differences may be unique to those with SZ as 

opposed to more typically replicated differences in healthy men and women. Importantly, more 

research is needed to better understand cognition in SZ in sex and gender diverse individuals. 

Further, additional investigation is necessary to determine what factors contribute to these 

differences and the extent that any consistent differences in cognitive performance between men 

and women with SZ are related to other heterogenous characteristics of the disorder (symptoms, 

disorder onset, premorbid abilities in men and women). Lastly, future work should examine 

ethnoracial differences in the latent structure of cognitive abilities in SZ to better understand if 

test measurement is similar or different between groups and what sociocultural factors could 

underlie such differences if present. 

 Finally, future work would benefit from determining whether a bifactor structure remains 

stable over longer periods of time. Additional studies would benefit from examining changes in 

symptom level data and medication over time with repeated assessment to understand the extent 

to which these factors vary, despite likely stable test measurement with repeated assessment. In 

conclusion, these papers provide evidence that the latent structure of cognition in SZ is stable 

and support the use of neuropsychological testing within this population for assessing cognitive 

abilities and change in cognitive performance with repeated assessment. Thus, results from these 

studies provide strong support for the use of neuropsychological tests within SZ treatment 

outcome studies. 
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Appendix B. Use of Previously Published Material 

Study I was published in the Journal of Psychiatric Research, Study II was submitted to 

Schizophrenia Research, and Study III was submitted to European Psychiatry. Elsevier allows 

replication of published works by the author within the publication of a dissertation manuscript 

along with the link to the original article. For reference to the published article, visit the link 

below: 

Becker, M. L., Ahmed, A. O., Benning, S. D., Barchard, K. A., John, S. E., & Allen, D. N. 

(2021). Bifactor model of cognition in schizophrenia: Evidence for general and specific 

abilities. Journal of Psychiatric Research, 136, 132-139. 

https://doi.org/10.1016/j.jpsychires.2021.01.051.  
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