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Abstract

Cognitive impairment in schizophrenia is often severe, enduring, and contributes significantly to
chronic disability. A standardized platform for identifying cognitive impairments and measuring
treatment effects in cognition is a critical aspect of comprehensive evaluation and treatment for
individuals with schizophrenia. In this project, we developed and tested a suite of ten web-based,
neuroscience-informed cognitive assessments that are designed to enable the interpretation of
specific deficits that could signal that an individual is experiencing cognitive difficulties. The
assessment suite assays speed of processing, sustained attention, executive functioning, learning
and socio-affective processing in the auditory and visual modalities. We have obtained data from
283 healthy individuals who were recruited online and 104 individuals with schizophrenia who
also completed formal neuropsychological testing. Our data show that the assessments 1) are
acceptable and tolerable to users, with successful completion in an average of under 40 minutes; 2)
reliably measure the distinct theoretical cognitive constructs they were designed to assess; 3) can
discriminate schizophrenia patients from healthy controls with a fair degree of accuracy (AUROC
>.70); and 4) have promising construct, convergent, and external validity. Further optimization and
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validation work is in progress to finalize the evaluation process prior to promoting the
dissemination of these assessments in real-world settings.
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1. INTRODUCTION

1.1. Importance of Cognition in Schizophrenia

Individuals with schizophrenia (SZ) as a group show a wide range of cognitive impairments,
especially within the domains of speed of processing, attention, executive functioning,
learning and socio-affective processing?, with deficits up to 2.5 standard deviations below
healthy control subjects2. There is nonetheless a great deal of inter-individual variability,
with some studies showing unimpaired cognitive abilities in some domains3. When cognitive
impairment is defined as a performance deficit of at least one standard deviation below the
mean calculated from a healthy control population on one or more areas of cognitive
function, the estimated percentage of SZ patients who show cognitive impairment is 55—
80%3-5. Importantly, cognitive impairments endure over time, are identifiable early in the
course of illness, are present among individuals with prodromal risk syndrome, and
contribute to the prediction of conversion to psychosis?:.

Studies have shown that these impairments are neither the consequences of positive or
negative symptoms, nor related to motivation or global intellectual deficit, nor to anti-
psychotic medication. While positive and negative symptoms contribute to morbidity,
multiple studies have demonstrated that cognitive impairments in SZ contribute most to
chronic disability and unemployment, accounting for 20-60% of the variance in functional
outcome of individuals with SZ7.

While the development of new pharmacological, rehabilitative, and psychotherapeutic
treatments to enhance cognition has emerged as one of the most pressing challenges in the
therapeutics of SZ8, cognitive profiling in SZ is not routinely implemented in clinical
settings, with the result that that cognitive deficits largely go unaddressed. Therefore, there is
a growing need for reliable and valid evaluative tools to assess cognition that can be
administered and interpreted easily.

1.2. The Development of Online Neurocognitive Assessments (ONAS)

Attempts to measure cognition in SZ initially relied on well standardized clinical
neuropsychological measures chosen for their history of use in drug development trials for
antipsychotics. The MCCB, for example, has been used in the context of many clinical trials,
and it has been shown to have good psychometric properties®-11, but its administration is
costly and time-consuming. Since its design, a plethora of brief and reliable instruments for
assessing cognitive functioning by non-trained clinicians has been implemented in clinical
practice, both as paper and pencil tests (including Cogstate, RBANS, BACS,BCA ,and B-
CATS!2-16) or as computerized and/or web-based assessments1’—21. However, the recent

Schizophr Res. Author manuscript; available in PMC 2020 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Biagianti et al.

Page 3

explosion of technical advances in the field of human neuroimaging, neurophysiology, and
systems neuroscience has led to an increase in knowledge regarding the neural systems that
support cognitive processes in human subjects, and the potential pathophysiological
processes in SZ22:23_ |t is has now become clear that cognitive processes and the behaviors
reflecting those processes are mediated by activity within specific neural circuits, and that
drugs and non-pharmacological treatments act at the biological level to change neural circuit
functioning®4. Therefore, in order to measure treatment effects on cognition in SZ, we need
to translate measures from basic cognitive neuroscience into behavioral tools that assess the
function of specific neural systems that are critically impaired in SZ2°.

Initiatives like CNTRICS were able to identify measures of cognitive constructs from the
field of basic cognitive neuroscience, which led to development, optimization and validation
of four behavioral tasks26. While these tasks identify specific SZ-related cognitive
impairments, link to neural systems in functional neuroimaging studies, and correlate with
outcomes of interest, they still require specific hardware and software. Fundamentally, the
challenge lies in coupling neuroscience-informed psychometrically-sound tools with
accessible and ubiquitous technologies. Our project, aligned with the CNTRICS theoretical
framework, aimed to develop short, online behavioral measures of discrete cognitive
processes that individuals with SZ can easily and remotely complete with minimal
assistance, in both clinical and non-clinical settings. Importantly, these assessments were
designed to enable the interpretation of specific deficits that could be linked to neural
systems in SZ, with unique characteristics that hold potential as treatment targets24.

The first step in the development of the ONAs was to decide on the critical cognitive
domains and processes that are known to be impaired in SZ and in need of targeted
treatment. In line with the principles of team science, we integrated theoretical perspectives,
technical expertise and empirical knowledge of cognitive neuroscientists working in human
and or animal model systems, clinical researchers, and preclinical translational behavioral
neuroscientists?l. Through a consensus building process, we yielded a scheme of 5 critical
domains impaired in SZ: perception, attention, executive functioning, learning, and socio-
affective processing2®. Within each domain, we designated the specific cognitive construct
to be considered most relevant to the cognitive impairments of SZ (e.g. in the domain of
perception, we chose the construct of speed of processing). We defined “cognitive construct”
as a distinct process that could be measured at the behavioral level and for which there
existed clearly hypothesized and measureable neural-circuit mechanisms?’.

Each of these constructs was then targeted for measurement. For each construct, we
identified a cognitive neuroscience paradigm that could selectively and parametrically
measure the construct at the behavioral level. For each paradigm, we evaluated promising
measurement approaches from the basic cognitive neuroscience literature and developed
psychometric tasks in the visual and auditory modality (e.g. within the construct of speed of
processing, the paradigm we chose was speeded stimulus discrimination, and an example of
the task was frequency discrimination called sounds sweeps). Assessments also needed to
meet the following criteria: 1) Be able to be self-administered, 2) Be short, with each
assessment < 4 minutes, 3) Use standardized instructions that are simple and understandable;
4) Include practice trials prior to test trials, 5) Be easily interpretable. Based on these
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criteria, 10 assessment instruments were developed. A detailed list of these tasks is
presented in Supplementary Material.

1.3. Testing and Validating Online Neurocognitive Assessments (ONAS)

In this study, the evaluation of ONAs for use in SZ trials was completed thanks to a
multistep data-driven process. First, we remotely administered the battery to a convenience
sample of healthy controls (HC) and examined if the assessments measured discrete
cognitive functions and mapped onto the constructs they were designed to assess. Second,
we extended the remote and unsupervised administration of ONASs to a sample of SZ
patients, to examine if ONAs captured impairments in SZ and provided information about
the structure of cognition in this population. Finally, we conducted convergent and external
validity analyses to support using the ONAs in clinical practice and trials of treatments for
SZ.

2. EXPERIMENTAL/MATERIALS AND METHODS

2.1. Study Participants

SZ participants were recruited and studied as part of three independent RCTSs of cognitive
training: ClinicalTrials.gov NCT01973270 (recent onset schizophrenia, V= 68, age 21.9

+ 3.2, study ongoing), NCT01817387 (recent onset schizophrenia, V=21, age 21.3 £2.9,
study completed and outcome data reported in28), and NCT02105779 (chronic
schizophrenia, N=15, age 36.7 + 12.0, study completed and cognitive outcome data reported
in29). Participants with recent onset schizophrenia (RO) were drawn from two research
programs at the University of California, San Francisco. Participants with chronic
schizophrenia (CSZ) were drawn from research programs at the San Francisco VA Medical
Center. Recruitment and informed consent procedures for each site were reviewed and
approved by each site’s Institutional Review Boards. Healthy volunteers were recruited
online: information about the study aims and procedures was posted on the university
listservs, Study Finder and Reddit.

2.1.1. Inclusion and Exclusion Criteria—Criteria for SZ patients were: (1) age 16—
65 years, (2) Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition, (DSM-
IV) diagnosis of schizophrenia, schizophreniform, schizoaffective disorder, or psychosis
NOS, (3) good general physical health, (4) fluent in English, (5) no neurological disorder or
clinically significant head injury, (6) no current, clinically significant substance abuse that
would impede assessment or training, (7) ability to give valid informed consent, (8) no
medication changes in the prior month, and (9) stable outpatient status (no hospitalization
within the past 3 months). The criteria for healthy control participants included: (1) age 16—
60 years, (2) no endorsement of DSM-1V Axis | psychiatric disorders, (3) good general
physical health, (4) fluent in English, (5) no neurological disorder or clinically significant
head injury, (6) no endorsement of DSM-IV diagnosis of substance dependence, (7) ability
to give valid informed consent.
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2.2. Procedures

Eligible, consented HC’s were sent a link to access the Online Neurocognitive Assessments
(ONAs) and completed the tests remotely without supervision. After an intake evaluation
that determined study eligibility, SZ participants underwent an in-person structured
diagnostic clinical interview and a battery of clinical and neuropsychological tests, as well as
the ONAs. SZ participants completed the ONASs prior to starting the cognitive training
intervention. Staff aided all participants with accessing the ONAs but did not provide any
coaching. All study participants gave written informed consent for the study and were
compensated for their participation in all assessments. Payment was contingent on
participation and not performance.

2.3. Measures

All neuropsychological assessments and clinical interviews for SZ participants were
performed by highly trained raters, directly supervised by the same senior researchers (M.F.,
D.S, & R.L). The training of clinical and neuropsychological raters has been described in
detail in previous publications3C,

2.3.1. Online Neurocognitive Assessments (ONAs)—The ONAs were developed
by Posit Science. Each domain of interest (perception, attention, executive functioning,
learning, and socio-affective processing) is assessed in both auditory and visual modalities
through distinct tasks. Table 1 summarizes the list of ONAs used in the study, organized
according to domain, cognitive construct, and paradigm. A full description of these tasks,
along with web-links for researchers interested in using the assessments in their research, are
included in the Supplementary Material.

Each assessment takes approximately 3—4 minutes to complete. Practice trials are presented
at the beginning of each task, to help users familiarize with the stimuli and logic of the
assessment. In the first practice trial, users are shown the correct answer. They are then
asked to complete a few practice trials. If users provide wrong answers during the practice
trials (except for the sustained attention tasks, see Supplementary Material), additional trials
are presented.

2.3.2. Diagnostic Assessment—At study entry, each SZ participant received a
standardized diagnostic evaluation performed by research personnel trained in research
diagnostic techniques. Evaluations included the Structured Clinical Interview for DSM-IV
Axis | Disorders3L, as well as review of clinical records and interview with patient
informants (e.g., psychiatrists, therapists, social workers).

2.3.3. Neuropsychological, clinical, and functional outcome assessments—
The MATRICS Consensus Cognitive Battery (MCCB)® was administered to all SZ
participants. In addition, the Hopkins Verbal Learning Test-Revised (HVLT-R) and Brief
Visuospatial Memory Test-Revised (BVMT-R) delayed recall trials were administered. All
tests were scored and rescored by a second staff member blind to the first scoring. The
MCCB computerized scoring program was used to compute age and gender adjusted 7-
scores and the composite scores for individuals aged 20 or older, and published norms for
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individuals under 2032, T-scores for the HVLT-R and BVMT-R delayed recall trials were
computed using normative data from the published manuals. All SZ participants were
assessed with the Positive and Negative Symptoms Scale33. Functional outcome was
measured in SZ using the modified Global Assessment of Functioning (MGAF) scale3?.

2.4. Data Processing and Statistical Analyses

Prior to analysis, all variables were screened for univariate and multivariate normality. HC
and SZ participants’ performance on ONAs did not follow a normal distribution (with 8 out
of 10 assessments showing a skewed distribution and high kurtosis). There were no
significant outliers, and no floor or ceiling effects. SZ participants’ performance on MCCB
and mGAF followed a normal distribution.

All ONA raw scores from HC and SZ participants were rescaled to T-scores, with a mean of
50 and a standard deviation of 10, to have all variables on the same scale. ONA variables
were transformed so that higher = better, and lower = worse, to simplify comparisons across
tests.

The following analyses were conducted:

1. Testing our a-priori hypothesis that ONAs measured distinct cognitive processes
in HC, we first examined Spearman’s rank correlation coefficients between
assessments. Second, we used Confirmatory Factor Analysis (CFA) with
GEOMIN rotation to compare three nested models of varying complexity: a) a
single factor model, where all ONA scores loaded onto a single general cognitive
latent factor; b) a data-driven model of five factors allowed to correlate with each
other, which included perception, attention, executive functioning, learning, and
socio-affective processing; ¢) a data-driven model of four correlated factors
where perception and executive functioning loaded onto the same component.

2. To determine which ONAs are sensitive to the effects of SZ, we included data
from HC and SZ participants. First, we investigated whether age, years of
education and gender influence performance on the ONAs using hon-parametric
bivariate correlations and logistic regressions. Next, we estimated Receiver
Operating Characteristic (ROC) curves, adjusting for age and gender. ROCs are
created by plotting the true positive rate against the false positive rate at various
threshold settings — i.e. a measure sensitivity as a function of fall-out. To
measure the accuracy of each ONA to correctly classify the group being tested
into HC and SZ, we examined the Area Under the Receiver Operating
Characteristic Curve (AUROC). The closer AUROC for a model comes to 1, the
better the test is at discriminating the two classes. In line with the traditional
academic point system3°, we considered fairly accurate tests with AUROCs of .
70-.80.

3. Next, we tested whether the structure of ONA performance data in SZ matched
that of HC. The non-parametric correlation matrix in SZ revealed distributed
inter-correlations with high Spearman’s rank correlation coefficients. Based on
these findings, we first decided to evaluate for statistical fit the best-fitting factor
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solution from the HC analysis (5-factor solution) in the SZ data, using CFA with

GEOMIN rotation. Next, we compared the fit indexes of this model with those of
1) a single factor solution, and 2) a non-nested hierarchical model with five first-

order factors that loaded onto a single second-order general factor.

4. As the CFAs identified factors that matched theoretically some of the
neuropsychological constructs assessed by the MCCB, in order to assess
convergent validity, we measured the strength of the relationship between the
ONA scores and MCCB scores with Spearman rank-order correlations.

5. Finally, we conducted regression analyses to study whether the ONAs that are
sensitive to the effects of SZ explain a fraction of functional outcome variance
independent of that explained by MCCB. Using the Enter method, the ONAs
individual scores were entered in the first block, and the MCCB Global
Cognition T-score was entered in the second block as a single step.

Exploratory, regression and correlation analyses were conducted in IBM SPSS version 21
(IBM, 2012). All confirmatory analyses were conducted in MPlus version 7 (Muthen, 2013).
Factor models were compared using the fit indexes that are described in full in the
Supplementary Material. Additionally, we directly compared the nested models using the
chi-square differences test.

3. RESULTS

Three hundred and ninety-one qualifying participants (104 patients and 283 controls) were
included in the study. Table 2 depicts the demographic means and SDs for the entire sample,
as well as the means and SDs for the MATRICS and mGAF scores in the SZ sample. SZ
participants were significantly younger and had less years of education compared to HCs (all
ps<.001). There was a significantly higher proportion of males in the SZ sample compared
to HCs (x2 = 26.89, ps< .001).

The completion of all 10 ONAs required 37115 minutes for HC’s and 39+ 18 mins for SZ’s.
The difference between-groups was non-significant (p=.19). There was variability for
completing the battery, with a standard deviation of 17 min and a range of 33 minutes for the
entire sample. SZ participants completed the ONAs without interruption and qualitatively
reported good understanding of the instructions. A series of One-Way ANOVAs showed that
study site did not significantly affect performance on ONAs, with non-significant between-
groups differences (all ps=.11).

3.1. Do ONAs measure distinct cognitive processes in HC?

There were significant correlations between performances on the auditory and visual
assessments of each cognitive construct (e.g., correlation between auditory and visual speed
of processing tasks). Spearman’s rho coefficients ranged from .21 to .32, suggesting that,
while each pair of tasks tapped into the same cognitive construct, performances in the two
sensory modalities only partially overlapped. There were also some significant
intercorrelations among performances on tasks that assessed different domains (e.g., Visual
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Sweeps with Auditory Task Switcher). However, the highest rho coefficient found in the
correlation matrix was .28, suggesting that ONAs measure distinct cognitive processes.

Results of the CFA on HC data, including fit indices for the competing models, are
presented in Table 3. The results of the Ay 2 tests for nested models are presented in Table 4.
The single-factor solution, in which all ONAs load onto a single cognitive factor, provided a
poor fit for the data (see Table 3, “Single-factor”). The single-factor model was then
compared to the four correlated factors solution (attention, learning, socio-affective
processing, and executive functioning combined with perception). The four-factor solution
yielded a significant increase in model fit over the single-factor solution [Ax 2 (6)= 28.056,
p<0.001], but the fit was still relatively poor (see Table 3, “4-factor”). Next, we compared
the four-factor model to the five correlated factors solution. The five-factor solution further
improved the model fit beyond the four-factor solution [Ay 2 (4)= 13.664, p<0.001] and was
a reasonable fit for the data, as the RMSEA is less than 0.50 and the CFl is greater than 0.90
(see Table 3, “5-factor”, and Supplementary Material). Taken together, these analyses on
HCs indicate that ONAs show promising psychometric properties and that they reliably
measure the five theoretical cognitive constructs they were designed to assess.

3.2. Do ONAs capture SZ-related impairments?

The second goal of the analysis was to test whether the ONAs captured SZ-related
impairments. As our two samples were not matched by age, gender, and years of education,
we first investigated whether these three demographic variables influenced performance on
the ONAs in the combined sample. Logistic regressions indicated that gender influenced
performance on some ONAs at trend-level significance, with females performing better at
some tasks, and males performing better at others. Non-parametric bivariate correlations
showed that age and/or years of education affected performance on the ONAs significantly
or at trend-level significance, with better performance associated with younger age or more
years of education. However, as education does not have the same implications in healthy
subjects and schizophrenia patients, due to the developmental nature of the disorder3®, and
because age and years of education where highly correlated (rho=.46), we estimated ROC
curves for all ONAs only adjusting for age and gender.

Results from the ROC analysis are presented in Table 5 and Figure 1. After adjusting for
age, gender and years of education, six ONAs (Sound Sweeps, Visual Sweeps, Sustained
Visual Attention, Auditory Task Switcher, Auditory Associates and Visual Associates)
showed the ability to distinguish HCs from SZs with a fair degree of accuracy (AUROCs > .
70). SZ participants performed significantly worse on these tasks compared to HCs (see
Figure 1). Sustained Auditory Attention, Visual Task Switcher, Emotion Motion and Voice
Choice failed or performed poorly at discriminating HCs from SZs (AUROCSs .5-.6). The
AUROC for the composite score of the 6 ONAs that were sensitive to the effects of SZ was
0.788.

3.3. Do ONAs measure distinct processes in SZ?

The third goal of the analysis was to determine whether the factor model that best fitted the
HC data could apply to the SZ data. Accordingly, we first inspected the correlation matrix in
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SZ, which revealed significant and distributed inter-task correlations with rho coefficients
ranging from .28 to .73. In particular, performances on those 6 ONAs that were sensitive to
the effects of SZ were significantly inter-correlated. This seemed to suggest that the overall
pattern of group differences found in the ROCs could reflect shared variance across
cognitive domains in SZ, with little evidence of domain-specific impairment. Based on these
findings, we first decided to evaluate for statistical fit a single factor solution, in which all
ONA s load onto a single cognitive factor, using CFA with GEOMIN rotation (Table 6).
Next, we compared the fit indexes of this model with those of 1) the 5-factor solution from
the HC analysis in the SZ dataset, and 2) a non-nested hierarchical model with five first-
order factors that loaded onto a single second-order general cognitive factor.

Results of the CFA on SZ data, including fit indices for the competing models, are presented
in Table 6. The single-factor solution provided a poor fit for the data, as the RMSEA was
greater than 0. 50 and the CFI was less than 0.90 (see Table 6, “Single-factor”). The five-
factor solution was a very good fit to the data, and yielded a significant increase in model fit
over the single-factor solution [Ax 2(10) = 30.345, p<0.001]. The hierarchical model was
also a very god fit to the data. The smaller values for x 2 /df and the information criterion-
based fit indices (i.e. AIC, BIC, SABIC - see Supplementary Material) for the hierarchical
model, along with the better fit indices (see Table 6, “Hierarchical”), demonstrate that
addition of a general cognitive factor yielded a slightly improved model fit over the five
correlated factors solution.

3.4. Convergent and external validity of ONAs

As the five factors identified in SZ and HC by the CFAs represent cognitive domains that are
assessed by the MCCB, we measured the strength of the relationship between the ONAs
subscores and the MCCB subscores in the SZ sample. We found significant Spearman’s
rank-order correlations between the two batteries in the medium range for speed of
processing (rho= .54), attention (rho =.57), executive functioning (rho=.40), learning (rho=.
42), but not for emotion recognition (rho =.13). For across-domains and within-domain
correlations, please see the Supplementary Material. Finally, there was a highly significant
correlation between the composite score of the 6 ONASs that were sensitive to the effects of
SZ, and the MCCB Global Cognition T-score (rho =.73).

Finally, to investigate external validity, we assessed the relationship of the ONAs that are
sensitive to the effects of SZ with functional outcome measures. Spearman’s rank-order
correlations between scores from these 6 sensitive tests and mGAF showed that the auditory
speed of processing, auditory executive functioning, and auditory learning tasks all
significantly correlated with mGAF (rhos = .26-.42), whereas the correlations with the three
visual ONAs sensitive to the effects of SZ were not significant. All MCCB subscores were
significantly correlated with mGAF (rhos .24-.40). In order to determine whether the
fraction of mMGAF variance explained by the three auditory ONAs was already explained by
MCCB scores, we ran a multiple regression, entering auditory ONAs individual subscores
and MCCB Global Cognition score in two blocks as separate predictors. This regression
accounted for ~38% of the variance (adjusted A% = .376). The three auditory ONAs sensitive
to SZ explained 23,6% of the mGAF variance, and adding the MCCB Global Cognition
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score increased the A2 at a trend-level (Fchange= 3.23, p=.08). This suggests that the 3
auditory ONAs sensitive to the effects of SZ are capturing a fraction of the mGAF variance
that is not explained by MCCB scores.

4. DISCUSSION

As cognitive interventions become more available for people with SZ, there exists a strong
need to reliably assess cognitive abilities in clinical and non-clinical settings via easy-to-use,
brief tools that do not require face to face administration or special hardware and
software37-39, While several neurocognitive computerized batteries are currently
available1’21 numerous drawbacks speak to their general utility within a real-world clinical
setting. Our battery sought to address these shortcomings by successfully providing ONAs
that 1) are informed by cognitive affective neuroscience; 2) have good psychometric
properties; 3) capture discrete cognitive impairments in SZ; 4) are brief, web-based, and
inexpensive; and 5) do not require unique infrastructure, or administration and interpretation
by trained staff. In this study, we tested the ONAs in a sample that included 283 healthy
controls and 104 patients with SZ successfully, who completed the battery on a web-based
platform, without assistance, in an average of under 40 minutes.

The psychometric analysis of ONAs for use in SZ studies was completed through a
multistep data-driven process. First, data from the HCs demonstrated that the magnitude of
the intercorrelations among performance in the ONAs is lower than that observed with more
standard clinical neuropsychological measures®?, indicating that the measures are capturing
unique constructs. Additionally, results from CFA indicated that ONASs reliably measure the
five theoretical cognitive constructs they were designed to assess. Further, to the degree that
the ONAs demand or share some more general features/processes (such as the ability to
sustain performance over time, comprehend instructions, engage with challenging tasks,
etc.), our findings clearly indicate that such shared processes are not a major contributor to
variance in the observed individual differences in performance in HC, which ultimately
suggests that ONAs measure distinct cognitive processes.

Subsequent sensitivity analyses revealed that six of the ten ONAs (namely Sound Sweeps,
Visual Sweeps, Sustained Visual Attention, Auditory Task Switcher, Auditory Associates
and Visual Associates) distinguished HCs from SZs with a fair degree of accuracy, with SZ
participants performing significantly worse at these tasks compared to HCs. While the tasks
found to have low discriminative power may simply not have tapped into the expected
cognitive construct, it is also that there results are due to a sampling bias, given that our
sample included SZ participants who were less symptomatic, higher functioning, and less
likely to have a dual-diagnosis than some other study populations reported in the literature.
Finally, although we controlled for the between-group differences between HC and SZ in
age and gender during analyses, more conclusive results could be obtained if participants
were matched.

Another step of the psychometric evaluation was to determine whether the factor model that
best represented the patter of cognition in HCs could apply to the SZ sample. The humber of
separable cognitive dimensions in SZ has been long debated, and competing theoretical
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models currently fall into three separate approaches: (i) a single-factor model where the
factor reflects a generalized deficit in performance across neuropsychological tests that may
be attributable to diffuse dysfunction of the central nervous system in schizophrenia®!; (ii) a
hierarchical model which consists of multiple cognitive factors arising from a second-order
general cognitive factor4243; and (iii) multi-factorial models of intermediate complexity
where the deficit is across multiple highly correlated domains#4-46. In our analyses, the
hierarchical model (5 cognitive factors arising from a single, second-order cognitive factor)
fitted the SZ data better than the single factor model, and better than the HC informed 5-
factor model, although the advantage of the hierarchical model over the 5-factor model was
slight in terms of fit indices (similarly to 4243). These results are indicative of a hierarchical
model of cognition in SZ, which is consistent with models of cognitive structure in healthy
samples (e.g., combinations of a psychometric “g” as well as separable intellectual
factors)*4. Thus, SZ patients may differ from the healthy population in having substantially
poorer level of cognitive performance, while retaining a very similar cognitive structure.
Because these second-level factors are separable to some degree, it is important to assess
discrete cognitive dimensions to clarify which domains can be targeted by specific training-
based interventions, while keeping into consideration that a central mechanism, such as
cognitive control, may serve a rate-limiting function for deficits and potential improvements
across these various cognitive domains*347. Of course, the conclusiveness of our SZ
findings is limited by the risk of overfitting: although the SZ sample size in this study was
reasonably large, there were many estimated parameters, and a larger sample could have
yielded a more stable solution with improved fit indices that could have hypothetically
resembled that of HCs.

Convergent and external validity constituted two additional steps of our validation process.
We first examined whether ONAs engaged the same neurocognitive domains as “gold-
standard” assessment batteries, such as the MCCB. We found significant correlations for
speed of processing, attention, executive functioning, learning, but not for emotion
recognition. While such findings suggest that performance on some of these new tests aligns
with previously identified constructs, more development work is needed to improve the
assessment of social cognition. Finally, we measured the relationship between ONASs
performance in SZ and functional outcome, as measured by mGAF. We found that three
auditory assessments had significant — albeit not particularly high — associations with the
MGAF and captured a fraction of its variance that was not explained by MCCB scores.
Tentatively, the weak association of ONAs performance with functional outcome measures
could have arisen for multiple reasons. Firstly, again, this may refer back to our sampling
bias. Secondly, this could be the result of ONA measures having lower reliability than
standard neuropsychological tests. Therefore, future studies will be necessary in order to
more fully compare the reliability of ONAs to measures from neuropsychological batteries.
Ultimately, it could be that the relatively modest correlations with functional outcome
measures is a real signal, that the assessment of specific constructs may help determine with
enhanced precision what a treatment does at the cognitive level of analysis, but comes at the
cost of reduced relationships to clinical outcomes of interest.

In conclusion, we have identified a set of cognitive systems that show impairment in
schizophrenia, and have developed a set of tasks adapted from basic cognitive neuroscience
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that can be used to assess these discrete cognitive processes in this patient population. As
many of these cognitive systems also show impairment in other disorders, including ADHD,
autism, mild cognitive impairment, and Alzheimer’s disease*®-°0, studies are underway to
evaluate the sensitivity of these tests to other clinical populations. Researchers interested in
using these assessments and in learning about the most recent developments are encouraged
to contact the corresponding author.

Nonetheless, before we recommend them as cognitive neuroscience based measurement
tools, more research and development work is necessary to: 1) maximize sensitivity and
selectivity in assessing the specific cognitive mechanisms of interest; 2) evaluate test-rest
reliability for within-subject measurement of treatment effects; 3) ensure that optimizations
designed to enhance the psychometric properties of the tasks do not alter their construct
validity; and 4) simplify task administration and minimize task length. Large-scale
normative studies that include data-driven revised versions of these ONAs, multiple
measures of functional outcome, and more traditional neuropsychological measures, are
underway to replicate these initial findings. If successful, this assessment suite has the
potential to bridge the translational gap and provide clinicians and patients with a self-
guided, cost-effective assessment tool that could inform strategies to radically enhance
cognitive health.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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The identification of domains, constructs, and paradigms that led to the development and production of ready-
to-use online neurocognitive assessments.

Domain Construct Paradigm Task
Perception Speed of processing Speeded stimulus discrimination Sound Sweeps
Visual Sweeps
Attention Sustained attention Test Of Variables of Attention (T.O.V.A.) | Sustained Auditory Attention

Sustain Visual Attention

Executive Functioning

Set shifting

Task switching

Auditory Task Switcher
Visual Task Switcher

Learning

Response learning and bond
formation

Paired-associate learning

Auditory Associates
Visual Associates

Socio-Affective Processing

Prosody
Emotion processing

Prosody detection
Facial emotion recognition

Voice Choice
Emotion Motion
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Demographics.

Table 2.

Variable Healthy Control (N=283) | Schizophrenia Patients (N=104)
Mean SD Mean SD
Age (y) * 271.7 8.04 24.1 7.7
Gender (% males) * 54.60% 84.40%
Education (y) © 155 26 13 18
MCCB Global Cognition TScore | NA 30.0 14.6
Attention T-Subscore 36.7 123
Executive Fx T-Subscore 38.7 10.7
Social Cognition T-Subscore 42.2 15.2
Speed of Processing T-Subscore 33.7 14.1
Verbal Learning T-Subscore 37.31 8.8
Visual Learning T-Subscore 35.0 13.2
Working Memory T-Subscore 38.2 12.2
PANSS 61.12 16.36
MGAF NA 48.8 115
Diagnosis 82 schizophrenia
16 schizoaffective
2 psychosis NOS
4 schizophreniform

*
significant between-group differences ascertained by Fisher's Exact Test results for age and education, and Chi-Square Test results for gender.

MCCB: MATRICS Consensus Cognitive Battery
mMGAF: modified Global Assessment of Functioning scale
PANSS: Positive And Negative Symptom Scale.
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Table 3.

Confirmatory factor analysis results in healthy controls.

Model df (# est. X2 P-Value | x2/df | AIC BIC saBIC CFl | RMSEA [90%CI]
parameters)

Single-factor | 35 (30) 75.118 | 0.0001 2.15 15691.830 | 15801.194 | 15706.063 | 0.683 | 0.064 [0.044 0.083]

4-factor 29 (36) 47.062 | 0.0183 1.62 15675.775 | 15807.011 | 15692.854 | 0.857 | 0.047 [0.020 0.071]

5-factor 25 (40) 33.398 | 0.1214 1.34 15670.110 | 15815.928 | 15689.087 | 0.934 | 0.034 [0.000 0.062]

df: degrees of freedom; AIC: Akaike Information; BIC: Bayesian Information Criterion; SABIC: sample size adjusted BIC; CFIl: comparative fit
index; RMSEA: root mean square error of approximation; Cl: confidence interval. Best fitting model is formatted in bold.
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Table 4.

Ay 2 difference tests showing that the 5-factor model best fits the data in healthy controls.
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Model x? df | Contrast Dy? Adf | P-Value
Single-factor 75.118 | 35 | -- -- -- -
4-factor solution | 47.062 | 29 | Single- vs 4-factor | 28.056 | 6 <0.001
5-factor solution | 33.398 | 25 | 5-factor vs 4-factor | 13.664 | 4 <0.001

df. degrees of freedom
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ROC analyses.

Table 5.

Area Under the ROC Curve (AUROC)

Test Result Variable(s) Area | Std. Error | Asymptotic Sig. | Asymptotic 95% Confidence Interval
Lower Bound Upper Bound

Sound Sweeps 0.702 | 0.037 0.000 0.639 0.79

Visual Sweeps 0.774 | 0.031 0.000 0.714 0.834
Sustained Auditory Attention 0.675 | 0.040 0.000 0.596 0.753
Sustained Visual Attention 0.750 | 0.035 0.000 0.681 0.819
Auditory Task Switcher 0.748 | 0.036 0.000 0.677 0.819

Visual Task Switcher 0.679 | 0.045 0.000 0.593 0.767
Auditory Associates 0.700 | 0.036 0.000 0.631 0.788

Visual Associates 0.701 | 0.036 0.000 0.630 0.773
Emotion Motion 0.594 | 0.043 0.038 0.509 0.679

\Woice Choice 0.543 | 0.043 0.028 0.460 0.626
COMPOSITE (6 tasks) 0.777 | 0.031 0.000 0.717 0.837

Tasks with AUROCS greater than .70 are formatted in bold.
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Table 6.

Confirmatory factor analysis results in schizophrenia patients.

Page 22

factors+ underlying
factor

Model df (# est. x 2 P-Value | x2/df | AIC BIC saBIC CFl | RMSEA [90%CI]
parameters)

Single-factor 35(30) 55.554 | 0.0150 1.59 4947.457 | 5023.755 | 4929.045 | 0.860 | 0.079 [0.0350.117]

5-factor solution 25 (40) 25.209 | 0.4507 1.01 4937.111 | 5038.84 4912.563 | 0.999 | 0.009 [0.000 0.083]

Hierarchical 5- 30 (35) 26.648 | 0.6417 .089 4928.550 | 5017.565 | 4907.070 | 1.000 | 0.000 [0.000 0.066]

df. degrees of freedom; AIC: Akaike Information; BIC: Bayesian Information Criterion; SABIC: sample size adjusted BIC; CFl: comparative fit
index; RMSEA: root mean square error of approximation; CI: confidence interval. Best fitting model is formatted in bold.
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