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Abstract

Background: Schizophrenia is a complex mental disorder characterized by significant cognitive and neurobiological alterations.
Impairments in cognitive function and eye movement have been known to be promising biomarkers for schizophrenia. However,
conventional measurement methods require specialized expertise. To date, data on simplified measurement tools for assessing
both cognitive function and eye movement in patients with schizophrenia is lacking.

Objective: This study aimed to assess the efficacy of a novel tablet-based platform combining cognitive and eye movement
measures in classifying schizophrenia.

Methods: Forty-four patients with schizophrenia, 67 healthy controls, and 41 patients with other psychiatric diagnoses
participated from 10 sites across Japan. A free viewing eye movement task and two cognitive assessment tools (the Codebreaker
task from the THINC-integrated tool and the CognitiveFunctionTest application) were conducted using a 12.9-inch iPad Pro. We
performed comparative group and logistic regression analyses for evaluating the diagnostic efficacy of the three measures of
interest.

Results: Cognitive and eye movement measures differed significantly between the patients with schizophrenia and healthy
controls (all three measures, P <.001). The Codebreaker task showed the highest classification effectiveness in distinguishing
schizophrenia with an area under the receiver operating characteristic curve of 0.90. Combining cognitive and eye movement
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measures further improved accuracy with a maximum area under the receiver operating characteristic curve of 0.94. Cognitive
measures were more effective in differentiating patients with schizophrenia from healthy controls, whereas eye movement
measures better differentiated schizophrenia from other psychiatric conditions.

Conclusions: This multi-site study demonstrated the feasibility and effectiveness of a tablet-based application in assessing
cognitive functioning and eye movement in patients with schizophrenia. The results suggest the potential of tablet-based
assessments of cognitive function and eye movement as simple and accessible evaluation tools, which may also lead to future
clinical implementation.

(JMIR Preprints 25/01/2024:56668)
DOI: https://doi.org/10.2196/preprints.56668
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Abstract

Background: Schizophrenia is a complex mental disorder characterized by significant cognitive and

neurobiological alterations. Impairments in cognitive function and eye movement have been known

to be promising biomarkers for schizophrenia. However, conventional measurement methods require

specialized expertise. To date, data on simplified measurement tools for assessing both cognitive

function and eye movement in patients with schizophrenia is lacking.

Objectives:  This study aimed to assess the efficacy of a novel  tablet-based platform combining

cognitive and eye movement measures in classifying schizophrenia.

Methods:  Forty-four patients with schizophrenia, 67 healthy controls, and 41 patients with other

psychiatric diagnoses participated from 10 sites across Japan. A free viewing eye movement task and

two  cognitive  assessment  tools  (the  Codebreaker  task  from the  THINC-integrated  tool  and  the

CognitiveFunctionTest  application)  were  conducted  using  a  12.9-inch  iPad  Pro.  We  performed

comparative group and logistic regression analyses for evaluating the diagnostic efficacy of the three

measures of interest.

Results:  Cognitive and eye movement measures differed significantly between the patients with

schizophrenia and healthy controls (all three measures, P <.001). The Codebreaker task showed the

highest classification effectiveness in distinguishing schizophrenia with an area under the receiver

operating characteristic curve of 0.90.  Combining cognitive and eye movement measures further

improved accuracy with a maximum area under the receiver operating characteristic curve of 0.94.

Cognitive measures were more effective in differentiating patients with schizophrenia from healthy

controls, whereas eye movement measures better differentiated schizophrenia from other psychiatric

conditions.

Conclusion:  This multi-site study demonstrated the feasibility and effectiveness of a tablet-based

application in assessing cognitive functioning and eye movement in patients with schizophrenia. The

results suggest the potential of tablet-based assessments of cognitive function and eye movement as
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simple and accessible evaluation tools, which may also lead to future clinical implementation.
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Introduction

Schizophrenia is a severe mental illness that affects neurobiological processes, leading to difficulties

in social and occupational functioning. Years of research have revealed multiple candidate diagnostic

markers for schizophrenia. Although some of these tests are promising, to date, none of them have

been approved for use for diagnostic testing for schizophrenia. This lack of approved diagnostic tests

is caused by multiple factors, such as the heterogeneity of mental illness; insufficient knowledge

about  the  brain  mechanisms and functions  underlying  mental  states;  and effects  of  known (and

unknown) confounding factors [1]. Large-sample research can help overcome these issues [2]. This

approach enables the observation of diverse symptoms and characteristics across a broad spectrum of

individuals. However, as the sample size increases, maintaining good quality and feasibly performing

assessments become difficult. Among the candidate markers for schizophrenia, cognitive function

impairment and eye movement characteristics are key areas of interest. These features not only are

easy to measure but also offer insights into the underlying pathophysiology of the disorder.

Cognitive  function  impairments  are  observed  in  multiple  domains  among  patients  with

schizophrenia.  To  evaluate  the  specific  cognitive  dysfunctions  in  patients  with  schizophrenia,

standardized test  batteries have been developed by the NIMH-FDA MATRICS initiative such as

MATRICS Consensus Cognitive Battery and Brief Assessment of Cognition in Schizophrenia [3,4].

Furthermore, efforts have been made to shorten and simplify these assessments [5,6]. Impairments

have  been  replicated  in  aspects  such  as  processing  speed,  verbal  memory,  working  memory,

attention,  and  executive  functioning  [7].  The  relationships  between  these  aspects  of  cognitive

functioning  impairment  are  complex.  However,   several  network  analyses  have  shown  that

processing  speed  has  high  centrality  within  neurocognitive  functioning  networks[8]  and  is  also

associated with everyday life skills among community-dwelling individuals with schizophrenia [9].

The Digit Symbol Substitution Test is used to measure processing speed and commonly included in

cognitive  functioning  assessment  batteries  of  patients  with  schizophrenia[10,11].  Due  to  these
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complexities and the multifaceted nature of cognitive impairments in patients with schizophrenia,

establishing objective and reliable assessment methods is necessary.

Although cognitive function impairments are not specific to schizophrenia, there may be a

greater need for objective measurements of cognitive function among patients with schizophrenia

than there is among patients with other mental illnesses. In patients with schizophrenia, subjective

perception of cognitive dysfunction is known; some reports suggest its association with quality of

life and depression [12,13]. Although some studies indicate that subjective assessments and objective

evaluations of cognitive dysfunction generally align [14,15], many papers point out discrepancies

between the two [13,16–18]. Despite the emphasis on the importance of objective cognitive function

assessments, these assessments have not been introduced into routine care for schizophrenia [18].

Tools such as the digit symbol substitution task are valuable assets and offer a standardized approach

to  quantifying  cognitive  deficits.  Therefore,  simple  and  objective  means  to  measure  cognitive

function would be useful for the treatment of schizophrenia.

Eye movement characteristics in patients with schizophrenia have been widely studied; these

characteristics are among the most common behavioral deficits of this disorder. Various aspects of

eye movement can be observed, such as smooth pursuit,  saccade control, and visual search [19].

These analyses have been replicated in numerous samples [20–23]. In addition, these characteristics

have been shown to be present from prodromal stages in patients with schizophrenia [24]. However,

findings regarding the specificity of these characteristics are still inconsistent [21,25].

One example measure of eye movement is scanpath length, which is a measure of the total

distance covered by the eye during visual exploration. In patients with schizophrenia, the scanpath

length is generally shorter than is it in healthy controls, indicating more restricted visual exploration

[26]. However, the reasons for shorter scanpath length in patients with schizophrenia are still being

explored [27,28]. The simplicity of this assessment method and the need for few instructions during

free viewing tasks are beneficial for searching clinically feasible biomarkers.
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Okazaki  et  al.[29]  explored  the  potential  utility  of  combinations  of  cognitive  function

measures and eye movement measures in discriminating between patients with schizophrenia and

healthy  controls.  They found that  seven  pairs  of  cognitive  functioning  tests  and eye  movement

measures,  particularly  pairs  including  digit-symbol  coding  or  symbol  search,  demonstrated  high

discrimination  performance.  These  pairs  were  acquirable  in  10-15  min,  suggesting  that  the

combination of cognitive functioning measures and eye movement measures could be a simple and

less time-consuming option for studying clinical subject groups such as patients with schizophrenia.

Based on these insights, our study aimed to integrate the assessment of cognitive functioning

with the analysis of eye movement characteristics. We utilized a novel tablet-based application to

evaluate cognitive functioning and eye movement measurements among patients with schizophrenia.

We aimed  to  explore  whether  a  tablet-based  application  could  replicate  previous  findings  from

desktop-based  applications  in  terms  of  Digit  Symbol  Substitution  Test  scores  and  free-viewing

scanpath  lengths  among  patients  with  schizophrenia.  Furthermore,  we  aimed  to  explore  the

diagnostic effectiveness of these measures in distinguishing patients with schizophrenia from other

subject groups.
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Methods

Participants

Forty-eight patients with schizophrenia, 69 healthy controls, and 49 patients with other psychiatric

diagnoses were recruited from 10 clinical study sites across Japan. All study sites used the same

study protocol and machines. The data were collected from distinct samples among which there were

no overlapping participants. All participants were of Japanese descent and had normal or corrected-

to-normal vision. 

Healthy controls were recruited independently at each study site through local advertisements

or websites; they participated in structured interviews and were excluded from the study if a current

mental illness diagnosis was suspected after the interview. The patients diagnosed with psychiatric

disorders, including schizophrenia, were recruited from the outpatient and inpatient departments of

each study site and included in the study after diagnosis by board-certified psychiatrists based on the

Diagnostic  and  Statistical  Manual  of  Mental  Disorders,  Fifth  edition  (DSM-5)  criteria  [30].

Distinguishing between schizophrenia and other specific psychiatric disorders is beyond the scope of

this  study. Therefore,  we created a single group of patients with psychiatric disorders other than

schizophrenia. All participants aged above 12 years and provided written consent to participate in the

study (when the participant was under 18 years of age, the participant provided assent, and a legal

guardian  provided  consent  before  participation).  The  data  were  obtained  between  October  and

December 2022.

Two  healthy  controls,  four  patients  with  schizophrenia,  and  eight  patients  with  other

psychiatric  diagnoses  were  excluded  from the  study  based  on  the  predefined  exclusion  criteria,

including  deviations  during  measurement  procedures  (e.g.,  distracting  noises  during  the  test

procedure, or wearing masks for infection prevention, which could disrupt the calibration process),

equipment  failure,  or  a  medical  history  of  ocular  disease  that  may  affect  visual  acuity  (e.g.,
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glaucoma). The use of vision correction, such as glasses or soft contact lenses, was not a criterion for

exclusion. A total of 44 patients with schizophrenia, 67 healthy controls, and 41 patients with other

psychiatric diagnoses were ultimately included in the analysis (the dropout rates were 8% in patients

with schizophrenia, 3% in healthy controls, and 16% in patients with other psychiatric diagnoses).

The patients with other psychiatric diagnoses included three individuals with bipolar type 1

disorder, five with bipolar type 2 disorder, ten with major depressive disorder, nineteen with autism

spectrum  disorder,  one  with  epilepsy,  and  three  with  comorbid  diagnoses  (one  individual  with

comorbid autism spectrum disorder and adjustment disorder; one with comorbid major depression

and social anxiety disorder; and one with comorbid major depressive disorder and autism spectrum

disorder).

Ethical  approval  was  obtained  after  a  central  review  process  at  the  National  Center  of

Neurology and Psychiatry (B2021-120) and after reviews by the Ethics Committees of all 10 study

sites. The study was conducted in accordance with the Declaration of Helsinki. Basic demographic

information,  including  age,  sex,  and  years  of  education,  was  obtained  from each  participant  in

addition to the cognitive and eye movement measurements listed below.

Tablet machine and tasks

Novel tablet-based cognitive and eye movement assessments were conducted using a 12.9-inch iPad

Pro (fifth generation) tablet.  The display has a 2,732-by-2,048 pixel resolution at  264 ppi and a

refresh  rate  of  120 Hz.  Instructions  were  provided  via  voice  or  text  within  the  app,  and  these

instructions  were given by a  tester  (a  mental  health  professional)  whenever  necessary to  ensure

adequate understanding. A brief explanation about the three tasks used in this study is provided in

Table 1.
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Table 1. Brief descriptions are summarized about the tasks conducted

Task name Feature Brief explanation
Approximate
duration

Measure

Codebreaker
Cognitive
functioning
impairment

In  the  Codebreaker  task,
participants  match  symbols  to
numbers from 1 to 6 using a key.
They  select  matching  symbols
for a number sequence within 2
min to score points.

2 min

Codebreaker
score:
Number of correct
responses

Digit
Symbol
Substitution
Test

Cognitive
functioning
impairment

In the Digit Symbol Substitution
Test,  subjects  match  numbers
with  patterns  on-screen,  aiming
for  the  maximum  correct  pairs
within 2 min.

2 min

Digit  Symbol
Substitution  Test
score:
Total  score  (1
point per correct)

Free viewing
test

Eye
movement
characteristic

In the free viewing test, subjects
looked at 20 photos of buildings,
items,  and  foods  for  8  seconds
each.

5 min
Scanpath length:
Mean  scanpath
length per image

Cognitive measurements

Based on the results  of  a  previous study [29],  we focused on performing cognitive assessments

homologous  to  the  Digit  Symbol  Substitution  Test.  Regarding  one  assessment,  we  used  the

Codebreaker task from the Japanese version of the THINC-integrated tool (THINC-it)   iPad/iOS

version  1.261  (THINC  Task  Force),  which  is  a  computerized  version  of  the  Digit  Symbol

Substitution Test paradigm. The reliability and stability of the THINC-it have been validated [31,32];

it has also been used in patients with schizophrenia in previous studies [33].

During the Codebreaker task, the participants were given a legend that pairs numbers ranging

between 1 and 6 with specific symbols at the top of the screen. The participants were then asked to

correctly associate a series of symbols with their respective numbers based on this key. During the

task, the participants were shown a sequence of numbers, and the corresponding symbols must be

selected from a set at the bottom of the screen. The time limit was 2 min; correct matches related to

higher  scores.  There were on-screen instructions before starting the task.  The correct  number of

responses within 2 min was used as the Codebreaker score in the analysis.
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We also used the Digit Symbol Substitution Test application CognitiveFunctionTest, version

1.0.3, (Future Corporation,  Tokyo, Japan). The participants were instructed to pair  numbers with

black  and  white  patterns.  The  numbers  were  presented  in  the  middle  of  the  screen,  and  the

participants selected the corresponding patterns from the bottom of the screen. The participants were

instructed to correctly select as many pairs as possible within a time limit (2 min). During this task,

instructions were given through audio-recorded guidance and a  demo session.  A score of 1 was

assigned for every correct answer, and a score of 0 was assigned for incorrect answers. The total

Digit Symbol Substitution Test score was then calculated and used for analyses.

Considering both tasks, the participants were instructed to use only one hand and press the

display with their fingers.

Eye movement measurements (iPad Pro)

The acquisition of eye movements and the calculation of eye movement measures were conducted

using  EyeMovementTest,  version  1.0.2  (Future  Corporation,  Tokyo,  Japan).  Eye  movement

measurements  were  performed  using  a  front-facing  camera  (1,200  mega-pixel  resolution).  The

participants faced a tablet that was placed approximately 40 cm from their face. Eye movements

were collected at a frequency of 60 Hz. A nine-point calibration and validation method was used to

ensure accurate measurements of the data. 

The free-viewing test  was conducted using 20 original photographic images of buildings,

everyday items, and foods.  The participants were instructed to freely view each image for eight

seconds. The images were randomly presented. A gray screen with a fixation point at the center was

presented before the images, and a blank gray screen was displayed after each image. Based on

previous studies [20,29], we calculated the average scanpath length across the 20 images and used

this value for further analyses (scanpath length).
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Statistical analyses

The effects of demographic characteristics on Digit Symbol Substitution Test scores, Codebreaker

scores, and scanpath length were first examined in healthy controls. Correlation analysis was used to

examine age and years of education, and a two-sided Mann‒Whitney U test was used for sex. We

calculated adjusted scores using a linear model for measures that had confounding effects among

participant demographics; these were used for the analysis.

Comparisons  between  two  groups  were  performed  using  the  Mann‒Whitney  U  test.

Comparisons between three groups were performed using the Kruskal‒Wallis test with Dunn's test

for  pairwise  comparisons.  P values  for  the  post  hoc  tests  were  adjusted  using  the  Benjamini‒

Hochberg false discovery rate (FDR) procedure to adjust for multiple comparisons. Effect sizes for

group comparisons were calculated using Cliff’s delta and epsilon squared (denoted as ε2).

The classification performance of the outcomes of interest was tested using a simple logistic

regression model with leave-one-out cross validation (LOOCV). Receiver operating characteristic

(ROC) analyses and confusion matrices were used to assess the performance of the classifier. The

threshold value for each model was determined from the ROC curve, as this value could provide the

best balance between sensitivity and specificity. Bootstrap resampling with 1000 iterations was used

to calculate the 95% confidence intervals (CIs) for accuracy, specificity,  and sensitivity.  We also

performed an exploratory analysis of the classification performance of the same model to distinguish

patients  with  schizophrenia  from  those  with  other  psychiatric  diagnoses.  The  patients  with

schizophrenia were considered as patients in both classification analyses.

Data analyses were performed using R version 4.3.1 (R Foundation for Statistical Computing,

Vienna, Austria) implemented in R studio. The libraries rstatix V0.7.2 and effsize V0.8.1 were used

for statistical analysis; the libraries pROC V1.18.5, caret V6.0.94, and plyr V1.8.9 were used for

classification and model evaluation; and the library ggplot2 V3.4.4 was used for visualization.
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Results

Exploratory analysis of potential confounders

We first explored the effects of demographic characteristics (age, years of education, and sex) on the

three  outcomes  measured  by  the  tablet  application  among  healthy  controls.  The  demographic

characteristics of each group are provided in Table S1 in Multimedia Appendix 1.

Correlation analysis  revealed that Codebreaker scores and Digit  Symbol Substitution Test

scores  were  negatively  correlated  with  age  (Rho=-0.50,  P <.001  and  Rho=-0.34,  P <.001,

respectively) and positively correlated with years of education (Rho=0.32 P <.001 and Rho=0.24, P

=.049, respectively). Free viewing was not significantly correlated with age (rho=0.18,  P =.15) or

education  years  (Rho=0.17,  P =.17).  The  Mann‒Whitney  U  test  revealed  that  there  were  no

significant sex differences in Codebreaker scores (U=467,  P =.35), Digit Symbol Substitution Test

scores (U=565, P =.75) or scanpath length (U=652, P =.16) between the groups.

Based on these results, we calculated age- and years of education-adjusted values for the

Codebreaker scores and Digit Symbol Substitution Test scores. Thereafter, we used these values for

the following analyses (unless otherwise specified as raw scores).

Distributions of measurement values

We first examined the distribution of each measure in the three groups: patients with schizophrenia

(SZ),  healthy controls (HC), and patients with other psychiatric disorders (OT).  To visualize the

distributions of each measure, we developed plots for the cumulative distribution function (CDF) of

each measure (Figure 1). The CDF accumulated probabilities to indicate the likelihood of a value

being  at  or  below  a  certain  point.  Healthy  controls  and  patients  with  schizophrenia  differed

significantly in all measures, with the Codebreaker scores having the largest difference (P <.001,
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Cliff’s delta value -0.82 [95% CI:-0.90, -0.69]). Notably, the distribution of scanpath length showed

overlapping patterns between healthy controls and patients with other psychiatric disorders and did

not differ significantly (p =.92, Cliff’s delta value=-0.03 [95% CI=-0.20, 0.25]). A table of the group

comparisons of each measure is provided as Table S2.

Classification performance in patients with schizophrenia and healthy controls

To test  the  diagnostic  utility  of  the  three  measures,  we classified  the  two diagnostic  groups  as

dependent variables using a logistic regression model and each of the three outcomes of interest as

independent variables (Table 2). The area under the curve (AUC) was the largest for the Codebreaker

score, with a value of 0.90 [95% CI: 0.84, 0.96]. The accuracy (0.82 [95% CI: 0.74, 0.89]) and

specificity (0.95 [95% CI: 0.89,  1.00]) were also the highest for the Codebreaker score,  but the

sensitivity was the highest for scanpath length (0.85 [95% CI: 0.76, 0.93]).  The receiver operating

characteristic (ROC) curves are shown in Figure 2.

We also tested the classification performance of combining measures to identify the model

with the best performance. The AUC was the largest for the model combining all three measures

(AUC=0.94 [95% CI=0.90, 0.98]).

Table  2.  Classification  performance metrics  in  patients  with schizophrenia versus  health  control

participants are listed. Logistic regression models were used to classify patients with schizophrenia

and healthy controls according to each measure of interest. We implemented LOOCV to estimate the

generalizability of the trained model. We also conducted classifications using pairs of eye movement

and cognitive functioning measures or a combination of all three measures.

　 AUCa Accuracy Sensitivity Specificity

Codebreaker score
0.90  [0.84,
0.96]b

0.82  [0.74,
0.89]

0.73  [0.62,
0.83]

0.95  [0.89,
1.00]

Digit Symbol Substitution Test
score

0.85  [0.78,
0.92]

0.77  [0.69,
0.85]

0.75  [0.64,
0.85]

0.82  [0.70,
0.92]
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Scanpath length
0.81  [0.73,
0.90]

0.81  [0.73,
0.88]

0.85  [0.76,
0.93]

0.75  [0.63,
0.87]

Codebreaker  score  
+  Digit  Symbol  Substitution
Test score

0.91  [0.86,
0.96]

0.85  [0.77,
0.91]

0.87  [0.78,
0.94]

0.82  [0.70,
0.93]

Codebreaker  score  
+ Scanpath length

0.93  [0.88,
0.97]

0.84  [0.76,
0.90]

0.78  [0.68,
0.87]

0.93  [0.85,
1.00]

Digit Symbol Substitution Test
score
+ Scanpath length

0.90  [0.85,
0.96]

0.85  [0.77,
0.91]

0.94  [0.88,
0.99]

0.70  [0.55,
0.83]

Codebreaker  score  
+  Digit  Symbol  Substitution
Test  score
+ Scanpath length

0.94  [0.90,
0.98]

0.85  [0.77,
0.91]

0.84  [0.75,
0.92]

0.86  [0.75,
0.95]

a area under the curve

b The 95% confidence intervals of each measure are provided in brackets.

Classification performance in patients with schizophrenia and other psychiatric diagnoses

The model made to classify patients with schizophrenia and healthy controls was also tested for

classification performance in patients with schizophrenia and those with other psychiatric diagnoses

(Table 3). This analysis revealed that scanpath length had the largest AUC (0.82 [95% CI: 0.73,

0.91]), accompanied by notable accuracy (0.78 [95% CI: 0.67, 0.86]) and sensitivity (0.83 [95% CI:

0.71, 0.93]). Conversely, Digit Symbol Substitution Test score showed the highest specificity (0.93

[95% CI: 0.85, 1.00]), albeit with the lowest sensitivity (0.41 [95% CI: 0.27, 0.57]). The table also

assesses  the  combined  efficacy  of  eye  movement  and  cognitive  functioning  measures  in

classification, which did not increase in this analysis.

Table 3.  Classification performance metrics in patients with schizophrenia versus those with other

psychiatric  diagnoses are summarized.  The models,  which include individual  measures and their

combinations, were initially trained using data of healthy controls and patients with schizophrenia.

　 AUCa Accuracy Sensitivity Specificity

Codebreaker score
0.70  [0.59,
0.81]b

0.71  [0.60,
0.80]

0.61  [0.46,
0.76]

0.80  [0.68,
0.91]
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Digit Symbol Substitution Test
score

0.68  [0.57,
0.80]

0.68  [0.57,
0.78]

0.41  [0.27,
0.57]

0.93  [0.85,
1.00]

Scanpath length
0.82  [0.73,
0.91]

0.78  [0.67,
0.86]

0.83  [0.71,
0.93]

0.73  [0.59,
0.85]

Codebreaker  score  
+  Digit  Symbol  Substitution
Test score

0.72  [0.61,
0.83]

0.68  [0.57,
0.78]

0.37  [0.23,
0.52]

0.98  [0.92,
1.00]

Codebreaker  score  
+ Scanpath length

0.80  [0.70,
0.89]

0.75  [0.65,
0.84]

0.71  [0.57,
0.84]

0.80  [0.67,
0.90]

Digit Symbol Substitution Test
score
+ Scanpath length

0.81  [0.72,
0.90]

0.76  [0.66,
0.85]

0.88  [0.77,
0.97]

0.66  [0.52,
0.80]

Codebreaker  score  
+  Digit  Symbol  Substitution
Test  score
+ Scanpath length

0.80  [0.71,
0.89]

0.75  [0.65,
0.84]

0.76  [0.62,
0.88]

0.75  [0.62,
0.87]

a area under the curve

b The 95% confidence intervals of each measure are provided in brackets.

Due to the small sample size, the same patients with schizophrenia were used in both the

training and testing phases for the previous analysis. Therefore, we also conducted LOOCV for a

model trained in all participants, classifying patients with schizophrenia from participants without

schizophrenia (healthy controls and patients with other diagnoses). Similar performance was seen for

Codebreaker score (AUC of 0.82 [95% CI: 0.75, 0.89]) and scanpath length (AUC of 0.81 [95% CI:

0.73, 0.89]). Combining all measures highly increased the performance (AUC of 0.88 [95% CI: 0.83,

0.94]). The full results are presented in Table S3.

Discussion

In this multisite study conducted in Japan, we assessed the results of tablet-based measurements of

cognitive  function  and  eye  movement  characteristics.  All  three  measures  significantly  differed

between  the  patients  with  schizophrenia,  healthy  controls,  and  those  with  other  psychiatric

diagnoses. We also demonstrated that the individual measures had high classification performances.

The Codebreaker score was the most effective single measure in distinguishing the patients with
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schizophrenia from healthy controls.  Additionally,  scanpath length was the most  effective single

measure  in  distinguishing  the  patients  with  schizophrenia  from  those  with  other  diagnoses.

Combining all three measures further improved the diagnostic performance. These findings suggest

that cognitive and eye movement assessments performed using tablet-based platforms could have

potential utility as a novel diagnostic approach.

Using a  novel  tablet-based  measurement,  we were  able  to  replicate  the  findings  of  digit

symbol  substitution  deficits  and  shorter  scanpath  lengths  in  participants  with  schizophrenia

compared with healthy controls. Cliff’s delta effect sizes of the measures obtained using the tablet

application were greater for the Codebreaker score (-0.82) and Digit Symbol Substitution Test score

(-0.73) than that for the scanpath length (-0.66). A meta-analysis on processing speed deficits  in

patients with schizophrenia for Digit Symbol Substitution Test scores revealed effect sizes (Hedge’s

g) ranging between -1.57 and -1.34[34]. Regarding scanpath length, in our previous study [20], the

effect  size  (Cohen’s  d)  was -1.5;  in  a  literature  review by Beedie  et  al.,  the  pooled  effect  size

(Hedge’s g) calculated across 28 studies was -0.77[26]. Therefore, the results of the current study

seemed to replicate the trend observed in previous studies.

A key finding of our study is the extent to which simple tablet-based assessments were able to

match  desktop-based  tests  in  terms  of  distinguishing  patients  with  schizophrenia  from  healthy

controls. The AUC for scanpath length was 0.81, while the AUCs for cognitive function measures

ranged between 0.85 and 0.90. These results were similar to the findings of previous studies using

desktop-based  eye  movement  measurements,  which  reported  AUCs  ranging  between  0.77  and

0.89[20,21,24], and previous studies using paper-based cognitive functioning measurements, which

reported AUCs ranging between 0.88 and 0.90[35,36].  Okazaki  et  al.  found that  pairing  certain

cognitive  function  measures  with  eye  movement  measures  led  to  improved  performance  and

robustness in distinguishing patients with schizophrenia from healthy individuals, with an average

increase in the AUC of 0.10 compared with eye movement measures alone and 0.05 compared with
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cognitive function measures alone [29]. Our study revealed similar results – combinations of the

three measures of interest yielded AUC values ranging between 0.90 and 0.94. These results are

promising,  given  the  ease  and  simplicity  of  performing  cognitive  function  and  eye  movement

assessments using a tablet.

We further explored differences between the patients with schizophrenia and those with other

psychiatric diagnoses. We found differences in both cognitive function measures and eye movement

measures, with larger differences in eye movement measures. This finding is in line with that in

previous  attempts  to  establish  diagnostic  markers  for  differentiating  between  patients  with

schizophrenia  and  those  without  schizophrenia  using  eye  movement  characteristics  [37,38].

However,  previous  studies  indicated  mixed  results  of  both  cognitive  function  [39–41]  and  eye

movement[21,38,42].  Conducting  future  studies  on  transdiagnostic  characteristics  of  multiple

modalities  is  increasingly  important.  Moreover,  mobile  measurement  will  help  this  process  by

making studies possible using less expensive and more accessible formats.

The usage of mobile formats of measuring cognitive function has already been reported in the

field of psychiatry and elsewhere. Several studies have assessed the validity of mobile (tablet-based

or smartphone-based) applications compared with paper-based studies and have shown equivalent

performance [6,43–46]. One study utilized the simplicity of mobile apps to conduct a longitudinal

study  in  which  cognitive  assessments  were  conducted  outside  the  experimental  setting  and  had

higher completion rates in patients with schizophrenia than in the control group [47]. However, only

a  few  case‒control  comparisons  have  been  performed  [47,48].  Additionally,  previous  studies

included small sample sizes; there is a need for studying the specific effects of using technological

tools such as accessibility and digital literacy [49]. 

Eye movement characteristics, on the other hand, have not been studied using mobile devices

in  patients  with schizophrenia.  There have  been studies  using portable  eye trackers.  An old but

innovative  study focused on the  reliability  of  a  portable  head-mounted  display  for  tracking eye
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movements in patients with schizophrenia and found that it  was comparable to traditional fixed-

display setups [50]. Dowiasch et al. examined the eye movements of patients with schizophrenia in a

natural, everyday setting, contrasting them with healthy controls [51]. They identified distinct eye

movement behaviors, such as more frequent but shorter fixations, in patients with schizophrenia.

Other  studies  used  portable  devices  but  also  required  participants  to  fix  their  head  during  the

tasks[22,52,53]. These tools are still expensive, and mobile tools, such as ours, have yet to be utilized

in the field of psychiatry.

To our best knowledge, there are no studies of tablet-based or simplified measurement tools

that focus on both cognitive function and eye movement assessments in patients with schizophrenia.

As  a  result,  we  were  able  to  observe  different  classification  features  of  cognitive  functioning

measures (Codebreaker scores and Digit Symbol Substitution Test scores) and for the eye movement

measure (scanpath length); cognitive functioning measures were more useful for classifying patients

with schizophrenia from healthy controls, while scanpath length differed more between patients with

schizophrenia and those with other psychiatric diagnoses. By combining the two measures, we were

also able to increase diagnostic performance. This is interesting given that both cognitive function

and eye movement have long been known to be affected in patients with schizophrenia [54,55]. One

possibility  is  that  differences  in  neurobiological  substrates  lead  to  digit  symbol  substitution

impairments  and  abnormal  visual  searches  (such  as  [56,57]).  Psychiatric  disorders  exhibit  both

within-disorder  heterogeneity  and  transdiagnostic  features,  and  recent  large-scale  neuroimaging

studies  have  shown  disease-specific  and  shared  neuroanatomical  alterations  [58,59].  Combining

different  features  of  schizophrenia,  such  as  combining  cognitive  function  and  eye  movement

measures, may be beneficial not only for disease classification but also for biotyping, which may

lead to developing new treatment options in the future.

The use of tablet-based assessment tools, such as the one used in this study may facilitate

development  and  implementation  of  auxiliary  diagnostic  tools  in  the  field  of  psychiatry.
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Conventional  cognitive assessment  batteries  are  time consuming and require  special  training  for

implementation, and conventional eye movement measurement requires the use of expensive and

complex equipment, necessitating expert setup and skilled operation for measurements. Some studies

have found ways to conduct these conventional assessments in a less time-consuming way [29,35].

However,  the  current  study  is  novel  in  that  it  combines  simplified  measurements  of  cognitive

function and eye movement, which do not require such expertise. The tablet used in this study might

allow  for  an  inexpensive,  more  convenient,  and  compact  form  of  evaluation,  combining

psychological and neurophysiological findings of schizophrenia. Tablet-based tools will make such

assessment more accessible and convenient for patients and clinicians alike and may lead to having

more objective information to aid decision making in the clinical setting.

This study has several limitations.  One limitation is the small sample size of participants

included in this study and would require replication considering larger samples. Another is that two

of the measures used in the study (the Digit Symbol Substitution Test score and scanpath length)

have still to be tested for reliability and validity like the Codebreaker task[31,60]. The effects of

possible confounders were also not assessed in details. Although we employed age- and years of

education-adjusted scores to account for demographic differences between the groups, this was a

linear correction due to the small  sample size. Further analyses of age-, and years of education-

matched samples may be needed. There also remains the possibility of other confounding factors,

such as medication usage, has not been studied or fully controlled. Several studies have shown that

shorter scanpath lengths [26] and slower processing speeds[61] are present before medication usage.

Additionally,  the results  of cognitive functioning measures,  including the Codebreaker  test,  have

been  known  to  change  longitudinally  [33,62,63].  In  our  current  study,  we  did  not  assess  the

longitudinal robustness of our findings. Studies with larger sample sizes in various age groups and

reliability and validity testing of the measures as well as addressing the limitations above would

enhance the robustness and generalizability of the findings.

https://preprints.jmir.org/preprint/56668 [unpublished, peer-reviewed preprint]



JMIR Preprints Morita et al

In  this  study,  we  successfully  demonstrated  the  feasibility  of  using  novel  tablet-based

applications  to  perform cognitive  function  and  eye  movement  assessments  among  patients  with

schizophrenia. Our findings align with those of previous research indicating significant differences in

cognitive and eye movement measures between patients with schizophrenia and healthy controls,

with the key feature of being able to accomplish this using tablet-based assessment. Especially, the

measurement of eye movement using a tablet device is unique to this study. These findings suggest

that assessments using such digital tools may hold the potential for use in various clinical settings,

such as an auxiliary diagnostic tool to aid the decision-making process in psychiatric treatment in the

future.
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Distribution of the measured values. The cumulative distribution function (CDF) for the three measures of interest (i.e.,
Codebreaker score, Digit Symbol Substitution Test score, and Scanpath length) are provided across the three groups. The dotted
lines in each plot represent the mean values in each group.
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Receiver operating characteristic curves. Receiver operating characteristic curves for each of the three outcomes of interest are
shown. The teal blue line represents the performance of Codebreaker scores. The purple line represents the performance of
Digit Symbol Substitution Test scores. The orange line represents the performance of scanpath length.
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