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1 Introduction

Schizophrenia is a psychotic disorder characterized by hallucinations, delusions,

disorganized thought and behavior, and psychomotor abnormalities. Cognitive deficits are

core features, contributing to long-term morbidity and poor functional outcomes (1). Thus,

addressing cognitive deficits is a top research priority. However, the effectiveness of

treatments for cognitive impairment associated with schizophrenia (CIAS) remains

uncertain. Research suggests that atypical antipsychotics generally have a beneficial effect

on neurocognitive deficits (2, 3). However, many atypical antipsychotics are associated with

metabolic side effects, such as weight gain, diabetes, and elevated cholesterol or triglyceride

levels, which can potentially exacerbate cognitive impairments (4). Cariprazine offers better

cognitive improvement in schizophrenia compared to atypical antipsychotics, but it also has

some side effects such as akathisia, extrapyramidal symptoms, weight gain, etc (5). Therefore,

It is necessary for clinicians and researchers to seek safer and more effective treatment

options. Non-pharmacological cognitive therapeutics are primarily represented by traditional

cognitive training. Studies have shown that interventions such as metacognitive training (6),

social cognition and interaction training (SCIT) or training in affect recognition (7), and

Computerized cognitive remediation therapy (8) effectively enhance cognitive function, social

interaction, or working memory in patients with schizophrenia. While these approaches offer

benefits, they are also limited by factors such as the requirements for professionals in

cognitive training and physical training environments.

Recent research has explored using digital technology combined with traditional

cognitive training to address CIAS. This approach replaces traditional training with

digital systems, including PC applications, mobile apps, and immersive virtual reality

(VR) environments, which have been shown to improve cognitive abilities. However, more

quantitative methods are needed to evaluate the effectiveness of these interventions and

adjust training programs. Given the non-invasive, convenient, and high-temporal-
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resolution nature of electroencephalogram (EEG) signals,

researchers often use them to assess cognitive functions in various

brain-computer interface (BCI) tasks (9). EEG signal analysis has

been employed to evaluate the effectiveness of spatial memory

training using VR software (10). However, significant variability

in EEG signals across individuals and tasks diminishes the

generalizability of EEG analysis algorithms (11). To address these

challenges, researchers have developed cross-subject EEG signal

analysis methods to enhance model generalization across different

individuals. For instance, the FMLAN framework (12) has been

applied to cross-subject emotion recognition, while the DDA model

(13) has been utilized for cross-subject cognitive workload

recognition. And others have focused on cross-task EEG signal

analysis to enhance model generalization across different tasks (14,

15). Nonetheless, there is a lack of research that simultaneously

addresses both cross-subject and cross-task EEG signal analysis in

cognitive assessment.

Current digital therapies for treating CIAS have several

limitations, such as monotonous scenarios and low immersion,

which lead to decreased patient adherence and retention rates. This

study reviews the literature on digital therapeutics for CIAS, examines

the challenges, and offers recommendations for advancement from

the perspective of computer science and technology. Stakeholders

benefiting from these advancements include clinicians (improved

diagnostic tools), patients (better engagement and outcomes), and

policymakers (cost-effectiveness and scalability).

2 Current status of digital therapeutics
for CIAS

Research shows that digital therapeutics can address the unique

needs of schizophrenia patients, such as enhancing social skills (16),

and have significant potential to improve outcomes in these patients

(17). Additionally, digital therapeutics may improve visual attention

and logical memory in individuals with schizophrenia during the

early stages of the disorder (18). Active video games can enhance

prefrontal activity in schizophrenia patients, facilitating their

cognitive rehabilitation (19). These digital intervention methods

address the limitations of traditional cognitive training and

demonstrate enhanced therapeutic potential, such as increasing

patient engagement, improving social skills, and enhancing

attention. Nonetheless, existing methods often lack sufficient

immersion, and assessments are primarily based on traditional

neuropsychological tests, which need further refinement. The

rapid advancement of VR offers immersive experiences and has

considerable potential in the field of cognitive training (20).

Meanwhile, as physiological signals, EEG are less influenced by

subjective factors, making them a robust quantitative foundation for

evaluating the efficacy of cognitive training therapeutics.
2.1 Advances in VR intervention

Recently, there has been increasing research interest in utilizing

VR training for the development of various skills, including
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cognitive functions. Kamari et al. demonstrated that VR is an

effective tool for enhancing cognitive abilities (20). Xie et al.

highlighted the great potential of BCI-VR technology in

effectively improving individuals’ executive function (21). The VR

serious game training have significantly improved working memory

and executive function in CIAS (22). Moreover, VR-SCIT has

proven to be more effective than traditional SCIT, leading to

improvements in social functioning and emotion perception in

patients with schizophrenia (23). Review demonstrated that fully

immersive VR can serve as a valuable cognitive rehabilitation

intervention for mental illnesses, including schizophrenia (24),

with effective clinical feasibility outcomes (25).

These findings collectively highlight the potential of VR in

enhancing cognitive functions, such as working memory,

executive function, social functioning, and emotion perception in

individuals with schizophrenia. The immersive nature of VR can

boost patient engagement and treatment adherence (23). It is

important to note that VR games may induce cybersickness in

patients during gameplay. Therefore, both software and hardware

developers should focus on reducing sensory conflicts within the

game to mitigate this issue (26). Current VR use for enhancing

cognitive function in schizophrenia has several limitations. The VR

scenarios often lack diversity, with repetitive tasks like object sorting

or navigation exercises, which reduces cognitive stimulation.

Moreover, monotonous environments, such as generic virtual

rooms or simplistic landscapes, can lead to decreased patient

engagement and motivation.

Another significant issue is the insufficient personalization of VR

scenes. For example, patients may face tasks in environments that do

not reflect their daily challenges, such as navigating a virtual

supermarket or interacting with avatars in unrealistic settings.

These generic setups fail to replicate the complexities and nuances

of real-world situations, limiting the relevance of the training. VR

scenarios currently used in research often lack diversity and

personalized reproduction of real scenes, underscoring the need for

more innovative and adaptable VR designs to create meaningful,

context-specific interventions tailored to individual needs.
2.2 Advances in BCI cognitive evaluation:
cross-subject and cross-task EEG analysis

In studies investigating digital therapeutics for CIAS, cognitive

level assessment mainly uses traditional cognitive assessment

methods, such as rating scale. These conventional approaches often

rely on subjective judgment, making participants vulnerable to

environmental influences, which can lead to errors and diminish

the validity and reliability of the results. In contrast, EEG signals, due

to their non-invasive nature and the effectiveness of analysis

techniques in filtering out external noise, offer a more objective and

precise assessment. This technological advancement is propelling

cognitive assessment into a new dimension. Wen et al. explored a

feature extraction method for analyzing EEG signals to assess spatial

cognitive abilities (10), offering an innovative and scientifically robust

approach to evaluating patients’ cognitive abilities. However, the
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variability of EEG signals between individuals and tasks can impact

the generalizability of EEG analysis algorithms. To address this issue,

the EEG signal analysis algorithm is being explored from two

perspectives: cross-subject and cross-task.
FI

C

Fron
1) Cross-subject EEG signal analysis: This approach aims to

address individual differences in EEG data, thereby

improving the generalization performance of models. The

FMLAN framework, based on multiple sub-networks and a

Fine-grained Alignment Module, has significantly

advanced cross-subject EEG emotion recognition (12).

Similarly, the DDA model, incorporating EEG feature

extraction, label classification, feature distribution

alignment, and domain discrimination, has shown strong

performance in cross-subject EEG classification (13).

2) Cross-task EEG signal analysis: This method seeks to manage

differences between tasks. CTNAS-EEG framework can

automatically design the network structure across tasks and

improve the recognition accuracy of EEG signals (14).

Furthermore, SCDA model achieved the highest average

EEG-based mental workload cross-task classification

accuracy (75.39% ± 9.56% on experiment data, 90.98% ±

9.36% on the COG-BCI public dataset) (15).
Research on cross-subject and cross-task EEG signal analysis is

enhancing generalization capabilities, offering new insights into
GURE 1

onceptual framework of digital therapeutics in future CIAS.
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cognitive evaluation and optimizing training strategies in CIAS.

However, integrating both cross-subject and cross-task analysis in

EEG-based cognitive evaluation remains a challenge, especially in

developing a generalized model to predict cognitive performance

across diverse patients and tasks, requiring further exploration. In

the future, cross-subject and cross-task EEG analysis could benefit

from integrating EEG with AI models or expanding datasets to

include underrepresented populations.
3 Trends in digital therapeutics for
CIAS

The previous section explored digital therapeutics for CIAS,

showing promising results but requiring further investigation. This

section looks at future pathways and emerging trends in digital

therapeutics for schizophrenia, focusing on how innovations like

VR, BCI, and AI could offer new solutions for this complex

disorder. Here is the conceptual map for the future (Figure 1).

1) Leveraging VR for immersive and personalized

training scenarios

Schizophrenia patients often show low treatment engagement.

Personalized VR scenarios can stimulate patients’ interest, leading to

better treatment outcomes and a more positive recovery outlook. The

rapid advancement of AI-generated content (AIGC) has enabled the

generation of VR content, including 3D objects and 360-degree
frontiersin.org
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images, based on textual prompts, sketches, images, and other inputs

(27). The 3D Gaussian splatting algorithm allows for fast real-world

scene 3D reconstruction frommulti-view images, making it possible to

rapidly generate interactive and realistic VR environments (28, 29).

Using 3D reconstruction and AIGC, along with user language text,

images, and videos, to craft personalized and engaging VR scenarios

for CIAS training will significantly enhance patient engagement,

making the treatment process both efficient and enjoyable. For

example, generating diverse VR scenarios, such as space and

underwater, or reconstructing real scenes familiar to patients, such

as their home, community, and streets, will more effectively support

and enhance the training process.

2) Developing an EEG-based BCI cognitive assessment model

to optimize training strategies

Future research should focus on developing universal EEG-

based quantitative cognitive assessment methods for cross-subject

and cross-task EEG analysis (30), which will provide a scientific

framework for digital therapeutics in CIAS. Additionally,

integrating BCI technology for real-time data collection and

analysis during training can enable immediate feedback for

adjusting training strategy, facilitating an adaptive, personalized

intervention strategy. Moreover, the development of portable all-in-

one BCI-VR systems with cloud service, could reduce the need for

specialized user equipment. This would significantly improve the

accessibility of cognitive rehabilitation for schizophrenia patients,

particularly in low-resource settings.

3) Developing AI cognitive rehabilitation specialists to enhance

the efficiency and accessibility of rehabilitation services

As AI technology evolves, AI conversational systems, such as

GPT (31) and LLaMA (32), have become more refined. Integrating

these systems with cognitive rehabilitation and developing AI

rehabilitation specialists can replace traditional professionals,

reduce healthcare costs, and address workforce shortages. This

innovative approach will improve the efficiency and reach of

rehabilitation services, providing personalized cognitive

rehabilitation plans for each patient with CIAS and ensuring

precision and customization throughout the rehabilitation

process. Imagine that each patient will have their own individual

AI cognitive rehabilitation specialist who will remind or cooperate

with the patient for cognitive rehabilitation training every day, and

automatically develop a more reasonable training plan for the next

session based on the patient’s training situation, which is very

helpful for the patient’s cognitive rehabilitation. However, ethical

concerns, such as potential bias in AI-driven systems, must be

addressed. Regular audits and transparent algorithms can be

implemented to ensure reliability and mitigate these risks.
4 Conclusion

This paper explores digital therapeutics for cognitive impairments

associated with schizophrenia, highlighting their flexibility and

adaptability in cognitive training compared to traditional methods.

Besides, the use of VR and EEG analysis can further enhance the

effectiveness of cognitive training and assessment. However, current
Frontiers in Psychiatry 04
VR scenes for cognitive training always lack diversity, personalization,

and realistic scenes. And quantitative EEG-based cognitive assessments

remain constrained in their applicability to cross-subject and cross-task

scenarios. Therefore, we studied the emerging directions in digital

therapeutics for CIAS from the perspective of computer science and

technology, focusing on three key areas: 1) enhancing the diversity of

VR scenes through real scene reconstruction and 3D AIGC, 2)

advancing cross-subject and cross-task cognitive assessment methods

using EEG-based BCI models, and 3) developing AI-driven cognitive

rehabilitation specialists by integrating conversational AI systems to

reduce human labor. We believe that the application of these

innovative technologies will not only significantly improve treatment

outcomes but also provide patients with a more personalized and

precise therapeutic experience for CIAS, while making treatmentsmore

accessible and reducing healthcare inequalities.
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