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Abstract: The rapid advancement of digital technologies has led to a profound global transformation,
reshaping how societies learn, communicate, and produce knowledge. Within this context, artificial
intelligence (Al) is increasingly influencing higher education, emerging as both a strategic and practical tool
for innovation. This study examines how Al integration affects students’ critical thinking. A systematic review
of academic literature was conducted, including original articles published in English between 2020 and
October 2024. Sources were collected from Web of Science, ProQuest, and Dialnet databases. The initial
search identified 341 articles, of which 41 were selected after screening for detailed analysis. Findings reveal
that Al integration in higher education generally enhances critical thinking skills, especially when tools are
used for text generation, problem-solving, feedback analysis, and information verification. However, the
review also emphasizes the importance of cautious implementation, as Al may influence reasoning
processes, foster dependency, or introduce inaccuracies if not properly managed. Overall, the evidence
suggests that a deliberate and informed use of Al can effectively support the development of critical thinking
skills, while also requiring educators to address potential risks associated with its use.)
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Introduction

Artificial intelligence (Al) has become one of the most influential technologies of the 21st
century, driving profound transformations in science, industry, and society. As a rapidly
evolving field, Al offers powerful tools capable of processing information, automating
complex tasks, and supporting decision-making at unprecedented scales. Its impact is
widely recognized across multiple domains, positioning Al as a cornerstone of
contemporary technological development.

The influence of Al extends to a wide range of professional and scientific disciplines. In
fields such as engineering, medicine (Hasselgren & Oprea, 2024; Yin et al., 2021),
financial sector (Mintarya et al., 2023), customer service (Nicolescu & Tudorache, 2022)
, and climate research (Cowls et al., 2021), Al contributes to data analysis, process
optimization, and innovative solutions to complex problems. Its multidisciplinary
applications highlight the versatility of this technology and its relevance for addressing
global challenges.

In recent years, Al has also gained notable prominence in the educational sphere. As
educational institutions navigate a rapidly changing technological landscape, Al emerges
as a resource capable of rethinking and redesigning teaching and learning processes
(Vitanza et al., 2019). Its incorporation into classrooms is accompanied by broader
educational aims, such as fostering scientific literacy, strengthening STEM-oriented
competencies, and enhancing students’ capacity to participate critically in debates about
scientific and technological development (Cafial de Leon et al., 2011; Mansour, 2009).
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The integration of Al in education aligns with international initiatives such as the
European Commission’s updated Digital Competence Framework (2022), which
incorporates skills and attitudes related to Al and data use. Al offers new possibilities for
personalizing learning, supporting teachers, and promoting student autonomy by using
tools and platforms supported by Information and Communication Technologies (ICT).

Among the skills potentially enhanced through Al-supported learning, critical thinking
(CT) stands out as a central educational objective. CT involves the ability to analyse,
interpret, evaluate, and regulate information and reasoning processes (Creamer, 2011;
Nufez Lopez et al.,, 2017). While some studies suggest that Al can stimulate or
complement CT development (Chaparro-Banegas et al., 2024), others warn about
possible cognitive costs associated with overreliance on Al tools (Moore & Gerlich,
2025). This highlights the importance of understanding how Al is used by students and
what implications it has on higher-order cognitive skills.

Research objectives

Given the growing integration of Al in university contexts, it has become essential to
understand how its use in academic tasks shapes learning processes and supports the
development of key skills. This systematic review therefore examines empirical studies
in which higher education students engage with Al tools within instructional settings. The
aim is to determine whether these implementations foster the development of CT across
different academic disciplines and to deepen our understanding of Al's educational
potential as a transformative resource in higher education. To evaluate this, and to
explore the factors that may influence these outcomes, we propose the following
research questions:

RQ1. How has research on Al and CT in higher education evolved over time, considering
both the number of studies published per year and the countries in which they were
conducted?

RQ2. What types of learning activities in higher education incorporate students’ use of
Al tools, and which specific Al tools are employed in these activities?

RQ3. What are the methodological characteristics of the studies and their participants,
including sample size, the presence of control and experimental groups, the use of
pretest and post-test assessments, study duration, and academic discipline?

RQ4. How is the development of CT assessed in these studies—through quantitative,
qualitative, or through mixed-methods approaches?

RQ5. Does the use of Al promote the development of CT, and do the effects on CT vary
according to the academic discipline, or the type of learning activities involved?

RQ6. What is the risk of bias of the studies included in the review?
Methods

Protocol and registration: To address the research questions posed in this study, a
systematic review of the existing literature on Al and CT was conducted following an
explicit, transparent, and structured methodology designed to minimize bias. The review
adhered to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines (Liberati et al., 2009), ensuring a rigorous synthesis of the available
evidence and the generation of reliable, high-quality conclusions. As this study involved
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secondary analysis of published data, neither ethical approval nor registration in the
International Prospective Register of Systematic Reviews (PROSPERO) was required.

Eligibility criteria: This review was structured beginning with a planning phase in which
the research objectives and questions were defined, along with the descriptors to be
used and the eligibility criteria established. During this stage, the Population,
Intervention, Comparator, Outcome, and Study design (PICOS) framework was applied,
in accordance with the PRISMA guidelines, to ensure a systematic and transparent
approach to study selection and analysis:

(1) Population: university students of different ages and educational fields are included;
(2) Interventions: educational activities in which Al-based tools have been used; (3)
Comparator: we included studies involving students who used Al tools, in with CT
outcomes were compared either within the same group (pretest—posttest design) or
against a control group that did not use Al. (4) Outcome: studies with measurable
findings on the development of CT were accepted and (5) Study design: we have
included students who have used or applied Al tools in the classroom.

Book chapters, perspective, meeting abstracts, editorials or reviews were excluded.
Studies that did not address the use of Al, or that examined the development of CT in
teachers or other non-student population, were also excluded.

Information source and search: The studies were extracted from the following three
electronic databases: Web of Science, Dialnet, and Proquest. The search was limited
to original articles published in English and identified through the following structured
search strategy: (TS = artificial intelligence AND critical thinking), covering the period
from 2020 to October 2024.

Study selection: Titles and abstracts were screened for inclusion according to the
following criteria: studies conducted with students who applied Al tools in the classroom,
assessing their CT either through within-group comparisons (pretest—posttest design) or
between-group comparisons with students who did not use Al. Theoretical or informative
essays, studies that did not involve the use of Al by students, those not conducted with
student populations, or those that did not assess CT through objective measures, were
excluded. Full-text articles meeting the inclusion criteria were retrieved and evaluated for
eligibility. Fig. 1 presents a flow diagram describing the inclusion/exclusion process
followed by reasoning.

Data collection process: The data collected from the research articles is shown in
Table 1. The following data were extracted from the articles: classification of university
degrees, degrees, article reference, type of Al used, test or assessment of CT, types of
activities using Al, duration of the study and concise conclusion. This information was
evaluated, classified, and categorized to elucidate the effect of using Al on the
development of CT in university students.

Risk of bias in individual studies/ Reporting bias assessment: To ensure the validity
and reliability of the included studies, the methodological risk of bias was independently
assessed by the first two authors of this systematic review following the Cochrane
Collaboration’s tool for assessing risk of bias in randomized trials (Higgins et al., 2011),
complemented with additional Al-specific criteria regarding data representativeness,
transparency, and reproducibility (Nagendran et al., 2020). The types of bias extracted
were selection bias, performance bias, detection bias, attrition bias, reporting bias, and
other sources of bias. Specifically, each study examined 9 entries associated with the
types of error bias: random sequence generation and allocation concealment (selection
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bias); knowledge about the use of Al (performance bias) and blinding of assessors
(detection bias); completeness of outcome data (attrition bias); selectivity of reported
outcomes (reporting bias); and additional potential biases: related to the use of Al and
trust in the data obtained (automation bias), data representativeness, transparency, and
reproducibility. For each domain, reviewers answered a signalling question and rated the
risk of bias as low, high, or unclear. The two reviewers worked independently to
determine the adequacy of randomization and allocation concealment, the comparability
of baseline characteristics, blinding of participants and outcome assessors, management
of incomplete data, and the presence of selective reporting. Any discrepancies in their
evaluations were resolved through discussion or consultation with a third reviewer. The
final risk of bias classification for each domain was categorized as low risk, high risk, or
unclear risk.

Results

Atotal of 341 potentially relevant original articles were initially identified across the three
databases consulted: Web of Science (275), ProQuest (46), and Dialnet (20) (as shown
in Figure 1). No duplicate records were found. After screening titles and abstracts based
on the predefined eligibility criteria, 253 articles were excluded. Of the remaining 88 full-
text articles assessed for eligibility, 47 did not meet the inclusion criteria upon closer
examination. This process resulted in a final sample of 41 empirical studies, reviewed
in Fig. 1, which constitute the basis for the analyses presented below.

Fig. 1.
PRISMA flowchart for article selection.
| Identification Il Screening Il Included
Total of i . . . .
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Records identified in records L o o o L
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language other than
English or Spanish.

RQ1. How has research on Al and CT in higher education evolved over time,
considering both the number of studies published per year and the countries in
which they were conducted?

41 original articles published in the period between 2020 and 2024 were selected in this
review. Regarding the year of publication: 58.53% of the studies were published in 2024,
36.58% in 2023, 4.87% in 2022 and 2.43% in 2020. The country where the study was
carried out is specified in only 36 of the studies (87.80%), form which, 36.58% were
conducted in Asia — seven articles in China (He et al., 2023; Li et al., 2024; Shahzad et
al., 2024; Xiaolei & Teng, 2024; Yan et al., 2024; Zheng et al., 2024; Zou et al., 2024),
four in Taiwan (Chang et al., 2024; P. H. Lin & Chen, 2020; Q Huang et al., 2023; Tu,
2024), and one in Indonesia (Darmawansah et al., 2025), and South Korea (Zhang et
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al., 2024)-; 24.39% of the studies were conducted in Europe -two in Germany
(Dahlkemper et al., 2023; Henze et al., 2022) and Spain (Murillo-Ligorred et al., 2023;
Sanchez-Ruiz et al., 2023), but also in ltaly, the United Kingdom, Portugal, France,
Romania and the Czech Republic-. 19.51% of the studies were carried out in America,
mostly in USA (Favero, 2024; Kim et al., 2024; X. Lin et al., 2024; Mahrous et al., 2023;
Wolf & Wolf, 2023), Mexico (Michalon & Camacho-Zuniga, 2023; Sanabria-Z et al., 2023)
and Brazil (Augusto Menten de Barros et al., 2023). Africa was only represented in
studies performed in several countries -Argelia, Egypt, Bangladesh, India and Indonesia-
(Muthmainnah et al., 2022), and between Nigeria and Bangladesh (Yusuf et al., 2024) .
From Oceania (Australia), only one study was selected (Dai et al., 2023).

RQ2. What types of learning activities in higher education incorporate students’
use of IA tools, and which specific Al tools are employed in these activities?
Among 41 articles, 60.97% (25 articles) involved only one learning activity category,
26.82% (11 articles) involved two different categories, 2.43% (1 article) involved three
different categories and 9.75% (4 articles) did not specify the learning activity category
employed. The most frequently observed learning activity categories in which Al was
used, shown in Table 2, was text generation, present in 48.78%% (20 articles) and
Writing/performance assessment present in 46.34% (19 articles) and problem solving
14.63% (6 articles). Other activity categories were reported less frequently, such as
human—Al interaction for coaching or decision support (Tsopra et al., 2023), Al-
supported problem-based learning (Augusto Menten de Barros et al.,, 2023),
paraphrasing or rewriting assistance (Xiaolei & Teng, 2024), automated writing
evaluation (Liu et al., 2023), and general generative Al plus diverse applications such as
the PSoC 6 microcontroller technology (Modran et al., 2024), Makeblock Neuron
Construction Kit for loT simulation and 3D-figure manipulation (Henze et al., 2022),
Hereinafter Al for instructional integration (Murillo-Ligorred et al., 2023), AiDental for
domain-specific learning support (Mahrous et al., 2023), and an Al platform developed
to assess complex thinking (Sanabria-Z et al., 2023). Additionally, augmented learning
environments were represented in augmented reality applications (P. H. Lin & Chen,
2020).

RQ3. What are the methodological characteristics of the studies and their
participants, including sample size, the presence of control and experimental
groups, the use of pretest and post-test assessments, study duration, and
academic discipline? A total number of 41 articles were selected, of which 87.80%
reported the sample size, ranging from 7 to 1,000 students. Among all analysed studies,
24 conducted both pretests and post-tests; however, only 10 of these 24 included both
a control group and an experimental group. Overall, just 24.39% of the studies (n = 10)
(Chang et al., 2024; Darmawansah et al., 2025; He et al., 2023; Li et al., 2024; Liu et al.,
2023; Mahrous et al., 2023; Huang et al., 2023; Saritepeci & Yildiz Durak, 2024; Yusuf
et al., 2024; Zheng et al., 2024) incorporated a control and experimental group in their
experimental design.

According to the duration of the study, 58.53% of them indicated the duration of the
experiment, which varied between 1 hour [26] and more than 12 months (Xiaolei & Teng,
2024; Zheng et al., 2024), the mode being between 1-3 months (Darmawansah et al.,
2025; Li et al., 2024; Mahrous et al., 2023; Michalon & Camacho-Zuhniga, 2023;
Muthmainnah et al., 2022; Huang et al., 2023; Saritepeci & Yildiz Durak, 2024; Shahzad
et al., 2024).

The academic field more represented in the studies corresponded mainly to Health
Sciences (24.39%) (Araujo & Cruz-Correia, 2024; Chang et al., 2024; Favero, 2024,
Kammer et al., 2024; Mahrous et al., 2023;el 9 Tsopra et al., 2023; Wolf & Wolf, 2023;
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Zheng et al.,, 2024), followed by Humanities (21.95%) (philosophy, linguistics,
education...) (Dai et al., 2023; Darmawansah et al., 2025; Henze et al., 2022; Hyde et
al., 2024; Liu et al., 2023; Modran et al., 2024; Murillo-Ligorred et al., 2023; Saritepeci &
Yildiz Durak, 2024; Xiaolei & Teng, 2024; Yan et al.,, 2024) and Engineering and
Architecture (17.07%) (Augusto Menten de Barros et al., 2023; He et al., 2023; Kim et
al., 2024; Li et al., 2024; Modran et al., 2024; Q Huang et al., 2023; Sanchez-Ruiz et al.,
2023). Only one of the articles correspond to studies in Basic Sciences (2,43%)
(Dahlkemper et al., 2023) and another two to Social and Legal Sciences (4.87%) (Essien
etal., 2024; Michalon & Camacho-Zuhiga, 2023). The rest of the articles include students
from different disciplines in their own studies or not specified (26.82%) (Dindorf et al.,
2024; P. H. Lin & Chen, 2020; X. Lin et al., 2024; Muthmainnah et al., 2022; Sanabria-Z
et al., 2023; Sedlbauer et al., 2024; Shahzad et al., 2024; Tu, 2024; Yusuf et al., 2024;
Zhang et al., 2024; Zou et al., 2024).

RQ4. How is the development of CT assessed in these studies—through
quantitative, qualitative, or through mixed-methods approaches? According to the
CT measurement tool used in the studies, in 15 out of 41 (36.58%), CT was assessed
using a variety of instruments and approaches, mainly of a quantitative nature. These
included: a modified Likert scale by Chai et al. (2015); a Critical Thinking Scale adapted
from the Motivated Strategies for Learning Questionnaire (MSLQ) by Pintrich et al. and
Pintrich & Others (1991, 1993), in (X. Lin et al., 2024; Liu et al., 2023); Bloom’s
Taxonomy (Krathwohl, 2002) in Essien et al. (2024) and Murillo-Ligorred et al. (2023);
the California Critical Thinking Skills Test (CCTS) by Facione & Facione (1992) in (Li et
al., 2024; Xiaolei & Teng, 2024; Yusuf et al., 2024); a specific questionnaire by Lin et al.
(2019) in (Chang et al., 2024; Liu et al., 2023); the Clinical Critical Thinking Scale based
on Ennis’ (1996) theoretical framework (Zheng et al., 2024); an adapted evaluation
rubric (Kim et al., 2024); Kember et al.’s Reflective Thinking Test (2000) in Saritepeci &
Yildiz Durak (2024) ; a questionnaire adapted in Lin & Chen, 2020; and a questionnaire
developed from Miri et al. (2007) in (Muthmainnah et al., 2022). In 18 out of 41 studies
analysed (43.90%) evaluation relied on qualitative approaches focused on observation,
self-perception, opinions, experiential analysis or fact-checking and reflecting on Al-
generated information. In contrast, 8 of the 41 analysed studies (19.51%) did not clearly
specify the analytical method used. It was not explicitly indicated whether CT was
measured directly, indirectly, or as a dimension within another scale. Nevertheless,
various approaches were mentioned: the use of questionnaires to assess participants’
attitudes and experiences; integration of CT within the pedagogical approach
measurement of academic writing skills; student self-assessments and teacher
evaluations of project performance and overall learning within the PBL framework
(Augusto Menten de Barros et al., 2023); inclusion of CT as a dimension in the overall
assessment of learning and argumentation (He et al., 2023); and the analysis students’
relationship with the role of Al tools, rather than as a direct object of evaluation (Favero,
2024).

RQ5. Does the use of Al promote the development of CT, and do the effects on CT
vary according to the academic discipline, or the type of learning activities
involved? As shown in Table 1, in 35 out of 41 (85.36%) the use of Al enhances the
development of CT. Among these 35 articles, 26 involved activities related to text
generation and writing, 4 focused on problem-solving, 1 dealt with image generation, 1
involved questioning tasks and 3 of them did not specify the type of Al used. The methods
used in these studies to measure the CT varied from quantitative validated measurement
scales (fifteen studies), qualitative approaches (twelve studies), and studies in which the
analytical methods were not clearly specified (8 studies). Only in 6 out of the 41 reviewed
articles (14.63%) (Bonacaro et al., 2024; Dindorf et al., 2024; Hyde et al., 2024;
Thompson & Fecher, 2024; Yan et al., 2024; Zhang et al., 2024) the main conclusion
indicates that the application of Al tends to limit CT and to reduce its potential for
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improvement. Furthermore, in these studies it is noted that Al use may create a certain
degree of dependency among students and requires an adaptation period for effective
use. It is interesting to note that all these studies shared a CT evaluation methodology
that relied on qualitative approaches focused on observation, self-perception, opinions,
experiential analysis or fact-checking and reflecting on Al-generated information, and
that none of them used a quantitative validated measurement scale. Considering the
academic field of the studies, quantitative CT measurement probed an increase in a
variety of subjects ranging from Humanities (5 studies), mixed-disciplines (4),
engineering (3) and social sciences (3). The studies that measured an increase in CT
with qualitative tools likewise covered Science (1), Humanities (1), Health Sciences (3),
Social Sciences (1), Engineering (2), and Multiple Disciplines (4).

RQ5. What is the risk of bias of the studies included in the review? To assess the
risk of bias, the Cochrane Collaboration’s tool for assessing risk of bias in randomized
trials (Higgins et al., 2011) was applied, as presented in table 3. Each domain was
examined, and the level of risk was classified as unclear, low or high. Analysed and the
risk value was established as unclear, low or high. In most domains, the risk of bias was
judged to be unclear or high, due to the limited availability of relevant methodological
information in the included studies. However, in the domain of automation bias, the risk
of bias was predominantly assessed as low, a finding of particular relevance for this
systematic review, as it acknowledges that Al-generated data may contain inaccuracies,
and this fact could potentially stimulate the development of CT among students.

Selection bias: According to random sequence, in 12 of the 41 articles (29.6%), group
assignment was randomised; in 14 of the 41 articles (34.14%), the assignment of
students to each experimental group was not randomised; in 12 of the 42 articles
(29.26%), it was not specified; and in the remaining 3 studies, it was not applicable. In
relation to allocation concealment in 12 of the 41 articles (29.26%), it is stated that all
participants were informed about the purpose of the experiment and participated
voluntarily, and the study group was known. However, in 20 of the 41 articles (48.78%),
it is not explicitly stated whether the students knew which specific group they belonged
to. Furthermore, in 2 of the studies did not disclose the group to which the students
belonged; in 7 cases, this is not applicable (16.6%).

Performance bias: Regarding the assessments, in 6 articles (14.63%) the evaluators
were unaware of the group to which the students belonged; in 24 articles (68.53%) it was
not specified; in 3 studies (7,31%) it was not applicable; in 8 articles (19.51%) the
evaluators were aware of the group characteristics.

Detection bias: Furthermore, when analyzing the results, only 7 studies (17.07%) were
blinded; in 22 publications (53.65%), blinding procedure was not described; in 9 articles
(21.95%), the evaluators were aware of the conditions; and in 3 articles (7.31%), it was
not applied.

Attrition and reporting bias: In 19 of the studies (46.34%), dropout rates are recorded, in
5 of the studies (11.90%) the description of this rate is unclear, and in 17 of the studies
(40.47%) no dropouts are reported. Of the 20 cases with dropout rates recorded, in 4
articles (9.52%) it is unclear whether unexpected data or only success rates are being
recorded.

Automation bias: In 31 of the articles (75.60%) acknowledge that Al can sometimes
provide incorrect feedback and sometimes provide additional feedback on the content.
In 7 of the articles (17.07%), authors do not mention this distrust of the data or its
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identification is unclear. In 3 studies (7.31%), they do not address whether Al-generated
data is reliable even if it is incorrect, nor how potential inaccuracies are handled.

Representative data: In 20 of the 41 articles (8.78%), the number of students may not
be representative, due to a low sample size, low participation rate, students from very
specific disciplines, or demographic characteristics. In 21 (51.21%) of the articles, the
representativeness of the data used is not stated or is not entirely clear. Regarding
transparency and reproducibility, 6 studies (14.63%) provide details on their
methodology, including the development and validation of the proposed framework, data
collection procedures, and methods; 14 studies (34.14%) provide unclear details as not
all aspects are specified; and 2 articles (4,87%) provide low levels of reproducibility and
transparency, as these aspects are not fully specified or not mentioned, and the
methodology is not clearly described. In the remaining studies, we found 11 (Low/High),
5 (Low/Unclear), and 3 (Unclear/High) regarding reproducibility and transparency.

Discussion

The results of this systematic review show a clear increase in the use of Al tools in
education from 2020 until November 2024, with most publications (95.11%) being
published between 2023 and 2024. This growth reflects the rapid adoption of generative
technologies and Al-based learning support systems (Pang & Wei, 2025). This finding is
consistent with other studies showing that generative Al has become a popular
educational resource to support teaching and learning in higher education (Batista et al.,
2024). Furthermore, the integration of Al in education has the potential to revolutionize
how students learn and interact with information (Labadze et al., 2023). Following this
global trend, models such as ChatGPT (AL-Smadi, 2023) have gained particular
prominence, being identified as the most frequently used tool in our study (60.97%).

The geographic distribution of the studies on IA with educational purposes reveals a
higher concentration in Asia (36,58%), particularly in China and Taiwan, followed by
Europe (24.36%) and the Americas (mainly the United States and Brazil). These data
are consistent with recent bibliometric studies and reviews showing a rapid expansion of
research in educational Al, with outstanding contributions from China and the US and a
notable increase in publications on generative Al (Ng & Ho, 2025). This pattern suggests
that research activity is concentrated in regions with strong investment in technological
innovation (Britto et al., 2015) and educational research (Huang et al., 2014; Knight,
2022). However, the limited number of studies from Oceania, Latin America and Africa
highlights the need for more diverse and context-sensitive research, since the
effectiveness and acceptance of Al may vary depending on cultural, economic, and
pedagogical factors. However, Al could be a big opportunity to develop innovation in
educational research because many ai technologies are available to everyone in
countries as for example, in Latin America (Pedro et al., 2019).

In this context, chatbot technology stands out as one of the most widely adopted and
researched Al applications in education, with a significant impact on overall learning
outcomes. Specifically, chatbots have demonstrated notable improvements in learning
achievement, explicit reasoning, and knowledge retention. Their integration offers
multiple benefits, including immediate assistance, quick access to information, and
enhanced educational experiences. However, research findings remain mixed regarding
their influence on CT, engagement, and motivation (Deng & Yu, 2023) found that
chatbots positively affect several learning-related aspects but do not significantly
improve student motivation. In contrast, other studies (Okonkwo & Ade-Ibijola, 2021;
Wollny et al., 2021) suggest that chatbot use can increase motivation among learners,
highlighting the complexity and contextual nature of Al's pedagogical impact.
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Methodologically, only 24,39% of the studies included both control and experimental
groups. Together with this, the results obtained in error bias showed that 70,78% of the
studies did not specify whether the experimental groups were randomised, and less than
60% reported the duration of their interventions. These methodological limitations make
it difficult to draw strong conclusions about the real effectiveness of Al tools in learning
outcomes. The wide variation in study designs and intervention durations—from one-
hour sessions to programs lasting over a year—reflects both the flexibility and the lack
of standardization in the educational use of Al (Zawacki-Richter et al., 2019) In this
sense, Reed et al. (2005) highlighted that systematic reviews require comparable
methodologies, the presence of control groups, and similar types of interventions to
achieve more equivalent and reliable results. In the present review, the diversity of
designs and experimental conditions limits the ability to generalize findings and to
compare the true impact of Al tools across educational contexts. Moreover, only six
studies provided detailed methodological information, indicating transparency and
favouring reproducibility. The remaining articles showed low levels risk of bias of
reproducibility and transparency, as these aspects were not fully specified and their
methodologies were not clearly described. Future research should aim for stronger
experimental designs and clearer reporting to better understand how Al impacts student
performance and cognitive skills.

The study of science and other fields of knowledge must be carried out with an
understanding of the context in which they emerged and the processes that shaped
them. This is particularly relevant considering that the history of educational systems is
deeply connected to the development of industrial society, and that many current
learning practices continue to respond to the needs of an ever-evolving technological
and social environment. Within this broader context, recent research shows how different
academic fields are integrating Al in diverse yet converging ways. Most studies have
been conducted in the Health Sciences (26.82%), and 81% of them suggest that Al is
perceived as a valuable tool in areas where decision-making and CT are essential (Reed
et al., 2005). Although less common, studies in the Humanities and Engineering also
highlight Al's broad potential to promote independent learning, enhance academic
writing, and support complex problem-solving (Pedro et al., 2019). Taken together, this
evidence reinforces the need to integrate Al into educational processes, acknowledging
both its disciplinary impact and the historical and social evolution of learning models.

The variety of tools identified—from ChatGPT and Quillbot to more specific systems like
AI-PBL or Al-CDSS—shows the diversity of pedagogical goals and approaches in Al
integration (Kayal, 2024). On one hand, this wide variety complicates data
systematization, but on the other hand, it opens a wide range of learning opportunities
due to the wide variety of resources Al offers, and it also opens a diversity of needs for
this new learning (Kayal, 2024).

The role of Al on the development of CT was studied across the present review through
the analysis of 41 studies. The CT provides keys to understanding the progression of the
basic processes to learn in higher levels of education (Martinez et al., 2025). Across the
analysed studies, CT assessment displayed substantial methodological diversity. Fifteen
studies employed a myriad of instruments, from well-established and validated
questionnaires to purpose-built tools for each study. This methodological diversity
illustrates a strong trend toward operationalizing CT as a measurable construct (Carter
et al., 2015). However, the use of distinct instruments across studies raises concerns
about comparability and construct validity, since different tools capture different CT
dimensions—skills, dispositions, or behaviours (Liang, 2020; Liao et al., 2025). In
addition, twelve studies (29.26%) assessed CT using qualitative approaches, focusing
on observation, perception, and experiential analysis. Although these approaches
capture richer contextual insights, they often lack replicability or standardized
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interpretation (Sternberg, 2024). Moreover, eight studies failed to specify their analytical
methods clearly, leaving it uncertain whether CT was measured directly, indirectly, or
embedded within broader learning scales. Such methodological ambiguity limits
confidence in the resulting conclusions (Zhai et al., 2024).

One interesting finding of this review is that in 85.36% of the analysed studies, integrating
Al into educational processes is associated with a positive trend in the development of
CT (Liang, 2020). Regarding one of the additional potential biases related to the use of
Al and trust in the data obtained (automation bias), in 31 of the articles (approximately
75%), students identified errors that the machine missed or provided more detailed
feedback. This indicates an awareness that Al-generated data can be inaccurate and
fosters CT among students. It also shows that Al-generated data was not always reliable
and that, when errors occurred, students developed strategies to verify the accuracy of
the information, further promoting the development of CT, as reported in 24 of the 31
cases. Only 6 of the 41 studies (14.63%) concluded that Al can limit CT, but interestingly,
none of these studies used any quantitative, previously validated CT measurement
scale, something that has to be considered in further studies is whether or not the results
observed are dependent on the measurement method used, related to the detection bias.

The findings that these studies share, suggest that Al integration can support CT when
implemented deliberately, generating dynamic and interactive learning experiences that
encourage active participation (Baidoo-Anu & Owusu Ansah, 2023). Nevertheless, the
extent of their effectiveness is contingent upon the existence of structured frameworks
that inform instructional design and facilitate the assessment of genuine skill
development (Martinez et al., 2025). This Al integration in educational processes may
be also risking over-dependence or reduced cognitive engagement if misused (Delgado
et al., 2015) and also, requires an adaptation period for effective use. Therefore, the
positive or negative impact of Al on CT appears to depend less on the technology itself
and more on how it is pedagogically integrated.

Regarding disciplinary context, studies analysing CT with quantitative and qualitative
tools showed an improvement of CT skills along different disciplines. These distributions
suggest that the potential for CT development via educational interventions is broad and
not confined to any single field. CT development through Al studies across many
disciplines also suggest that Al-supported active learning benefits diverse academic
areas (Torrisi-Steele, 2026).

Overall, the findings of this review indicate a rapidly expanding but still developing field.
Al is being used for multiple purposes—automated assessment, text generation, writing
support, and problem-solving—but empirical evidence of its educational impact remains
limited and methodologically inconsistent. As previously discussed, further
developments of this tool in education can potentially foster CT improvement in students,
as it also raises questions such as: are teachers ready to transition to an Al-integrated
educational process? (Luckin et al., 2022) How must we modify the subject’s curriculum
to be ready for IA education? (Sai Madhavi Palle, 2025) How can we prepare our student
for an Al driven education? (George, 2023). Future research should prioritize rigorous
comparative designs, include longitudinal measures, and address ethical and
pedagogical aspects associated with the use of Al in learning environments.

In summary, the present review offers encouraging evidence that Al-supported
educational interventions can enhance CT if measurement is rigorous, pedagogy is
thoughtful, and students are actively engaged in higher-order cognitive tasks. The
challenge for educators is to harness Al in ways that stimulate rather than substitute the
thinking process. However, the heterogeneity of CT measures and evaluation
procedures constrains cross-study comparability. Future research should prioritize
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standardization of CT assessment tools and longitudinal designs to track sustained
effects of Al-supported in education. Additionally, the rapid evolution of generative Al
warrants continuous examination of how new tools reshape cognitive processes in
education.

Conclusions

Evidence suggests that Al-supported active learning fosters the development of CT and
other higher-order skills across different disciplines, indicating that its benefits are not
limited to a single academic field. However, the impact of Al depends less on the
technology itself and more on how it is pedagogically implemented.

The growing use of Al in education reflects the rapid adoption of generative technologies
and Al-based learning systems that are transforming teaching and learning. While this
expansion demonstrates Al's potential to enhance educational practices, the diversity of
research designs and contexts still limits the comparability and generalization of findings.
Future studies should therefore employ stronger experimental designs and clearer
reporting to better understanding of Al effects on student learning and cognitive
development.

Ultimately, as Al continues to evolve, it will play an increasingly influential role in shaping
educational reform, driving new ideas, methods, and approaches that redefine how
learners think, create, and solve problems.
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Tables 1.

Results of studies included in this SR.
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field

Degree

Activities in which Al has
been used

Pretest-
Posttest
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Critical Thinking
measurement tool

Duration of the

Main conclusion

study

Metaphors about GenAl in Self-reported (students' Promotes optimal learning. (Yan et al., 2024)
p . No perception and attitudes - Potential loss of critical thinking
learning English p
towards Al) skills.
Chat GPT Collaborative argumentation, Improves awareness of critical (Darmawansah
guiding students in stages of Scale Likert modified (Chai et pKe B et al., 2025)
L . Yes 6 weeks thinking, reasoned speaking and
preparation, interaction, and al., 2015) llaborati
reflection collaboration.
(Xiaolei & Teng,
Critical thinking and self-directed 2024)
Quillbot Activities of reviews and text Yes California Critical Thinking Test 56 weeks learning help students use Al
Foreign language modification (CCTST) (Facione et al., 1994) responsibly and effectively when
writing in English.
Arts and Al-powered writing and (Liu et al., 2023)
Humanities feedback processes; Task
assignment; Initial composition; Critical thinking questionnaire
Automatic Writing Automatic submission and Yes (Linetal., 20 1%)q 4 weeks Improves critical thinkin
Evaluation (AWE) feedback; Al evaluation and " P 9-
suggestions; Detailed revision
suggestions; Revision and
reflection
Students’ self-reported Strengthened critical thinking as (Dai etal., 2023)
perception. ] .
. Students' experiences and part of fﬁster, h|gher-qual|tyd
FHltoseygtiy Chat GPT Student chat logs on ChatGPT No perceptions regarding critical 16 weeks researcn progress, improved
R academic and professional skills,
thinking in an Al-enhanced
. greater confidence, and closer
environment. . . .
supervisory relationships.
Students with sufficient prior (Dahlkemper et
“Spot the Bot". To identify errors . knowledge can adequately al., 2023)
. The impact of responses on S "
. in Al-generated responses and . L . evaluate scientific quality,
Physics Chat GPT ) A No the perception of scientific 15-20 min N : i
reflected on their understanding accuracy and linguistic qualit encouraging reflection and critical
of scientific concepts. 4 9 a Y- thinking than students with less
prior knowledge.
Science Academic help, writing support, (Zhang et al.,
and exploring new information 2024)
while also using it to satisfy Does not , ) - I
Science Chat GPT curiosity, address personal specify Student_s self-reported 4 weeks Negative gﬁeqts on crifical thmkmg
. N perception. and a decline in personal skills.
issues, pass time, and
occasionally seek emotional
support.
Al-based clinical Proiect design and resolution of Qualitative evaluation of Improves motivation and (Tsopra et al.,
decision support Je 9 No deliverables. 48 weeks development of digital skills and 2023)
specific medical problems " N
systems critical thinking.
Health Students' critical thinking (in terms (Kémmer et al.,
Sci Medicine Preliminary questionnaire, of information search, number of 2024)
ciences - " . - " - ;
Clinical diagnosis after random quality of the product, case-by- diagnostic hypotheses considered,
Chat GPT . Yes ) . 8-16 weeks " ;
assignment case questionnaire, and final diagnostic accuracy, and
questionnaire. confidence level) may be impaired
without prior training.
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- - I Improves critical thinking skills (Zheng et al.,
Clinical Critical Thinking Scale (higher theoretical knowledge 2024)
L . based on Ennis’s critical L :
Chat GPT Scenario simulation Yes s . 48-96 weeks score, clinical skills performance,
thinking framework (Ennis, L - A
and clinical critical thinking)
1996).
Students’ self-reported Encourages critical thinking, as (Araujo & Cruz-
Perceptions about the use of perception. students are forced to question, Correia, 2024)
Faculty of Medicine Chat GPT P No 25 questions (open and No verify, and contrast the information
ChatGPT . N
closed-ended) about attitude generated to counteract potential
towards Al. errors or fabrications.
. . Synthesizes information efficiently (Thompson &
Physical thera Chat GPT S:Isé);rz?: giz:v:vt\;%n, ril?ﬁ:':n Does not Does not specify. Does not specify but students need time to ensure Fecher, 2024)
4 24 ing, 94 ! specify P . that the protocol is correct and that
evaluating responses. o
fact-checking is necessary.
Qualitative evaluation of Improves decision-making and (Mahrous et al.,
. . . deliverable. critical thinking skills. 2023)
Odontology AiDental Automated prosthesis design. Yes Both quantitative and 2.5 months More effective among younger
qualitative analyses. people.
Creation of schedules, (Favero, 2024)
materials, providing feedback on
students' notes, identifying gaps .
Physiology C.hatGPT and areas that need further No Does not specify. - Sgpplem.ent‘al resource to amplify
Bing ; " critical thinking.
study, searching for additional
resources, and exam
preparation.
Critical Thinking Scale (Lin et (Chang et al.,
al., 2019) of the Critical Improves students' critical thinking 2024)
Chat GPT Learning activities. Yes Thinking Disposition 4 hours skills, problem-solving, and
Questionnaire (Chai et al., learning enjoyment
2015)
Creating and analysing case . S (Simms, 2024)
scenarios for NCLEX Qualitative analysis of lpTgprgn\'l:: ft;r:t;:: Ilrtlg:'r;:;%;;d
Chat GPT adlm_mlstranon using the NCSBN No deliverables. ) technology-dependent healthcare
Clinical Judgment Measurement environment
Model (NCJMM). i
(Wolf & Wolf,
Can help assess students' writing 2023)
Nursing o . performance and improve their
IntelliMetric Academic writing tasks. Yes Qu_alltatlve analysis of 14 weeks writing skills (linked to critical
deliverables. .
thinking).
(Bonacaro et al.,
Perceived as attractive and 2024)
potentially beneficial, although
- . . Students’ self-reported . 31.3% of respondents are
Chat GPT Al opinion questionnaire. No perception. Does not specify concerned that it "limits
opportunities to use critical
thinking."
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(Essien et al.,
Bloom's taxonomy (Krathwohl, 2024)
ggglzit)a‘ti(\?;l?:sutlaaiIztj‘iglde- Does not Could improve both basic and
Busliess Chat GPT groofregdlng and Language Yes choice questions and Likert explicitly statg advanceq Igvels of critical thinking,
orrection. scales, open-ended questions the total duration falthough it is a complex process
Social and to delve deeper into students' of the study influenced by several factors.
Legal experiences)
Sciences
Create the SWOT (Strengths, (Michalon &
Weaknesses, Opportunities, Qualitative analysis of Strengthening your Camacho-
International relations Threats) matrix and the ‘ Y gthening your Zufiiga, 2023)
Chat GPT MICMAC L Yes deliverables from the student 4 weeks communication, critical thinking,
(Multiplied Cross- S h b ’
. . activities. and logical reasoning skills.
Impact Matrix Applied to a
Classification) matrix.
(He et al., 2023)
. - Qualitative analysis of - -
AI-aS§isted tile\l/ri:g)g satztlj\g::‘ta?n(gr:ict)glr?nrg and Yes de'?v.ef ables from the S tudent 24 weeks 'lé‘.n;gtrzz\l,:t?vgglgiellilt;/hmlc()ltri]\?a‘\tion and
teaching platform - activities (argumentation skills .
evaluation. s autonomous learning.
c ter Sci and the development of critical
omputer sciences thinking skills).
Problem-solving skills, critical (Augusto Menten
) Students’ self-reported thinking and communication skills, de Barros et al.,
Scrum IA Problem solving Yes perception 10 weeks teamwork skills, and the ability to 2023)
work with businesses
NLP models: Generation of personalized MSLQ learning strategy Improves learning performance, (Huang et al.,
Computer Sciences BERT materials in P ‘:hon Yes subscale (Pintrich et al., 1991; 8 weeks critical thinking, metacognitive self- | 2023)
GPT-2 Y i Pintrich et al., 1993) regulation, and effort regulation.
Integrated STEM instructional Modified version of (Chen, o (Li et al., 2024)
Promotes more systematic critical
designs working collaboratively 2000) questionnaire. Based on L 4
thinking, but human teachers can
Engineering Technology Chat GPT with ChatGPT: planning, Yes the California Critical Thinking 8 weeks rovide ’advanta es for the final
and problem-solving, and Disposition Inventory (CCTDI) product 9
Architecture pedagogical development (N. C. Facione et al., 1994) P )
PSoC 6 Detection of musical notes Qualitative analysis of Positive attitude towards the use of | (Modran et al.,
Information technologies microcontroller f > Yes ; Y Does not specify Al and the importance of critical 2024)
voice and background noise. deliverables. L o
technology thinking when using it.
Problem solving in a (Sanchez-Ruiz et
mathematical context, Students’ self-reported Adaptation of teaching strategies al., 2023)
Engineering Chat GPT scheduled tasks outside the No ercention of Al i?wﬂuence is needed to ensure the
classroom and the learning p P . development of critical thinking
process in general.
Inclusive assessment rubric Enables improvements in critical (Kim et al., 2024)
adanted from the 2014 Writin thinking, reading, and composition,
Electrical and mechanical ) p L 9 although it does not necessarily
p ; Preparation of laboratory Program Administrators . :
engineering Chat GPT reports Yes Outcomes Statement to 2 weeks foster profound improvements in
ports. evaluate critical thinking and critical thinking as it can lead to the
composin 9 inclusion of incorrect or superficial
posing. information.
Evaluating the adoption of (Henze et al.,
Education Eelvattem e eRinED Screen-free programming using STEAM tools, changes in Positive attitude toward the use of 2022)
p Y Makeblock computational thinking Yes teacher beliefs, and student 7 weeks Al, applying critical thinking to its

school/ Teaching Master

fundamentals.

engagement through pre/post-
tests and interviews.

use.
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Interactive analyses: PESTLE
analysis. Porter's Five Forces
analysis.

Qualitative analysis of
deliverables from the student

Can diminish students' critical
thinking. Educators should

(Hyde et al.,
2024)

Educational /teaching Chat GPT Al-generated cases: To pre_sent No activities. 24 weeks implement §trategles that )
Gen IA real-world business scenarios. Students' self-reported encourage independent analysis
Ethical dilemma resolution: erception P and promote reasoning in their
Through an ethical dilemma p ption. decisions.
chatbot.
- " The development of critical (Murillo-Ligorred
. . Addressing "deepfakes” in arts . . thinking is essential for the etal., 2023)
Education for primary . education to develop students' Does not Semi-structured questionnaire . }
. Hereinafter 1A ” L . ! ; 8 16 weeks autonomy of thought, both in their
school/ Teaching Master critical thinking and visual specify following Bloom's taxonomy. . d misinf .
literacy. creative and misinformative
aspects.
Turkish adaptation of . - i (Saritepeci &
- S Can contribute to critical thinking -
X ChatGPT . Reflective Thinking Test. S ’ Yildiz Durak,
Teaching Midjourney Story creation. Yes (Kember et al., 2000) by Basol 5 weeks zll# ;reirseasre no significant 2024)
& Evin-Gencel, (2013). )
Significantly greater improvement (P. H.Lin &
Chat GPT Computational thinking in their computational thinking Chen, 2020)
. . . ] skills compared to the control
Arts and Music Augmented Learning tasks to help students. Yes uestionnaire (adapted from 14 days X . L .
reaglzity 9 P &orkmaz ot al( 201p7) Y group, including creativity, logical
N computation, critical thinking, and
problem-solving skills
Conduct a seminar on a (Sedlbauer et al.,
. . scientific article or report. 2024)
Environmental Sciences, B .
" . Identify a research question or
Eltltosyy, Cliamlkiiny main topic and formulate a Qualitative analysis of
Geography and Physics, Chat GPT ChatGPrZI' task No deliverables Y 48 weeks Improves critical thinking skills.
Nanotechnology, N . . :
o Validate the answer using the
Humanities or Language -
original source and other
sources
(Zou et al., 2024)
Mixed
Investigates the use of Al- After using Al, Engineering had the
Engineering, humanities generated content tools highest percentage of critical
and social sciences, natural ChatGPT (reasons for use, perceived . - thinking (62.98%), folLowed by
sciences, business and DALL-E benefits, risks and limitations, No :]tggse:rtesn]s:rl]ft;eported No humanities and social sciences
economics, and other fields Bing and the importance of critical . (13.28%), natural sciences (8.7%),
thinking skills for future business and economics (3.06%)
professional development) and other fields (11.99%).
Al platform ; . (Sanabria-Z et
Different disciplinary areas developed to ng&g%n 4a;:$3[:§tgvf.,2f;£?;g Yes "eComplexity" and "Diapason” 6 hours Increase in the scientific thinking al., 2023)

assess complex
thinking

economy".

instruments.

sub competence.
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Course on the historical and
philosophical foundations of
adult and community

Asynchronous discussions in

Critical Thinking Scale,
adapted from the Motivated
Strategies for Learning
Questionnaire (MSLQ)

Encourage constructive
conversations and develop

(X. Lin et al.,
2024)

education and exploration Chat GPT ChatGPT, critique and reflect on Yes (Pintrich et al., 1991) 24 weeks essential skills, such as critical
of the nature and scope of information generated by Al. Course Experience thinking and knowledge
the field Questionnaire (CEQ) exploration.
developed by Wilson et al.
(1997).
Al-related questionnaire to . . . . (Muthmainnah et
Computer Science, Islamic Mitsuku measure students' critical lsr:ti?fig:g Ailr];ntr%\llferlsggzgéslai ching al., 2022)
Education management, Replik Interaction with “Al friends”. Yes thinking propensity and 12 weeks hg i k'{l P dl
and other programs epiika reactions to Al (Miri et al., t Inking skills and language
2007). proficiency.
Questionnaire that includes (Dindorf et al.,
specific elements related to 2024)
. decision-making, Surveys to The use of Al tools can lead to a
ﬁ:;mstry andiperzland Chat GPT Interaction with chat GPT. Yes identify assessment - dependency that affects critical
competency factors and thinking skills.
analyse query behaviour using
ChatGPT.
Itis vital to develop assessments (Shahzad et al.,
that support responsible use of 2024)
Unspecified Chat GPT Research and learning. No Does not specify. 4 weeks ChatGPT, maintaining students’
critical thinking skills and originality
in writing.
Study training (Yusuf et al.,
Short form of the Critical phase: 6 hours. 2024)
ChatGPT (or Activities to familiarize, Thinking Self-Assessment The total duration Improves critical thinking skills by
Unspecified L conceptualize, inquire, evaluate, Yes Scale (CTSAS) psychometric of the research ;
similar) N ) ; Lo analysing Al-generated texts.
synthesize. inventory (Payan-Carreira et project is not
al., 2022). explicitly
specified.
Critical Thinking Tendency itiﬁigshg\l/tz arzgt;rggr)imgl (Tu, 2024)
Unspecified Chat GPT Drawing analysis. Yes Questionnaire (Chai et al., 6 hours 9

2015).

thinking and use Al more
effectively.
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Tabla 2.

Description of the type of activity, number of studies addressing each activity, and percentage of publications classified by activity type.

rep—r
Type N ;:zles % Study

(Darmawansah et al., 2025; Favero, 2024; He et al., 2023; Hyde et al., 2024; Kim et al., 2024; Lvi etal., 2024; X. Lin et al., 2024; Mahrous et
Text generation 20 48,78% al., 2023; Michalon & Camacho-Zufiiga, 2023; Modran et al., 2024; Q Huang et al., 2023; Sedlbauer et al., 2024; Shahzad et al., 2024;
Simms, 2024; Tu, 2024; Wolf & Wolf, 2023; Xiaolei & Teng, 2024; Yan et al., 2024; Yusuf et al., 2024; Zou et al., 2024)
Writina/oerformance (Araujo & Cruz-Correia, 2024; Bonacaro et al., 2024; Chang et al., 2024; Dahlkemper et al., 2023; Dai et al., 2023; He et al., 2023; Li et al.,
assesgnﬁent 19 46,34% 2024; Liu et al., 2023; Mahrous et al., 2023; Modran et al., 2024; Q Huang et al., 2023; Sanabria-Z et al., 2023; Saritepeci & Yildiz Durak,
2024; Sedlbauer et al., 2024; Thompson & Fecher, 2024; Tu, 2024; Wolf & Wolf, 2023; Yusuf et al., 2024; Zheng et al., 2024)
Problem solving 6 14,63% (Menten de Barros et al., 2023; Dindorf et al., 2024; Hyde et al., 2024; Kdmmer et al., 2024; Sanchez-Ruiz et al., 2023; Tsopra et al., 2023)
Questioning/chatbot 3 7,31% (Hyde et al., 2024; Muthmainnah et al., 2022; Yan et al., 2024)
Augmented reality 1 2,43% (Lin & Chen, 2020)
Research assistance 1 2,43% (Shahzad et al., 2024)
Not specified 4 9,75% (Essien et al., 2024; Henze et al., 2022; Murillo-Ligorred et al., 2023; Zhang et al., 2024)

In this table, we describe the type of activity (problem solving, writing/performance assessment, text generation, questioning/chatbot, image generation, Augmented reality, research assistance and
not specified), the number of articles in which each activity is developed, and the percentage of publications classified by activity type
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Table 3.
Summary risk of bias in individual studies

Bias . .
selection Bias selec_:tlon Performance Detection Attrition Reporting  Automation  Representative Transparency /
(Allocation . . . - . T
(Random concealment) bias bias bias JE bias data Reproducibility
sequence)
(P.H.Lin & ) )
Chen. 2020) Unclear Unclear Unclear Unclear High High Unclear Unclear Unclear
(He%ezze)t al., Unclear Unclear Unclear Unclear High High High Unclear Low
(Mu;?mgén;za;h et Unclear High Unclear Unclear High High Unclear Unclear Unclear
(Dahlkemper et High Low High High High Low Low Unclear Low/Unclear
al., 2023)
(Dai et al., 2023) Unclear Unclear Unclear High High High Low Unclear Unclear
(He et al., 2023) Low High Unclear Unclear Low Low Low High Low/High
(Liu et al., 2023) High Unclear Unclear Unclear High High Low High Unclear
(Mah;cgg;at al, Low Unclear Low Low Low Unclear Low High Low/High
(Augusto Menten
de Barros et al., Unclear Unclear Unclear Unclear Unclear Unclear High Unclear Unclear/High
2023)
(Michalon &
Camacho-Zufiiga, | Doesn’t apply Doesn'’t apply Unclear Unclear Low Unclear Low Unclear Unclear
2023)
(Murillo-Ligorred , . .
etal., 2023) Doesn’t apply Unclear Unclear Unclear Low Low Low High Low/High
@ Hlé%r;%)et al, Low High Unclear Unclear Low Low Unclear High Low/High
(SzTaggg-?)Z) et Unclear Unclear Unclear Unclear Low Low Low Unclear Unclear
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(Sanchez-Ruiz et

al.,, 2023) Unclear Unclear Unclear Unclear Low Low Low High Low/High
(Tsﬂ%gg?aL’ High High Low Low Low Low Unclear Unclear Low/High
ONﬁ;ggyoﬁ’ High High High High Low Low Low High Low/High
(Araujo & Cruz- , . .
Correia, 2024) Low Doesn’t apply High High Unclear Unclear Low Unclear Unclear
(Bonazcgzrz)et al., Unclear Unclear Unclear Unclear High High High High Unclear
(Chang et al., . . . .

2024) Low High Unclear Unclear High High Unclear High Unclear
(Dm%g;ff)t al, High Unclear Low Low Low Low Low High Unclear/High
(Esszn(a)r;:)t al, Low High High Low Unclear Unclear Low Unclear Unclear
(Favero, 2024) | Doesn’t apply Doesn’t apply Doesn’t apply  Doesn’t apply High High Low High High

(Hyggzit)al., High Unclear Unclear Unclear Low Low Low Unclear Low
(Kamzrggz)et al., Low Low Low Low Low Low Low Unclear Low/Unclear
(Kim et al., 2024) High High Low High High High Low Unclear Unclear
(Li et al., 2024) Low Unclear Low Low High High Low High High

(X. |2_g12?1; al., Unclear Unclear Unclear Unclear Low Low/Unclear Low High Unclear
(Modran etal., High Doesntapply ~ Doesn'tapply Doesntapply  High High L High L

2024) ig oesn’t apply oesn’t apply oesn’t apply ig ig ow ig ow
(Saritepeci &

Yildiz Durak, Low Unclear Unclear Unclear Low Low Low Unclear Low

2024)

(Sedlbauer et al., High High High High Low Low High High Low/High

2024)
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(Sharz%agi)et al, High Doesn’t apply High High Low Low Unclear High Unclear/High
(Simms, 2024) High High High High High High Low Unclear Unclear
(Thompson & . . .
Fecher, 2024) High Unclear Unclear Unclear High High Low Unclear Low/Unclear
(Tu, 2024) Unclear Unclear Unclear Unclear Low Low Low Unclear Low/Unclear
(XlaoI2e0|28;r)Teng, Low Unclear Unclear Unclear High High Unclear Unclear Unclear
(Yan et al., 2024) Unclear Unclear Unclear Low Low Low Low High Low/Unclear
(Yu;gfz‘el’; al, Low Unclear Unclear Unclear Unclear Unclear Low Unclear Low
(Zhang et al., , . , Hiah Hfisli High
2024) Unclear Doesn’t apply Doesn’tapply Doesn'’t apply ig ig Low ig Low
(Zheng et al., . JHi
2024) Low Unclear Unclear Unclear Low Unclear Low High Low/High
(Zou et al., 2024) High Doesn’t apply High High Unclear Unclear Low High Low/High
(Darmawansah et . . .
High High Unclear Unclear Low Low Low Unclear Low/High
al., 2025)
g 3 1 1 1 3 4
0 3 0 0 1 4 3 8 0 2
3 6 7 6 2 3 1 5 1

Author’s judgements about all type of bias for each publication reviewed. Selection bias (random sequence generation and allocation concealment), performance bias (knowledge about the use of Al
and blinding of assessors), detection bias (random outcome assessment and blinding), attrition bias (incomplete outcome data), reporting bias (selective outcome reporting) and additional sources of
bias (consideration of errors contributed by Al, representative data, transparency, and reproducibility).



