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Critical Thinking (CT) in higher education. This study, conducting a meta-analysis by synthe-
sizing 50 relevant empirical studies from 2000 to 2021 with 5,210 participants and 58 effect sizes,
aims to present potential factors (i.e., sample size, sample type, instruction type, gender, matu-

rity, instrument, nationality, discipline, treatment duration, and group size) that may influence
the effectiveness of the cultivation of CT skills and disposition on the basis of PBL. No evident
publication bias was found (Egger’s bias = 1.21, p > 0.05). From the general perspective, the
results demonstrate the high level of influence of PBL (Standardized Mean Difference [SMD] =
0.640, p < 0.001) on CT with heterogeneity (I> = 82.9%) due to the adopted instruments, mixed
methods, and target outcomes, and no difference was observed between influence on CT skills and
disposition. Students’ maturity, nationality, sample type, instruction type, and group size are
influencing factors of overall CT. The effects of intervention for seniors, western students, ran-
domized samples, online instruction, and groups with less than six members are better, whereas
short-term intervention is ineffective. For CT skills, the treatments for juniors and groups with less
than six members are ineffective, and sample type and instruction type are not influencing fac-
tors. However, the effect sizes of big sample sizes, seniors, other kinds of instruments, western
students, Sciences as a discipline, more than ten members in a group, and long-term intervention
are stronger. For CT disposition, sample type, instruction type, discipline, and intervention
duration are influencing factors, in which randomized samples, online instruction, students in
Medicine, and medium-term intervention exerted a stronger effect than the other factors. In
conclusion, although PBL is overall effective for promoting the acquisition of CT (skills and
disposition), additional studies are also required to explore the effectiveness and influencing
factors in other contexts, such as various learning or teaching strategies, environments, and
scaffoldings, and scenario-problem-based tasks instead of only curriculum-based ones. These
factors should also be considered to promote CT skills and disposition among undergraduates.
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1. Introduction

Critical thinking (CT), as certain higher-order thinking, has been regarded as a planned achievement of education in 2050 (In-
ternational Commission on the Futures of Education Commission, 2021), which, when taught effectively, will promote logical
problem-solving (Dwyer et al., 2011) and contribute to the educational improvement, especially in higher education, and the job
market. However, teaching CT to undergraduates is a major academic challenge (Kuhn, 1991; Willingham, 2010) because of the
difficulties of embedding CT into an existed well-organized curriculum, infusing some valid tasks, and utilizing an effective teaching
strategy (Dwyer et al., 2011). Problem-Based Learning (PBL), a student-centred approach, emphasizing learning by solving problems,
has been suggested and used at the university level for developing CT in undergraduates. Most studies demonstrated the overall
positive effects while some were negative. Thus, an elaborated literature review and meta-analysis are necessary to explore the
inconsistency, overview the effectiveness, and detail the influencing factors of the effectiveness of interventions.

1.1. Definition of CT

CT has been considered one of the skills required in the 21st century (Trilling & Fadel, 2009), the facet of global competencies, and
a core skill for 2030 (OECD, 2018). However, providing a standard definition of CT is a challenging endeavour due to the complexity of
CT as a psychological construct. However, various definitions outline similar broad dimensions. For example, CT, as reasoned,
reflective thinking focused on deciding what to believe or do (Ennis, 2011), pertains to the capacity to evaluate statements (Lawson,
1999). In addition, it is deemed the purpose of instruction, in which students apply cognitive skills, such as forming hypotheses,
designing, performing, and analysing a series of investigations (Dell’Olio & Donk, 2007; Gomez, 2002; Wiles & Bondi, 1989). Despite
its complexity, most scholars (e.g., Elder & Paul, 2020; Ennis, 2011; Facione, 1990a; Halpern, 1998) agree that CT is dependent on
skills and disposition.

Component skills that involve CT have been frequently discussed issues in the academe. The American Philosophical Association
outlined six primary CT skills (Facione, 1990a): interpretation, analysis, evaluation, inference, explanation, and self-regulation. These
skills laid the foundation for later versions, such as the dominantly proposed skills categories: (a) focusing on issues; analysing ar-
guments; posing questions and answering; clarifying and challenging questions; judging the credibility of sources; and observing and
judging assumptions (Ennis, 2011); (b) verifying hypotheses; providing verbal reasoning; identifying uncertainty and making de-
cisions; and offering solutions to problems and creativity (Halpern, 1998); (c) utilizing creative thinking and CT; practicing
decision-making; and solving everyday and mathematical problems (Perkins et al., 1993); and (d) conducting analysis, inference,
induction, and evaluation (Adler, 2000). These skills are identified as crucial elements of CT.

Disposition, which is related to motivation and attitude toward acquiring CT skills, is regarded as a process that activates skills
(Ennis, 2011; Norris, 2003; Perkins et al., 1993) and as attitudes or consolidated intellectual habits (Paul & Binker, 1990; Salomon,
1994). The consensus of the contents of disposition toward CT regards it as characterological or intellectual attributes, such as
truth-seeking, open-mindedness, analyticity, systematicity, self-confidence, inquisitiveness, and maturity of judgment (Facione et al.,
2000a, 2000b). Nevertheless, empirical studies on the disposition toward CT or the motivational aspects of this manner of cognition
are scarce.

1.2. Assessment of CT

Several CT skills and disposition assessment tools have been formulated to evaluate and promote CT for undergraduates based on
the dimensions above.

1.2.1. Assessment of CT skills

Collegiate Learning Assessment Plus (CLA+), developed by the Council for Aid to Education in 2013, focuses on analysis and
problem-solving, writing effectiveness, writing mechanics, scientific and quantitative reasoning, critical reading and evaluation, and
critique of an argument. The HEIghten Outcomes Assessment Suite, created by Educational Testing Service in 2015, is embedded in
analytic and synthetic skills. The Halpern Critical Thinking Assessment (HCTA) summarized five scenarios of CT, namely, verbal
reasoning, argument analysis, thinking as hypothesis testing, using likelihood and uncertainty, and decision-making and problem-
solving skills (Butler et al., 2012). California Critical Thinking Skills Test (CCTST), invented by Facione (1990a), comprises five
subscales: analysis, evaluation, inference, deductive reasoning, inductive reasoning, and total CT skills. Another scale is the Wat-
son-Glaser Critical Thinking Appraisal (WG-CTA; Watson, 1980), based on five subscales: inference, recognition of assumptions,
deduction, interpretation, and evaluation of arguments (Bernard et al., 2008). Moreover, many studies adopted other or self-developed
instruments, such as the Cornell Critical Thinking Test (CCTT; Ennis et al., 1964) and Thinking Skills Assessment (TSA, developed by
world-leading universities), to explore the effectiveness of teaching CT skills.

1.2.2. Assessment of CT disposition

The first-invented one, California Critical Thinking Disposition Inventory (CCTDI; Facione & Facione, 1992), based on the Delphi
Report (Facione, 1990b), measures seven attributes that influence the capacity to learn and to apply CT skills effectively, namely,
truth-seeking, open-mindedness, the anticipation of possible consequences, proceeding systematically, confidence in one’s power of
reasoning, inquisitive to learning, and mature judgment. Furthermore, Yoon (2004) developed Yoon’s Critical Thinking Disposition
scale for Korean nursing students and presented the dimensions relatively similar to CCTDI: objectivity, prudence, systematicity,
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intellectual curiosity, intellectual fairness, healthy skepticism, and self-confidence. Sosu (2013) developed and validated the new CT
Disposition Scale with two factors, namely, critical openness and reflective skepticism. Quinn et al. (2020) developed and validated the
Student-Educator Negotiated CT Dispositions Scale, which aims to fill the gap where instruments are only involved in expert and
academic discussions without considering students’ perceptions. The scale covers six dimensions: reflection, attentiveness,
open-mindedness, organization, perseverance, and intrinsic goal motivation.

Despite the existence of fruitful instruments, their effectiveness as used in different studies displayed varied results, which leads to
the necessity to explore the effect size of each tool.

1.3. CT instructional intervention for higher education

Education on CT remains controversial and confusing for many instructors (Bensley & Murtagh, 2012); however, consensus exists
among researchers that CT can be taught and learned (Halpern, 2001). Students may improve their CT ability with the teachers’ use of
appropriate pedagogies and curriculum materials (Godzella & Masten, 1998; Halpern, 2001; McMillan, 1987), active learning stra-
tegies (Kim, 2009), and interactions among students and between students and instructors (Cooper, 1995; Howe & Warren, 1989).
Thus, although most experts cannot demonstrate the effectiveness of specific approaches, instructional interventions are essential.

For instructional interventions for CT, previous investigations demonstrate two paths, namely, (a) a programmatic path through
the entire curriculum of a degree program and (b) an instructional path, which pertains to specific instructional approaches
(Behar-Horenstein & Niu, 2011). For the programmatic approach, although most studies (Behar-Horenstein & Niu, 2011) that
employed this method found increases in the level of CT, the transformation occurred over a long period, during which many other
factors (e.g., out-class factors) may have influenced the results. For the instructional approach, Ennis (1989) adopted the typology of
instructional approaches, that is, critical thinking can be taught separately from subjects using (a) the general approach, be infused
explicitly in instruction in existing subject matter areas using (b) the infusion approach, result from a student’s implicit immersion in
the subject matter called (c) the immersion approach, or be taught as a combination of the general approach with infusion or im-
mersion called (d) mixed approach (Ennis, 1989). However, Abrami et al. (2008) put forward evidence that "improvement in students’
critical thinking skills and dispositions cannot be a matter of implicit expectation” (p. 1121).

Except for the effects of cognitive, meta-cognitive, and in-class factors, others, such as demographic and out-of-class factors, can
also influence CT development. Many forms of background information factors have been observed, such as gender, age, grade, ac-
ademic achievement, level of education of parents, socio-economic status, residency (rural or urban areas), private or public schools,
and majors. Out-of-class factors, such as maturation and significant life transitions (Thompson & Rebeschi, 1999), can also influence
CT. However, most studies focused on the effectiveness of teaching methods instead of these environmental factors.

1.4. PBL and its intervention on CT for higher education

As a student-centered instructional approach, PBL mainly directs students’ involvement in group study to solve ill-defined and
open-ended problems using the following learning steps: analyzing problems, setting goals, collecting resources, summarizing ideas,
and reflecting on problem-solving experiences (Lin et al., 2010). This process is designed to promote analytic reasoning,
problem-solving, and collaborative learning, which are components of CT. Thus, theoretically, PBL is regarded as a possible practical
approach for developing CT due to the overlapping contents between PBL and CT.

PBL can be categorized into two kinds based on learning places. (a) The scenario-PBL (Lave & Wenger, 1991) has a strict

| Clarify terms and concepts that are not clear | —

| Identify the Problems | & |Deﬁne the problem |

L | Analyze the problem |
l l B | Carry out a systematic search on the problem |
The interaction
| Explore Information | 4 | Share information with peers ] || among individuals,
instructors, and
l L | Generate possible solutions peers

|
B | Discuss for the best choice ‘
|

l Solve Problems | 7 | Explain the solution

_ | Finalize the solution and newly acquired
information -

Fig. 1. The Steps of PBL.
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requirement that the problem should be from real life, carried out in a real-life situation, and solved eventually. (b) The case-PBL
(Bruner, 2002) is a story generated from real life to be structured into a script for students to discuss in class. In addition, based on
the interaction, PBL can be categorized into collaborative PBL and individual PBL (Suebnukarn & Haddawy, 2006). However, for all
studies in this meta-analysis, they adopted case-PBL and collaborative PBL since they carried out the intervention in class with stu-
dents’ interactions. Thus, they were named PBL generally in this study,

Besides, the characteristics of PBL in these studies are based on the summary of Savery (2015): Learning guidance mostly by
students; open inquiry of authentic cases; problems related to subjects; collaboration; reflection; teachers’ instruction. Moreover, the
similarly fixed implementation steps of PBL in the studies in this meta-analysis can be generally listed in Fig. 1. The authentic cases
were demonstrated to students, firstly, to identify the problem, and then to do an informative exploration of it. During this process,
students may strengthen their knowledge of problem identification (the first step). Based on the possible solutions generated from
synthesizing information, students will have a collaborative discussion to select the best answer and present it to peers and the
instructor. According to the feedback, the final solution will be identified with newly acquired knowledge. Meanwhile, interaction
among individuals, peers, and instructors exists in the whole procedure.

Previous studies on the effect of PBL on CT in higher education demonstrated different results. Many of these studies found a
positive impact of PBL intervention on the development of CT skills and disposition (Ding, 2016; Gholami et al., 2016; Mandeville &
Stoner, 2015; Martyn et al., 2014; Muehlenkamp et al., 2015; Nargundkar et al., 2014; Semerci, 2006; Sendag and Odabasi, 2009; Son,
2020; Sun et al., 2013; Tiwari et al., 2006; Ulger, 2018; Wang, 2018; Weissinger, 2003; Yu et al., 2013; Yuan et al., 2008).

However, the adverse effects are as follows. Iwaoka et al. (2010) conducted a series of interventions from 2001 to 2008 and found
that two out of eight years witnessed significant gains for CT. The lack of such gains from the other years was because the instrument
used cannot assess constructive tasks, such as open-ended, take-home exams, and composition of laboratory reports. Nevertheless,
these tasks exerted strong positive effects on CT. One treatment exhibited no significant increase due to data attrition (Hesterberg,
2005). This result indicates that long-term treatment may lead to the withdrawal of participants and cause the consumption of stu-
dents’ knowledge. Pardamean (2012) conducted an intervention for dental students, which revealed no significant increase for CT due
to the small sample size, selection bias, and the internal validity of the instrument. Choi et al. (2014) explained that the negative results
obtained by their study might be due to the small sample size and non-randomized design. Other reasons for the weak significance are
culture shock among participants, lack of time for learning, and no prior PBL experience (Sanderson, 2008).

1.5. Meta-analysis of the effect of PBL on CT in higher education

Several meta-analyses were also conducted to gain a general picture of the effect of PBL instructional intervention on CT in higher
education. Kong et al. (2014) analyzed nine studies (from 1965 to 2012) on the impact of PBL on the CT of nursing students. The
authors concluded that PBL could promote CT in nursing students with CCTDI obtaining a better magnitude of the effect size, whereas
CCTST and W-GCTA were inconclusive. Oliveira et al. (2016) synthesized four studies whose results exhibited a slight positive effect
size. In addition, Lee et al. (2016) focused on eight studies conducted from 2001 to 2014 and demonstrated that PBL was ineffective on
CT. Yuan (2007) selected four studies that displayed contrasting results: effective and ineffective, whereas W-GCTA as an assessment
tool was ineffective. Wang et al. (2009) used 11 articles to summarize that PBL was superior to traditional methods in the training for
CT. Cheng et al. (2014) presented nine studies, which indicated that PBL was effective for CT among nursing students. Conversely, Liu
et al. (2020) conducted a detailed meta-analysis by synthesizing 31 effect sizes from studies published before 2018, revealing that PBL
is effective for CT skills and disposition. No difference exists for each discipline. Moreover, PBL was ineffective for nursing students but
enormously effective for engineering students; the intervention of three to six months is considered a suitable duration, adoption of
instructional scaffolds is suggested, and the group size is preferably four to eight.

In summary, previous studies and meta-analyses exhibited different levels of effectiveness of PBL instructional intervention on CT,
which may be due to the small samples, publication bias, or sensibility. Thus, a meta-analysis that focuses on a relatively large quantity
of novel studies is necessary to obtain convincing and supportive evidence for the effectiveness of PBL on CT in higher education and
the identification of influential factors.

2. Purpose of this study

This study, analyzing 58 effect sizes extracted from 50 studies published from the year 2000 to 2021, aims to collect articles about
PBL intervention on CT cultivation in the 21% century to explore whether publication bias, heterogeneity, between-group variance,
overall effectiveness, and sub-group effectiveness exist in these articles to provide a relative supplement and elaborated picture for
future relevant research. By synthesizing the effect sizes, we aim to answer the following research questions:

Research question 1: Can our meta-analysis identify publication bias?

Research question 2: Do the articles display evident heterogeneity?

Research question 3: What are the influencing factors of PBL intervention on CT (skills, disposition, and overall CT)?
Research question 4: What effect sizes will be revealed in each sub-group of the influencing factors?
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3. Methods
3.1. Literature collection and screening

We searched major databases: Web of Science (WoS), Education Resources Information Center (ERIC), Google Scholar, Scopus, and
ProQuest. Only English language studies were included in these databases. In addition, we extended our search to China National
Knowledge Infrastructure (CNKI) as well to wider the spectrum of the available studies and to gain further insights into the field.
Studies from this database were in Chinese. The screening procedure is listed in the PRISMA flow in Fig. 2. The keywords or descriptors
used are critical thinking and problem-based learning in the title within the period restriction from 2000 to 2021. Since we plan to
focus on developing the cultivation of CT during the 21st century, we set the period limitation of the previous 20 years.

Then, to identify studies adopting intervention with a control group and experiment group, we set the additional identification with
the filter "control group" on abstracts of articles of each database except Google Scholar because of its lack of that function. After
duplicating, 115 articles were identified.

We first filtered out the studies whose participants were not undergraduates during the screening phase. Then an intensive reading
was conducted for excluding articles without necessary data that are the number of the experiment (EN) and control (CN) groups, their
mean (EM and CM, respectively), and standard deviation (SD) for calculating effect sizes.

Finally, 50 studies fulfilled the requirements. Based on studies focusing on CT skills, CT disposition, or gender, we yielded 58 effect
sizes with 5210 participants from the 50 qualified studies (see in the Appendix).

3.2. Literature coding and data input

Coding the selected articles intend to explore the influencing factors that may exert different, positive, or negative effects on PBL
intervention for CT promotion. Two raters coded the 50 studies into 11 groups, as shown in Table 1.

The coding results (shown in the Appendix) were then transformed into binary data upon agreement between the two raters. The
result of the kappa agreement test is 0.9664 (96.91%; Table 2), which is considered acceptable and a high-level agreement. However,
the coding result should be totally in agreement. Thus, the coding results were rechecked. The finding indicated disagreements in terms
of the participants’ nationalities and disciplines. They are: (a) one rater regarded Turkey as an eastern country; and (b) one rater
considered majors in food and sports under Arts and Sciences, respectively. After a consensus, Turkey was categorized as a western
country; food and sports majors were, respectively, grouped under science and Arts since the disciplines of food and sports in the

WoS: N =63
' - - - ERIC: N=78 TR T
Articles Identified in the Google Scholar: N = 52 Title: “critical thinking
Database by Title CNKE: N = 82 ’ AND “problem based
N =499 Scopus: N = 165 learning
ProQuest: N = 59
g l
- WoS: N=19
- Articles Identified in the BRIC N=12 - -
E Database by Abstract Google Scholar: N = 52 Abstract: “control group
] N=175 CNKI: N =32 except Google Scholar
Scopus: N =45
1 ProQuest: N = 15
Articles After Removing
Duplicates
N=115
~—
e
Articles Potentially Eligible Excluded Articles N = 51
N=115 not for higher education N = 51
£
=
153
: !
@ . . . Excluded Articles N = 14
Auicks f°’r?:tgﬂed Rewding lack of relevant data (SD or
Mean) N = 14
~—
'
B
3 Articles Finally Confirmed
S N =50
~—

Fig. 2. PRISMA Flow of Study Analysis in Phases.
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Table 1
Coding Groups of Studies.
Group N1 N2 N3 Sub-group
Intervention Focus 27 CT skills
31 CT disposition
Gender 1 male
1 female
Sample Size 16 7 9 Small (< 51)
24 13 11 Medium (= 51 - 100)
18 7 11 Big (> 100)
Maturity 21 9 12 Juniors (first- and second-year students)
32 15 17 Seniors (third, fourth, and higher-year students)
Instrument 28 CCTDI
4 CCTST
4 W-GCTA
19 3 Others
Nationality 46 18 28 Easterners
12 9 3 Westerners
Discipline 42 16 26 Medical Science
10 6 Natural Sciences
6 5 1 Humanity, Arts, and Social Sciences
Duration 5 1 4 Short (one to four weeks)
12 6 Medium (nearly half a semester)
41 20 21 Long (equal to or more than one semester)
Sample Type 37 15 22 Randomized
21 12 9 Non-Randomized
Instruction Type 5 4 1 Online
53 23 30 Offline
Group Size 10 6 4 <6
20 9 11 6-10
5 4 > 10

Notes: N1, N2, and N3 represent the numbers of effect sizes in overall CT, CT skills, and CT disposition analysis, respectively. The abbreviations
(Medical, Sciences, and Arts) will be used in the following texts to represent Medical Sciences, Natural Sciences, and Humanity, Arts, and Social
Sciences, respectively.

Table 2

Kappa Agreement Test for Coding.
Agreement Expected Agreement Kappa Std. Err. VA Prob > Z
96.91% 8.24% 0.9664 0.0232 41.69 <0.001

studies included in this meta-analysis are more related to chemistry and social sciences, respectively. Finally, it rendered the agree-
ment 100%. After coding, the categorized data were input into Excel for analysis.

3.3. Statistical analysis techniques

Publication bias, a measure of potential tendency in the estimated mean effect size due to publishing possibilities, aims to avoid
overestimating SMD by synthesizing studies (Niu et al., 2013). Various methods can be used to verify publication bias, such as the
Peters approach, Harbord approach, or Fail-Safe N (Harbord et al., 2009; Rosenthal, 1979). The variables in our study are continuous.
Thus, two types of publication bias are suitable for this study, namely, (a) pictorial meta-funnel and Egger’s publication bias plot, and
(b) the statistical Begg’s and Egger’s tests.

Heterogeneity represents the consistency between all true effect sizes of the selected articles. Hedges and Olkin (2014) suggested
that the primary test for effect size heterogeneity is Q statistics. However, Huedo-Medina et al. (2006) advised adopting a combinatory
analysis consisting of the pictorial Galbraith plot, statistical Q, and I-square, producing more accurate results. [-square can output the
proportional percentages, instead of the sampling errors, of the variability of the estimated effect sizes due to heterogeneity (Abrami
et al., 2008). Moreover, additional meta-regression is a method for exploring influencing factors. Thus, this study considered the four
abovementioned methods to evaluate heterogeneity.

A meta-analysis can describe the overall trend and prediction of recent, relevant empirical studies based on quantitative results.
However, inconsistent values or contexts from different studies make meta-analysis cautious for researchers to conduct. The meta-
analysis sensibility test intends to verify the stability of the model, the believability of the selected studies, and the analysis of the
influence of the selected studies. Thus, to obtain credible research results, the sensibility of results should be tested. Without this step,
the analysis of results would be considered null.

A meta-analysis is a powerful approach for summarizing and comparing results from empirical studies (Card, 2015). A
meta-analysis can collect each effect size of relevant studies to compute the combined effect size (Hedges, 1981). This process is called
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Standardized Mean Difference (SMD), through which the effects from each study or sub-group will be revealed. Sub-group analysis is to
analyze the significance of each effect size and the between-group variance among the sub-groups coded in the literature coding
procedure to identify the influential factors of the effectiveness of PBL on CT. The sample sizes of each study in this meta-analysis are
big enough. Thus, this study adopted Cohen’s d approach to generate SMD via STATA software to synthesize the results.

4. Results
4.1. Publication bias

Meta-funnel plot (Fig. 3) indicates that most CT skills and disposition articles are located in the upper part within the funnel and are
distributed relatively symmetrically at the two sides of the middle SMD line. In addition, in Egger’s publication bias plot (Fig. 4), most
studies are situated on the upside of the null line (zero-line), which is relatively symmetrically distributed at the two sides of the fitting
line. Moreover, we conducted Egger’s test for publication bias, which automatically generates Begg’s and Egger’s results. As
demonstrated by the results in Table 3, Begg’s and Egger’s overall p-values are 0.060 and 0.231, respectively, which are more than
0.05, indicating no publication bias was found. Moreover, each test’s individual p-values for CT skills and disposition reached >0.05
and bias-value < 1.96 (Begg & Mazumdar, 1994). In other words, our meta-analysis contains no publication bias. Thus, the results of
our study are believable, compelling, and acceptable.

4.2. Heterogeneity

Fig. 5 presents the Galbraith plot, which indicates that most of the effect sizes lie between the fitting lines (+ 2 se lines), whereas
others are found far from them, showing the outliers of the effect sizes where the PBL success may be over- or under-estimated for the
test group. Meanwhile, the effect sizes are seemingly distributed slightly asymmetrically at the two sides of the middle linear pre-
diction. Therefore, based on Fig. 5, the study infers that heterogeneity exists among the effect sizes, where the most influential effect
sizes that may cause heterogeneity are effect sizes nos. 1, 2, 6, 11, 15, 23, 29, 30, 31, 33, 34, 38, 42, 48, 50, and 55 (see in Appendix, the
second column). Moreover, for statistical evidence (Table 4), the Q statistics for CT skills and disposition are 205.00 (1? = 87.3%) and
129.27 (1% = 76.8%), respectively, with an overall result of 334.28 (I> = 82.9%). Furthermore, all p-values for heterogeneity are less
than 0.001. According to Higgins and Thompson (2002), I-square values of <30% and >70% indicate slight and significant hetero-
geneities, respectively. These results illustrate that the selected articles display notable heterogeneity, which may be due to sub-group
factors. A meta-analysis should adopt the random effect model (REM) to eliminate heterogeneity if the I-square is > 75%; otherwise,
the fixed-effect model is more appropriate. Given the case of this study, REM will be employed for subsequent analysis.

To explore the potential factors that may cause heterogeneity, we conducted a meta-regression of CT skills and disposition
covariates. The results for CT skills reveal that all p-values exceed 0.05. In contrast, those for CT disposition demonstrate that all p-
values also exceed 0.05 except for studies that adopted medium intervention duration and online intervention (Table 5). This finding
indicates that the studies on CT skills seemingly do not significantly affect the heterogeneity results. In contrast, studies that adopted
medium PBL intervention duration and online intervention for CT disposition are the primary sources of heterogeneity and influenced
the effect size most.
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Egger's publication bias plot
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Fig. 4. Egger’s Publication Bias Plot.

Table 3
Begg’s and Egger’s Tests for Publication Bias.
Focus N Begg’s Begg’s Cont. Corr. Egger’s
Score SD b4 p z p Bias P
Skills 27 71 47.969 1.48 0.139 1.46 0.144 0.58 0.800
Disposition 31 83 58.836 1.41 0.158 1.39 0.0163 1.82 0.132
Overall 58 154 75.912 1.88 0.060 1.90 0.058 1.21 0.231
b/se Linear prediction
16
33 e
7.07585 |

b/se

0 8.50789
1/se

Fig. 5. Galbraith Plot for Heterogeneity.

Table 4

Statistical Overview of Overall Mean Effect Size and Test for Heterogeneity.
Model ES SMD 95% CI Heterogeneity Sig. of SMD
Random N Low Up Q df p 12 z p
Skills 27 0.617 0.360 0.874 205.00 26 <0.001 87.3% 4.71 <0.001
Disposition 31 0.651 0.489 0.812 129.27 30 <0.001 76.8% 7.90 <0.001
Overall 58 0.640 0.497 0.783 334.28 57 <0.001 82.9% 8.77 <0.001

Note. ES = Effect Size; CI = Confidence Interval



Y. Liu and A. Pasztor Thinking Skills and Creativity 45 (2022) 101069

Table 5

Meta-Regression of Covariates.
Group Sub-Group Coef. Std. Err. t p > |t|
CT Disposition
Duration Medium 1.328 0.452 2.94 0.010
Instruction Type Online 1.737 0.775 2.24 0.041

4.3. Sensibility

A trim-and-fill analysis was conducted to explore the sensibility of our study, in which the first result in Table 6 denotes the stability
of the selected model. As the table indicates, the p-values of the fixed and random models are less than 0.001, which suggests they both
work well. Moreover, the estimated SMDs are nearly the same without between-group variance and are within the valid 95% confi-
dence interval (CI). In terms of 83.1% heterogeneity and without apparent differences between the two models, the random model is
suitable for the study, which will render the results dependable.

Another output from the trim-and-fill analysis is the believability of the selected studies. Table 7 demonstrates the result of the REM
with a linear trimming estimator. We find the trimming procedure with two iterations, each indicating no study requires trimming and,
finally, the difference is zero. Thus, this study concluded that the selected articles are distributed relatively symmetrically and that the
research results presented by these articles are believable. In addition, Figs. 6 and 7 reveal that, although several studies are situated
away from the middle line, the overall figure is symmetrical. Moreover, Fig 6 presents no square sign, whereas Fig. 7 contains no filled
studies. Furthermore, the effect sizes are balanced at the center point, indicating no need for articles trimmed and filled.

To explore the influence of each article on the total results, we conducted a meta-influence analysis, which aims to formulate a
hypothesis by omitting only one of the effect sizes to obtain the overall SMD and corresponding CI. Fig. 8 reveals that the middle line
0.62 is the overall SMD for CT skills before omission. The left and right lines are 0.36 and 0.87, respectively, which denote the lower
and upper intervals of the overall CI before deletion. Each horizontal interval indicates the CI, whereas each circle on each horizontal
line represents the overall SMD after omitting the corresponding effect size along the y-axis. Fig. 9 applies the same interpretation for
CT disposition. For instance, if we omit effect size no. 15, the overall SMD for CT skills will highly increase. In contrast, if effect size no.
16 is omitted, then the overall SMD for CT skills sharply decreases. Thus, we can conclude that specific effect sizes, such as nos. 11, 15,
and 16 may significantly influence CT skills, whereas nos. 33, 38, 48, and 50 may largely influence the results for CT disposition.
However, most SMDs tend to be stable; although they fluctuate, their values lie between the original Cls. In summary, the influence of
the effect sizes from the selected articles is small, and the output results are significant and acceptable.

4.4. Results of overall and sub-group analyses

4.4.1. Overall results

The forest plot illustrates the overall distribution of effect sizes (Figure 10). The left column lists the IDs of the selected studies
divided by CT skills and disposition; the zero-line is the null line; and the right column presents the SMDs and weights.

We find that the CIs of the majority of effect sizes lie at the right side of the null line, which indicates that the treatments for the
experiment groups are effective for the majority of studies. In contrast, those that lie on the left side of the null line pertain to the lack of
effectiveness of PBL intervention on CT. Combining the statistical results in Table 8 with those in Fig. 10, the effect sizes of CT skills and
disposition are 0.617 (p < 0.001) and 0.651 (p < 0.001), respectively, with an overall effect size of 0.640 (p < 0.001). Furthermore, we
found no between-group variance between CT skills and disposition (p > 0.05), demonstrating that the treatment positively affected CT
skills and disposition without any difference.

The results of the sub-group comparisons on the overall CT level in Table 8 reveal the different effects of the latent influencing
factors of PBL intervention on CT. For sample size, small (SMD = 0.743), big (SMD = 0.643), and medium (SMD = 0.593) sample sizes
are considered effective (p < 0.001) with no between-group variance observed in this sub-group (p > 0.05). This finding indicates that
sample size does not influence the degree of effectiveness.

For sample type, regardless of the assignment of the participants (random or non-random), both types exert statistical significance
(p-values < 0.001); however, a between-group variance was found (p < 0.05). This outcome demonstrates that conducting studies on
randomized samples (SMD = 0.707) is preferable to those with non-randomized samples (SMD = 0.529).

For gender, there is only one study containing gender comparison in CT disposition, and for adopted instruments, each of them
focuses on either CT skills or disposition. Thus, we will show their results in the following correspondent section.

In terms of students’ maturity, statistical significance (p < 0.001) was noted for juniors and seniors with an evident between-group

Table 6
Comparison of Results of the Two Models (Before-Trim and After-Filled).
Method Pooled Est 95% CI Asymptotic N Between-Group Variance
Lower Upper z p
Fixed 0.597 0.539 0.654 20.399 <0.001 58 0.243
Random 0.640 0.497 0.783 8.774 <0.001 58
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Table 7

Random-Effects Model with a Linear Trimming Estimator.
Iteration Estimate Tn # To Trim Diff
1 0.640 742 0 1711
2 0.640 742 0 0

Filled funnel plot with pseudo 95% confidence limits
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Fig. 7. Filled Forest Plot of Trim-and-Fill Analysis.

variance (p < 0.001), which indicates that the treatment for seniors (SMD = 0.753) is more effective than that for juniors (SMD =

0.437).

For instruction type, online and offline methods are found effective (p < 0.001) with between-group variance (p < 0.05), which
indicates that online methods (SMD = 0.935) are seemingly more effective than offline traditional classroom instruction (SMD =

0.612).
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Meta-analysis random-effects estimates (linear form)
Study ommited

0.32 0.36 0.62 0.87 0.91

Fig. 8. Meta-Influence Analysis for CT Skills.

Meta-analysis random-effects estimates (linear form)
Study ommited
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0.45 0.49 0.65 0.81 0.84

Fig. 9. Meta-Influence Analysis for CT Disposition.

According to nationality, the treatment for students from eastern or western countries (both p-values < 0.01) displayed statistical
significance. In other words, the treatment is effective for eastern and western students. However, between-group variance (p < 0.05)
was noted, which indicates that the effect size for western students (SMD = 0.673) is deemed to be slightly higher than that for eastern
students (SMD = 0.621). In addition, a slight probability exists that the treatment is more effective for western students in terms of
overall CT progress.

For students’ disciplines, statistical significance was observed for all kinds of majors (all p-values < 0.001) without between-group
variance (p > 0.05), which reveals that the interventions for students in all subjects are highly effective.

According to the group size, the three groups obtained significantly effectiveness (p < 0.05) with between-group variance (p <
0.001). This finding suggests that the group size of less than six (SMD = 0.597) is the most effective.

For treatment duration, no significance was observed for SMD for short-term interventions (p > 0.05), whereas medium- (SMD =
0.786) and long-term (SMD = 0.619) interventions are statistically significant (both ps < 0.001) without between-group variance (p >
0.05). These results illustrate that short-term PBL intervention exerts no effect on CT promotion. Alternatively, the effect of duration
does not influence the degree of effectiveness.

11
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Study %
D SMD (95% CI) Weight
Skill 1
Silviariza (2021) | —— 1.28 (0.79, 1.77) 1.74
Anesa (2021) | —— 1.33 (0.74, 1.92) 1.59
Son & Lee (2021) —_—— 0.40 (0.02, 0.79) 1.80
Amin et al. (2020) _—— 0.76 (0.19, 1.34) 1.62
Song (2020) —_—— 0.75 (0.30, 1.19) 1.80
Hursen (2020) —_—— 1.16 (0.66, 1.66) 1.73
Al-Najar et al. (2019) —_—— 0.63 (0.19, 1.06) 1.82
Gholami et al.-a (2016) e 0.42 (-0.02, 0.87) 181
Alarcon & Prezotto-a (2016) L - 1.01 (-0.04, 2.08) 1.00
Alarcon & Prezotto-b (2016) - <~ 0.77 (-0.25, 1.79) 1.03
Mandeville & Stoner (2015) : —_— 2.01(1.50, 2.52) 1.70
Muehlenkamp et al. (2015) —_—, 0.12 (-0.33, 0.58) 1.79
Cecily & Omoush (2014) e -.—I 0.15 (-0.35, 0.66) 1.72
Zhang-a (2014) —'0— 0.75 (0.1, 1.38) 1.53
Choi et al. (2014) ———— \ -0.77 (-1.20, -0.34) 1.83
Tayyeb (2013) ' —_— 2.27 (1.91,262) 1.93
Kim et al. (2012) —— 0.40 (0.05, 0.74) 1.94
Sulaiman (2011) —— 0.24 (-0.15, 0.63) 1.88
Tseng et al. (2011) —— 0.75(0.37, 1.12) 1.90
Lin et al. (2010) —_—— 0.2 (0.11,0.55) 1.96
Sendag & Ferhan (2009) —_—— 0.62 (0.13, 1.10) 1.74
Wang (2009) -+ 0.35 (-0.10, 0.80) 1.80
Lyons (2008) —_—— | -0.13 (-0.62, 0.37) 1.73
Sanderson (2008) _— 0.17 (-0.73, 1.06) 1.18
Yuan et al. (2008) —_— 0.63 (0.03, 1.22) 150
Velde et al. (2006) —_— 0.20 (-0.29, 0.69) 1.74
Hesterberg (2005) R 0.36 (-0.06, 0.77) 1.84
Subtotal (l-squared = 87.3%, p = 0.000) ¢ 0.62 (0.36, 0.87) 4582
Disposition !
Cui et al. (2020) —:0— 0.78 (0.41, 1.14) 1.92
Son (2020) —_—— ' -0.15 (-0.60, 0.31) 1.79
Wang & Han (2019) —_——r . -0.58 (-1.24,0.08) 1.49
Tian et al.-a (2018) 0.46 (0.11,0.81) 1.93
Tian et al.-b (2018) —_—r 0.50 (0.14, 0.86) 1.92
Mao et al. (2017) | —— 2 79 (2.11, 3.48) 1.46
Gholami et al.-b (2016) —— | 0.01 (-0.43, 0.44) 1.81
Deng et al. (2015) —_—— 0.60 (0.23, 0.98) 1.90
Hung et al. (2015) —_—— 1.03 (0.40, 1.66) 1.53
Pan et al. (2015) —_— 0.18 (-0.26, 0.62) 1.81
Zhang-b (2014) 1 _—— 2.12(1.35, 2.90) 1.33
Temel (2014) —_— 0.64 (0.06, 1.22) 1.61
Cho (2013) —_— 0.21 (-0.36, 0.77) 1.63
Eren et al. (2013) —_— 0.64 (0.05, 1.23) 1.50
Jun & Lee (2013) —_—— 0.97 (0.63, 1.32) 1.94
Qin et al. (2013) — 0.47 (0.20, 0.74) 2.03
Sun etal.-a (2013) —— 0.68 (0.41, 0.95) 2.03
Sun et al.-b (2013) _— 0.66 (0.18, 1.14) 1.76
Sun et al.-c (2013) —_—— 0.67 (0.35, 1.00) 1.96
Yu et al. (2013) - | 0.51 (0.05, 0.96) 1.79
Zhao & Liu (2011) | —— 1.47 (0.88, 2.07) 1.50
Zhu (2010) — 0.45 (0.22, 0.68) 2.07
Chen et al. (2010) I _— 1.77 (1.08, 2.45) 1.45
He et al. (2009) -+ 0.52 (-0.12, 1.17) 1.52
Yoo et al. (2009) —_—— 0.70 (0.36, 1.03) 1.95
Dehkordi & Heydamejad (2008) —_——— 0.18 (-0.44, 0.80) 1.55
Ozturk (2008) —_—— 0.43 (0.09, 0.77) 1.94
Cal et al. (2007) —_—— 1.19 (0.64, 1.74) 1.65
Tiwari et al.-a (2006) _——— 0.55 (0.09, 1.02) 1.78
Tiwari et al.-b (2008) —_— 0.61(0.09, 1.14) 1.69
Tiwari et al.-c (2006) —— 0.32 (-0.17,0.81) 1.74
Subotal (I-squared = 76.8%, p = 0.000) <> 0.65 (0.49, 0.81) 54.18

1
Overall (I-squared = 82.9%, p = 0.000) <> 0.64 (0.50, 0.78) 100.00
NOTE: Weights are from random effects analysis :

I |

-15 o 15 35

Fig. 10. Forest Plot of the Overall Mean Effect Size and Test for Heterogeneity.

4.4.2. CT skills results

Table 9 depicts the results of the sub-group comparisons of CT skills, which suggests the statistical significance (all p-values < 0.05)
of the effect sizes of sample size, adopted instruments, participants’ nationality, discipline, and intervention duration, all of which are
with between-group variances (all p-values < 0.05).

Thus, the study infers that a big sample size (SMD = 0.749) is better than a small one (SMD = 0.681) for assessing the influence of
PBL intervention on CT skills. However, a medium sample size (SMD = 0.498) lies behind both.

For the adopted instruments, W-GCTA (SMD = 0.369) and CCTST (SMD = 0.374) displayed weak effects in assessing progress in CT,
whereas other less popular or developed instruments (SMD = 0.721) exerted significant effects.

For nationalities, the overall result indicates a slight probability that the treatment is more effective for western students (SMD =
0.706) in terms of CT skills than eastern students (SMD = 0.552).

12
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Table 8
Mean Effect Sizes of Overall CT for Sub-groups.
Effect N SMD 95% CI Sig. of SMD Between-Group Variance
Low Up Z p p
Focus
Skills 27 0.617 0.360 0.874 4.71 <0.001 0.920
Disposition 31 0.651 0.489 0.812 7.90 <0.001
Sample Size
Big 18 0.643 0.445 0.841 6.37 <0.001 0.061
Medium 24 0.593 0.325 0.861 4.34 <0.001
Small 16 0.743 0.429 1.040 4.71 <0.001
Sample Type
Randomized 37 0.707 0.515 0.898 7.23 <0.001 .010
Non-Randomized 21 0.529 0.320 0.739 4.95 <0.001
Maturity
Junior 21 0.437 0.258 0.615 4.80 <0.001 <0.001
Senior 32 0.753 0.534 0.973 6.73 <0.001
Instruction Type
Offline 53 0.612 0.462 0.762 8.01 <0.001 0.040
Online 5 0.935 0.451 1.428 3.78 <0.001
Nationality
Eastern 46 0.621 0.481 0.760 8.73 <0.001 0.010
Western 12 0.673 0.211 1.135 2.86 .004
Discipline
Medical 42 0.580 0.412 0.749 6.76 <0.001 0.062
Sciences 10 0.740 0.376 1.103 3.99 <0.001
Arts 6 0.907 0.481 1.334 4.17 <0.001
Group Size
<6 10 0.597 0.071 1.122 2.23 .026 <0.001
6-10 20 0.501 0.351 0.651 6.55 <0.001
>10 5 0.565 0.362 0.769 5.45 <0.001
Duration
Long 41 0.619 0.456 0.782 7.45 <0.001 0.326
Medium 12 0.786 0.455 1.117 4.66 <0.001
Short 5 0.451 -0.311 1.213 1.16 0.246

For discipline, the PBL treatment on CT skills for students in Sciences (SMD = 0.869) is the most effective, whereas those for arts
and medical students are lagging. Intervention for students in the Arts (SMD = 0.707) is better than those in Medicine (SMD = 0.492).

Only one study conducted a short-term intervention; we cannot discuss it. Medium-term interventions (SMD = 0.561) reveal less
significant effectiveness than long-term ones (SMD = 0.586).

Although we noted no significance (p > 0.05) between the treatments for juniors and groups with less than six members. A strong
effect was observed for seniors (SMD = 0.769, SMD p-value < 0.001), and a group with more than 10 members (SMD = 0.578, p <
0.01) that is slightly more effective than groups with 6 to 10 members (SMD = 0.480, p < 0.001) with significant between-group
variance (p < 0.001).

Furthermore, the effect sizes were non-significant for the selected studies with randomized and non-randomized samples and
online and offline instruction with no significant between-group variance (p > 0.05). Nevertheless, the treatments remain effective (p
< 0.01) with SMDs of 0.647 and 0.594 for randomized and non-randomized samples, respectively. Lastly, the SMDs for online and
offline instruction are 0.809 and 0.581, respectively.

4.4.3. CT disposition results

Table 10 depicts the results of the sub-group comparisons for CT disposition. Only one study focused on gender differences; thus, we
cannot obtain accurate results. However, we opted to calculate the effect size of the said study to provide a general indication that the
effects of PBL intervention for CT among female (ES = 0.673, p < 0.001) and male (ES = 0.660, p < 0.01) are positive without between-
group variance (p-value > 0.05).

Small (SMD = 0.708), medium (SMD = 0.709), and big (SMD = 0.593) sample sizes are deemed effective (p < 0.01) without
between-group variance (p > 0.05).

Studies using randomized samples (SMD = 0.750, p < 0.001) are more effective than those adopting non-randomized samples
(SMD = 0.481, p < 0.001) with between-group variance (p < 0.05).

For maturity, the intervention on CT disposition is effective (p < 0.001) for seniors and juniors (SMDs: 0.733 and 0.540, respec-
tively) without between-group variance (p > 0.05).

Except for CCTDI (SMD = 0.676, p < 0.001), other types of instruments (p > .05) are deemed ineffective for PBL intervention on CT
disposition.

In contrast to CT skills, the effect on eastern students (SMD = 0.663, p < 0.001) displayed no between-group variance (p > 0.05)
from western students (SMD = 0.514, p < .001).

For instruction type, studies that used online media (SMD = 1.473, p < 0.001) are more effective than those that adopted an offline

13
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Table 9
Mean Effect Sizes of CT Skills for Sub-groups.
Effect N SMD 95% CI Sig. of SMD Between-group Variance
Low Up 4 p p
Sample Size
Big 7 0.749 0.098 1.399 2.45 0.014 0.011
Medium 13 0.498 0.135 0.860 2.66 0.008
Small 7 0.681 0.385 0.976 6.01 <0.001
Sample Type
Randomized 15 0.637 0.287 0.986 3.57 <0.001 0.146
Non-Randomized 12 0.594 .200 0.988 2.95 0.003
Maturity
Junior 9 0.270 —0.101 0.640 1.43 0.153 <0.001
Senior 15 0.769 0.405 1.133 4.14 <0.001
Instruction Type
Offline 23 0.581 0.290 0.873 3.91 <0.001 0.315
Online 4 0.809 0.302 1.317 3.13 0.002
Instrument
CCTST 4 0.374 0.100 0.648 2.67 0.008 0.007
W-GCTA 4 0.369 0.154 0.585 3.36 0.001
Others 19 0.721 0.369 1.074 4.01 <0.001
Nationality
Eastern 18 0.552 0.322 0.783 4.69 <0.001 <0.001
Western 9 0.706 0.090 1.321 2.25 0.025
Discipline
Medical 16 0.492 0.138 0.845 2.73 0.006 0.032
Sciences 6 0.869 0.222 1.515 2.63 0.008
Arts 5 0.707 0.424 0.990 4.90 <0.001
Group Size
<6 6 0.486 —0.238 1.209 1.32 0.188 <0.001
6-10 9 0.480 0.205 0.756 3.42 0.001
>10 4 0.578 0.345 0.811 4.87 <0.001
Duration
Long 20 0.586 0.251 0.920 3.43 0.001 0.014
Medium 6 0.561 0.275 0.847 3.85 <0.001
Short 1 1.278 0.790 1.767 5.13 <0.001

approach (SMD = 0.626, p < 0.001) with between-group variance (p < 0.01). Notably, however, only one study used the online
approach for disposition treatment.

The treatment for students in Arts (SMD = 2.125) exhibited stronger effect than that for students in Medicine (SMD = 0.628) and
Sciences (SMD = 0.552) with between-group variance (p-value < 0.01). However, only one study assessed the effectiveness of PBL
intervention on CT disposition among students in Arts.

For the group size, only one study focused on groups with more than ten members (SMD = 0.506, p < 0.05). Conversely, groups
with less than six members displayed no significance in terms of intervention (p > 0.05). However, treatments for groups with 6 to 10
are effective (SMD = 0.517, p < 0.001).

A short-term intervention remains non- significant (p > 0.05) but with between-group variance (p < 0.001), which indicates that
medium-term intervention (SMD = 0.988, p < 0.01) is better than long-term intervention (SMD = 0.613, p < 0.001).

5. Discussions, limitations, and future directions
5.1. Discussions

5.1.1. Technical results

The study aims to explicate the sources of heterogeneity in the meta-analysis. Combining the results of the Galbraith plot, meta-
regression, meta-influence, and forest plot, we find that the specific studies, effect size, or sub-group factors, such as effect size nos.
11, 15, 16, 30, 33, 38, 48, and 50, and studies that adopted online instructional methods and medium-term intervention for CT
disposition, may cause heterogeneity, which illustrates these two can enhance the effectiveness of PBL on CT. Based on these studies,
we identify three commonalities as follows: (a) adoption of instruments lacking validity from large-scale testing (Cai et al., 2007; Choi
etal., 2014; Jun & Lee, 2013; Lyons, 2008; Mandeville & Stoner, 2015; Tayyeb, 2013; Zhang, 2014; Zhao & Liu, 2011), which may lead
to extreme positive or negative results; (b) outcomes including other focus: the targeting construct is vital for result validity. Many
studies (Choi et al., 2014; Lyons, 2008; Mandeville & Stoner, 2015; Tayyeb, 2013), including those on CT, problem-solving, evi-
dence-based practice, effective communication, self-directed learning, content knowledge, and academic achievements, may lead to
the difference; and (c) mixed input methods: some studies (Chen et al., 2010; Jun & Lee, 2013; Mao et al., 2017) combine other
teaching methods, such as case-based study, and simulation as PBL. Although these methods can also be regarded as one aspect of PBL,
they enlarge or decrease the effect of pure PBL. Since the studies in our meta-analysis demonstrate no publication bias, acceptable
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Table 10
Mean Effect Sizes of CT Disposition for Sub-groups.
Effect N SMD/ES 95% CI Sig. of SMD Between-Group Variance
Low Up 4 p p

Sample Size
Big 11 0.593 0.495 0.691 11.91 <0.001 0.835
Medium 11 0.709 0.300 1.118 3.40 0.001
Small 9 0.708 0.214 1.201 2.81 0.005
Sample Type
Randomized 22 0.750 0.521 0.978 6.42 <0.001 0.031
Non-Randomized 9 0.481 0.343 0.620 6.82 <0.001
Gender
Male 1 0.660 0.347 0.999 2.71 0.007 0.848
Female 1 0.673 0.487 0.780 4.04 <0.001
Maturity
Junior 12 0.540 0.407 0.673 7.95 <0.001 0.277
Senior 17 0.733 0.459 1.008 5.624 <0.001
Instrument
CCTDI 28 0.676 0.506 0.846 7.80 <0.001 0.572
Others 3 0.413 —0.239 1.066 1.24 0.215
Nationality
Eastern 28 0.663 0.487 0.840 7.35 <0.001 0.532
Western 3 0.514 0.250 0.777 3.82 <0.001
Instruction Type
Offline 30 0.626 0.466 0.786 7.66 <0.001 0.003
Online 1 1.473 0.880 2.066 4.87 <0.001
Discipline
Medical 26 0.628 0.451 0.806 6.94 <0.001 <0.001
Sciences 4 0.552 0.307 0.737 4.76 <0.001
Arts 1 2.125 1.352 2.897 5.39 <0.001
Group Size
<6 4 0.774 —-0.074 1.622 1.79 0.074 0.100
6-10 11 0.517 0.333 0.701 5.51 <0.001
>10 1 0.506 0.048 0.963 2.17 0.030
Duration
Long 21 0.613 0.482 0.743 9.20 <0.001 0.001
Medium 6 0.988 0.384 1.592 3.21 0.001
Short 4 0.238 —0.579 1.055 .570 0.568

heterogeneity, and sensibility with a stable model, revealing the general trend of all objectively existing studies that should be
analyzed, we cannot omit them. Despite the omission, heterogeneity I? remains at 42.3%.

5.1.2. Research results

5.1.2.1. Results on overall CT. The overall effect size of this meta-analysis, similar to the meta-analysis of Liu et al. (2020), which
includes 31 studies, indicates that PBL interventions on CT (skills and disposition) are effective. However, the selected studies did not
discuss between-group variance. They concluded that the effectiveness of PBL on CT disposition is more significant than that on CT
skills, which is not dependable. Thus, we conducted a variance comparison and determined that no between-group variance exists,
indicating that PBL intervention for CT is effective, and the degree of influence on skills and disposition is nearly the same.

Besides, we concluded that sample size, discipline, and treatment duration do not affect overall CT. However, previous studies
obtained inconsistent results, such as the empirical review of Masek and Yamin (2011). Choi et al. (2014) summarized that a small
sample size might influence the results, whereas Kong et al. (2014) concluded the opposite for nursing students. The results of Liu et al.
(2020) indicated ineffectiveness, which is in line with the current study in terms of duration. This notion suggests that, although there
is no between-group difference, the medium is suitable, whereas Masek and Yamin (2011) argued that long-term intervention is better.

In this study, the potential factors are participants’ maturity, nationality, instruction type, group size, and types of sample selection.
Although we could not find studies that focused on maturity, the cultivation of CT among senior students may be more effective than
that for junior students. The plausible explanation for the difference is that with life experience increasing, seniors may acquire more
practice in thinking and problem-solving knowledge. Besides, seniors may face the choice of life directions identifying a job or higher
degree, which forces them to think critically.

Regarding nationality and discipline, we obtained results that differed from the meta-analysis of Leng and Lu (2020), which
explored the overall teaching effectiveness, not specific instructional methods on CT. However, our study only focused on PBL. Thus,
the difference is considered acceptable. Besides, CT courses or assessments in eastern countries are not regarded as a standard method
embedded in their curricula (Leng & Lu, 2020; Li & Pan, 2019). Moreover, most instruments used for CT assessment are textual, as CT
isrelated to reading skills (Csapo & Csépe, 2012), which may underlie the better performance of students in arts than that of students in
other disciplines. However, this aspect requires further exploration.

Furthermore, randomized samples are regarded as more objective than non-randomized ones. The literature does not provide this
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conclusion, whereas a few non-randomized studies (e.g., Celiker, 2021) listed it as a limitation. Nevertheless, the online instructional
approach, as a new and attractive method, may arouse more interest in students than the traditional classroom methods that students
may be bored with. Group size determines the interaction among peers. All group sizes are effective, but those less than 6 and more
than 10 witnessed a little higher effect size than the medium one, which may be caused by the degree of interaction. For small group
sizes, students can have more time for them to think independently to enhance CT individually. For big group size, students can have
more collaboration with peers, by which, they can obtain more training on thinking and evaluating. While for medium group size, they
have neither such amount of time for individual thinking nor more interactions.

5.1.2.2. Results on CT skills. For CT skills, no difference was observed for the sample type, and providing intervention for students
online or offline is not an influencing factor in CT skills cultivation. Besides, studies on this aspect are lacking. Nevertheless, other
factors are apparent.

For maturity and nationality, several studies conducted on the effectiveness of teaching CT (Leng & Lu, 2020) obtained results
similar to those of the current study, and the plausible explanations for the larger effect size for seniors and westerners have been
shown in the discussion of the results of overall CT.

For instruments, widely-used two are deemed effective but lower than others. Niu et al. (2013) also presented this consequence,
which may be the reason that widely-used ones are standardized and require strict conditions to use.

For discipline, Liu et al. (2020) included ten studies and obtained no difference among each subject. However, the current study
consists of 30 articles. In summary, we argue that the treatment for students in Sciences is slightly better than those for students in Arts
and Medicine on CT skills. Students in Sciences have more training on logical thinking, which can help them acquire CT skills better,
while those in Arts are good at open-thinking, with the relatively lower start point of CT skills, the good effect size can be understood.
However, for medical students, their prior focus tends to be operational skills instead of thinking skills, which may be the reason for the
lower effect size.

The result on the group size in this study differs from that of Liu et al. (2020). However, the previous research lacked relevant data
on this issue due to insufficient studies. Thus, our results will be preliminary to demonstrate that a group with more than ten members
is better for CT skills cultivation. The possible explanation is that skills need more practice for enhancement. The more students in a
group, the more ideas and discussions will pump out, which can also be an illustration of the results of the sample size.

Only one study analyzed short-term intervention for CT skills. Long-term intervention is better than medium-term intervention for
CT skills promotion. However, both are nearly the same, which agrees with the result of Masek and Yamin (2011) but not Liu et al.
(2020). This also proves that CT skills need more chance for practicing.

5.1.2.3. Results on CT disposition. For CT disposition, sample type, instruction type, discipline, and treatment duration are the factors
that influence the degree of effectiveness. The sample and instruction types results are similar to the overall CT, indicating that
randomized samples and online instruction might display better results. However, there is still no previous study on them.

In terms of discipline, only one study was conducted on Arts. Thus, we did not provide a discussion on this topic. However, the
results for CT disposition are in contrast with those for CT skills; that is, treatment for students in Medicine is better than those in the
Sciences. This finding is inconsistent with previous studies, such as Liu et al. (2020), who proposed that no difference exists among
disciplines. The plausible explanation is that CT disposition is a psychometric facet of CT, and medical students have more interaction
with real lives than those in Sciences, which leads to the better acquirement of psychological disposition.

For the duration, medium-duration intervention exerted a much more significant effect than the long one, and short-term ones are
considered ineffective. This result is consistent with that of Liu et al. (2020). However, the statistical results with between-group
variance differed from the previous one, including 21 studies (Liu et al., 2020). Possible explanations are that compared with the
results of CT skills regarding duration that long-term intervention seems more effective, as a psychological disposition, longer
treatment may consume this motivation and the inclination of CT cannot form during such a short intervention.

Moreover, only one study was conducted on gender differences. Thus, we were unable to use combined effect sizes to evaluate it.
Nevertheless, we calculate the effect size of gender, which indicated that no gender difference exists in terms of PBL intervention for CT
skills promotion, which is consistent with previous studies (Sun et al., 2013; Weissinger, 2003).

For factors that do not exert any influence, we could not find studies on the effect of sample size and the maturity of students on CT
disposition. However, no difference among sub-groups was noted. For the instruments, CCTDI is effective, whereas other instruments
are ineffective despite the lack of between-group variance. This result indicates that mature tools are better than those that did not
undergo large-scale testing and validation. We obtained the same results as Liu et al. (2020), who proposed that no differences existed
among the three types of groups. However, groups with approximately six members are better for cultivating CT disposition.

5.2. Limitations

Although evidence to prove its dependability, the study has its limitations. The first is the categories of the sub-groups. For example,
as the joint between Asia and Europe, Turkey is not consistent in belonging to western or eastern countries. Therefore, other re-
searchers may have different sub-dimensions of these categories. Since another widely-used instrument, CCTT, is used in these studies
only once, we grouped it under "others", which may underestimate its effectiveness. Moreover, we cannot include unpublished papers,
and articles from all the databases in all languages, which may lead to bias theoretically. In the identification of influential factors, this
study adopted the factor-by-factor approach assuming the factors’ effects would not be modulated by any other. However, in reality,
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they will affect each other and jointly contribute to the changes detected.
5.3. Future directions

5.3.1. Research directions

For future studies, if the scope of one meta-analysis is technically narrow, then the meta-analysis should be conducted with caution
as it may lead to publication bias or instability of the research. In this case, enlarging the research scale or waiting for sufficient articles
is reasonable. Meanwhile, caution should also be practiced regarding the sub-group categories. In general, PBL instructional inter-
vention for CT is considered effective. However, future studies should conduct an in-depth investigation and may need to explore the
prior CT level, out-of-class experience, various types of PBL activities (i.e., scenario-PBL), and the group study scaffolding of students
and instructors. Besides, to extend this topic, future studies may focus on PBL and the connection between other or various instruc-
tional approaches and CT progress. In addition, further studies on gender may be conducted due to the lack of relevant studies
currently. Lastly, the study recommends using widely-used instruments, such as CCTST and CCTDI, and avoiding tools that lack
validity or reliability testing. Moreover, although instruments for assessing CT, such as CLA+, HEIghten, and HCTA, lack application
for evaluating the effectiveness of PBL on CT, as they have undergone large-scale testing. Thus, they are suitable for use in future
studies. Finally, to avoid the bias of factor-by-factor analysis, the future study can adopt an advanced method for the identification of
influencing factors. In summary, the selected articles mainly focused on the overall and sub-dimension of CT. However, research
should be conducted on each sub-dimension below CT skills and disposition, providing future CT assessment and intervention
directions.

5.3.2. Instructional directions

If the aim of future instructions tends to strengthen overall CT, the intervention is better to be carried out in the class of small
samples (better less than 51) with groups of less than six students. Besides, if possible, online instruction or computer-assisted in-
struction can be considered effective methods. Moreover, to cultivate CT, it is better to carry out this instructional activity for senior
students.

If instructions aim to enhance CT skills especially, a big class (can be > 100) and big group size (> 10) can be suggested. Besides, the
instructional duration can be a little longer (one semester or more). Still, starting the CT skills treatment from the third year will be
better. If the intervention especially focuses on CT disposition improvement, a medium duration (half a semester) is suggested. In
addition, online instruction can also be considered if it is technically allowed.

6. Conclusion

This meta-analysis, without publication bias and with acceptable stability of results, reveals that (a) PBL instructional intervention
on CT (skills and disposition) is powerfully effective; (b) the sources of heterogeneity are studies with other instruments and mixed
input methods and outcomes; and (c) the influencing factors that may influence the effectiveness of PBL on overall CT are students’
maturity, nationality, instruction type, sample type, and group size. In terms of CT skills, these factors are sample size, maturity,
instruments, nationality, discipline, group size, and treatment duration. In contrast, those for CT disposition are sample type, in-
struction type, discipline, and treatment duration. Moreover, despite several positive results revealed by recent studies, future in-depth
studies should be conducted to investigate other aspects of PBL intervention on CT and its various dimensions by considering all kinds
of research-related issues. Besides, future CT instructional interventions should consider the influential factors in to structure the class
better for more effective cultivation.

Studies included in the meta-analysis

(Al-Najar et al., 2019; Alarcon & Prezotto, 2016; Amin et al., 2020; Anesa & Ahda, 2021; Cai et al., 2007; Cecily & Omoush, 2014;
Chen et al., 2010; Cho, 2013; Choi et al., 2014; Cui et al., 2020; Dehkordi & Heydarnejad, 2008; Deng et al., 2015; Eren & Akinoglu,
2013; Gholami et al., 2016; He et al., 2009; Hesterberg, 2005; Hung et al., 2015; Hursen, 2020; Jun & Lee, 2013; Kim et al., 2012; Lee &
Son, 2021; Lin et al., 2010; Lyons, 2008; Mandeville & Stoner, 2015; Mao et al., 2017; Muehlenkamp et al., 2015; Ozturk et al., 2008;
Pan et al., 2015; Qin et al., 2013; Sanderson, 2008; Sendag & Odabasi, 2009; Silviariza et al., 2021; Silviariza et al., 2020; Son, 2020;
Song, 2020; Sulaiman, 2011; Sun et al., 2013; Tayyeb, 2013; Temel, 2014; Tian et al., 2018; Tiwari et al., 2006; Tseng et al., 2011;
Velde et al., 2006; Wang, 2009; Wang & Han, 2019; Yoo et al., 2009; Yu et al., 2013; Yuan et al., 2008; Zhang, 2014; Zhao & Liu, 2011;
Zhu, 2010).
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