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Abstract

This study develops evidence-based quality indicators for flipped classroom teacher development in mathematics by
integrating a systematic review, quantitative meta-analysis, and thematic synthesis of national and international
research. Following PRISMA 2020, 580 records were identified, 478 unique records were screened, and 70 studies
were retained for the qualitative synthesis. A random-effects meta-analysis of 19 studies with recoverable
uncertainty estimates yielded a statistically significant moderate effect on mathematics learning (d = 0.522, SE =
0.147, 95% CI [0.233, 0.811], p = .0004). Substantial heterogeneity was observed, Q(18) = 208.089, p < .001, I? =
91.35%, and t* = 0.369, indicating that effectiveness varied markedly across educational levels, mathematical
domains, instructional designs, and implementation contexts. Convergent evidence from 46 primary- and secondary-
level effects reported by Yakar showed a comparable pooled effect (d = 0.510, 95% CI [0.340, 0.690], 1? = 87.91%)).
The thematic synthesis identified seven interdependent quality indicators: intentional pre-class design,
mathematically rich in-class activity, formative assessment and responsive feedback, integrated mathematical-
pedagogical-technological knowledge, explicit support for self-regulated learning, equitable digital access, and
analytics-informed instructional adaptation. The findings show that flipped learning is not effective through content
relocation alone; its educational value depends on coherence among mathematical tasks, teacher expertise, learner
preparation, assessment, technology, equity, and reflective use of learning data. The proposed framework offers a
transferable basis for designing, monitoring, and evaluating mathematics teacher-development programmes and
higher education practice.

Keywords - Flipped classroom, mathematics education, teacher professional development, meta-analysis, quality

\indicators, learning analytics, self-regulated learning.
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1. Introduction

Education systems are increasingly expected to improve learning outcomes while narrowing long-
standing achievement gaps, a goal that becomes more complex in settings characterised by geographic
dispersion, unequal access to educational resources, and interruptions that weaken instructional
continuity. In the Panamanian context, these structural constraints strengthen the case for instructional
approaches that are evidence-based, scalable across diverse school ecologies, and robust under real
implementation conditions, rather than relying on innovation claims that lack conceptual and evaluative
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rigor (Darling-Hammond et al., 2017; Moon et al., 2026). Within this landscape, teacher education and
ongoing professional development (PD) remain pivotal levers because instructional improvement
depends on teachers’ capacity to integrate disciplinary knowledge, pedagogical judgement, and insight
into students’ typical learning difficulties. Foundational perspectives on teacher knowledge emphasise
that effective teaching requires specialized content knowledge for teaching and the professional ability
to transform subject matter into learnable forms (Shulman, 1986; Ball et al., 2008). Accordingly, large-
scale syntheses of PD indicate that impact is strongest when learning is sustained, situated in practice,
supported through feedback, and embedded in collaborative structures rather than delivered as isolated
workshops (Darling-Hammond et al., 2017).

Among the pedagogical innovations increasingly adopted in teacher education, the flipped classroom
(FC) has gained prominence for reorganising learning time: students engage with core content before
class through digital resources, and face-to-face time is repurposed for higher-order activity such as
problem solving, discussion, formative assessment, and feedback. Meta-analytic findings indicate that
flipped classroom (FC) approaches are associated with improvements in achievement and learner
attitudes; however, reported effects are heterogeneous and depend on study design, educational level,
and implementation characteristics, underscoring the need for context-sensitive interpretation rather
than generalised claims of effectiveness (Yang & Chen, 2026). This heterogeneity is particularly
consequential when FC is framed as a lever for mathematics teacher professional development, given that
students’ opportunities to reason, justify, and engage with cognitively demanding tasks are mediated by
teachers’ orchestration of classroom discourse, representations, and feedback. In parallel, professional
development research cautions against accelerating “innovation” narratives without commensurate
conceptual precision and evaluative robustness; active-learning reforms should therefore be grounded
in explicit theory, supported by rigorous evidence, and examined through the perspectives of those who
enact them, so that novelty is not conflated with quality (Moon et al., 2026). For FC-based teacher
development, this implies that effectiveness should be judged not only by outcome gains but by
transparent, evidence-based quality indicators that specify what “good” implementation entails in
mathematics teaching contexts.

Learning analytics offers a complementary pathway for specifying and validating such quality indicators
because it operationalises learning and teaching processes through traceable data from learners and
learning environments. As a field, learning analytics integrates measurement, computational techniques,
and pedagogical interpretation to understand learning, identify risk patterns, and support data-informed
instructional decisions (Ferguson, 2012; Siemens & Baker, 2012). In flipped-learning contexts, scoping
and empirical work shows that analytics can help teachers examine students’ preparation, engagement
trajectories, and in-class participation, thereby supporting adaptation of instructional design (Algayres
& Triantafyllou, 2020; Fatmiyati et al., 2026). However, evidence also indicates that dashboards and
reports only become actionable when teachers can interpret data meaningfully and align it with
pedagogical goals, a capacity that is uneven and itself a PD target (van Leeuwen, 2019; Fatmiyati et al.,
2026). These findings motivate the need to articulate FC quality indicators that are both empirically
grounded and usable by teachers and teacher educators—indicators that connect observable behaviours
and analytics traces to the professional knowledge base required for effective mathematics teaching.

This article addresses these challenges by developing evidence-based quality indicators for flipped
classroom teacher development in mathematics through a systematic review and meta-analysis, with
explicit implications for higher education practice. The study synthesises national and international
evidence on flipped classroom effectiveness and identifies which implementation features and evaluative
criteria show the most consistent associations with improved outcomes in mathematics learning
contexts. In this way, it responds to calls to strengthen the conceptual and methodological foundations of
innovation claims in professional development research (Moon et al., 2026) and is informed by evidence
that structured improvement approaches in teacher education, including lesson study and didactic
suitability criteria, can support teachers’ reflective judgement and guide pedagogical innovation in higher
education mathematics programmes (Morales-Maure et al., 2025a). The study is guided by two research
questions: (RQ1) What evidence exists, nationally and internationally, regarding the effects of flipped
classroom approaches on mathematics learning in primary and secondary education when implemented
through teacher professional development? (RQ2) What evidence-based quality indicators for flipped-
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classroom teacher development in mathematics emerge from this literature, and how can these
indicators inform higher education practices for designing, monitoring, and evaluating teacher learning?

2. Theoretical Framework

This theoretical framework integrates the main conceptual perspectives required to explain the
effectiveness and variability of flipped classroom interventions in mathematics education and teacher
professional development. Rather than treating flipped learning as a technological arrangement, the
framework approaches it as a complex pedagogical model shaped by the interaction among mathematical
content, instructional design, teacher knowledge, learner self-regulation, classroom participation, digital
technologies, and evidence-informed decision-making. It draws on teacher professional knowledge,
constructivism, active learning, self-regulated learning, TPACK, learning analytics, and didactical
suitability to establish the analytical dimensions through which the quality of flipped mathematics
instruction can be examined. This integrated perspective is particularly relevant for interpreting
heterogeneous outcomes across studies and for identifying the conditions under which flipped learning
contributes to meaningful, equitable, and sustainable improvements in mathematics teaching and
learning.

2.1. Flipped Classroom as a Pedagogical Reorganisation of Mathematics Teaching

The flipped classroom should not be understood merely as the transfer of lectures from the classroom to
digital environments. Its defining feature is the deliberate redistribution of instructional activity across
pre-class and in-class phases so that classroom time can be devoted to higher-order mathematical
reasoning, formative assessment, collaborative problem solving, and teacher-mediated discussion. In this
sense, the flipped classroom represents a pedagogical reorganisation rather than a technological format.
Recorded explanations, digital readings, interactive simulations, and online quizzes may facilitate initial
exposure to mathematical content, but they do not constitute flipped learning unless they are coherently
connected to meaningful classroom activity.

Research in mathematics education indicates that the effectiveness of this model depends on the quality
of the relationship between both phases. Studies conducted in secondary and higher education have
associated flipped instruction with gains in conceptual understanding, achievement, engagement, and
attitudes toward mathematics, although effects vary considerably across contexts and implementation
designs (Bhagat et al., 2016; Surjono & Mahmudi, 2023; Karjanto & Acelajado, 2022; Love et al,, 2014;
Wei et al., 2020). Meta-analytic evidence similarly suggests an overall positive effect on mathematics
performance, but also reveals substantial heterogeneity, indicating that the instructional label alone does
not explain effectiveness (Gliler et al., 2023; Haziki et al., 2025; Yakar, 2021).

This variability is particularly important because apparently similar flipped interventions may differ in
the duration and accessibility of pre-class materials, the degree of accountability for preparation, the
mathematical demand of classroom tasks, the amount of feedback provided, and the teacher’s capacity
to respond to students’ reasoning. Cevikbas and Kaiser (2020) therefore conceptualise flipped
mathematics instruction as a reform-oriented approach whose value lies in creating conditions for
student-centred learning, mathematical communication, differentiation, and active participation. From
this perspective, inversion is not an end in itself; it is an organisational mechanism that can expand
opportunities for mathematically productive activity when supported by appropriate pedagogical design.

The findings of Atta and Bonyah (2023) illustrate this principle in the preparation of future teachers.
Their work on plane geometry suggests that flipped instruction can support both mathematical learning
and professional preparation when pre-service teachers engage with representations and explanations
before class and subsequently apply them through guided tasks. Likewise, Sacristdn San Cristébal et al.
(2017) showed the relevance of flipped mathematics didactics in online teacher education, where the
model enabled prospective early-childhood teachers to connect theoretical preparation with the analysis
and design of instructional practice. These findings support the view that flipped learning in teacher
education has a dual function: it develops participants’ mathematical and didactical knowledge while
simultaneously modelling an instructional approach that they may later adapt in their own classrooms.
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2.2. Teacher Professional Development and Professional Knowledge for Flipped Mathematics Instruction
Teacher professional development is most effective when it is sustained, content-focused, connected to
practice, collaborative, and organised around evidence of student thinking. For mathematics educators,
professional learning must move beyond general digital skills and address the specialised knowledge
required to select mathematical tasks, anticipate strategies, interpret misconceptions, sequence
representations, and respond productively to incomplete or unexpected reasoning.

Shulman’s concept of pedagogical content knowledge locates professional expertise in the
transformation of disciplinary knowledge into representations, analogies, explanations, questions, and
tasks that make the content accessible to particular learners (Shulman, 1986, 1987). Ball et al. (2008)
extended this logic through the construct of mathematical knowledge for teaching, which includes
specialised forms of mathematical understanding used to evaluate non-standard solutions, interpret
students’ errors, select examples, identify mathematically significant differences between strategies, and
determine whether an explanation is complete and valid.

These domains are central to flipped mathematics education. The design of pre-class materials requires
teachers to determine which ideas can reasonably be introduced independently, which representations
may reduce or increase conceptual difficulty, and what forms of guidance students need to interpret
mathematical notation, diagrams, procedures, or proofs. The in-class phase requires an even more
complex form of professional judgement because teachers must use evidence from students’ preparation
to adapt explanations, organise groups, select solution methods for public discussion, and connect
informal reasoning with formal mathematical structures.

The role of the teacher therefore becomes more demanding rather than less important. In well-designed
flipped instruction, the teacher functions as a curriculum designer, diagnostician, facilitator of discourse,
provider of feedback, and interpreter of digital and classroom evidence. Toivola et al. (2023) found that
mathematics teachers’ rationales for flipped learning were related to personalisation, student
responsibility, participation, and the reorganisation of classroom interaction. However, teachers’
accounts also show that these purposes require continuous pedagogical monitoring. The availability of
videos or digital resources does not automatically generate student autonomy; teachers must design
structures that make preparation meaningful and connect it explicitly to subsequent mathematical
activity. Webel et al. (2018) similarly demonstrated that implementing flipped instruction in elementary
mathematics involves complex adaptations. Their case study showed that the success of the approach
depended on how the teacher interpreted student needs, managed access to instructional resources, and
used classroom time for differentiated support. This reinforces the importance of professional
development that helps teachers examine not only which technologies to use but also why, when, and for
whom a particular instructional decision is appropriate. For this reason, professional development for
flipped mathematics instruction should include cycles of design, implementation, evidence collection,
collaborative analysis, and redesign. These cycles are consistent with reflective practice and Lesson Study
because they position the classroom as a site of systematic professional inquiry. Teachers can jointly
examine the mathematical and cognitive demands of pre-class resources, anticipate student responses,
analyse learning traces and classroom work, and revise the lesson in light of observed evidence. Under
this model, professional learning is directly connected to practice rather than separated from it.

2.3. Constructivism, Active Learning, and Mathematical Meaning-Making

Constructivist perspectives provide a theoretical explanation for why the redistribution of instructional
time may improve learning. Mathematical knowledge is not acquired through passive exposure alone; it
is constructed as learners coordinate prior knowledge, representations, procedures, language, examples,
and feedback. Initial exposure to content may occur asynchronously, but conceptual development
depends on opportunities to test conjectures, compare strategies, justify relationships, resolve
inconsistencies, and reorganise understanding.

The classroom phase is consequently the mechanism through which inversion becomes mathematical
learning. Carefully sequenced problems, productive struggle, peer explanation, teacher questioning,
multiple representations, and formative assessment enable learners to transform preliminary
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information into connected mathematical knowledge. Bhagat et al. (2016), for example, found that
flipped instruction positively influenced high-school students’ learning of mathematical concepts. Wei et
al. (2020) also reported improved mathematics performance in middle-school settings, while Surjono &
Mahmudi, 2023 connected flipped learning with conceptual understanding and higher-order thinking.
These outcomes can be explained by the increased opportunities for active cognitive participation. When
routine exposition is moved outside class, teachers may allocate more time to analysing errors,
comparing solution procedures, discussing mathematical structure, and solving non-routine problems.
However, this potential is realised only when classroom tasks require reasoning rather than simple
reproduction. A classroom in which students merely complete additional exercises after watching a video
may be temporally inverted without being pedagogically transformed.

Song and Kapur (2017) demonstrated that the design of the in-class sequence matters substantially. Their
comparison of productive failure and traditional flipped arrangements suggests that students’ learning
can be affected by whether problem solving precedes or follows direct instruction. This finding challenges
the assumption that there is a single optimal flipped sequence. Instead, the design should reflect the
nature of the mathematical content, students’ prior knowledge, and the intended learning processes.
Cevikbas and Kaiser (2020) further argue that flipped mathematics instruction can support reform-
oriented teaching when classroom time is used to promote inquiry, collaboration, explanation, and
differentiated assistance. Such practices align with active-learning principles because students are
required to produce, evaluate, and communicate mathematical ideas. The effectiveness of the model
therefore depends on the epistemic quality of the tasks and interactions, not simply on the replacement
of face-to-face lectures with videos.

2.4. Self-Regulated Learning, Preparation, and Student Agency

The pre-class phase introduces substantial self-regulatory demands. Students must plan when and where
to study, maintain attention, monitor understanding, regulate effort, seek help, and decide whether they
are prepared to participate in subsequent classroom activities. Self-regulated learning theory is therefore
central to explaining both the potential and the limitations of flipped instruction (Zimmerman, 2002).
Sun and Xie (2020) showed that students in an undergraduate mathematics course displayed distinct
profiles of pre-class learning behaviour. Their findings indicate that preparation cannot be treated as a
binary condition in which students either watch or do not watch a video. Learners may differ in frequency
of access, timing, persistence, repetition, quiz behaviour, and achievement goals. These differences are
pedagogically important because they affect the extent to which students can engage with more
demanding classroom tasks.

Thai et al. (2017) likewise found that learning performance depends on the specific combination of
lectures, guiding questions, and feedback. This suggests that self-regulation should not be assumed as a
prerequisite that all students already possess. It should be explicitly supported through short and clearly
structured resources, guiding questions, retrieval activities, progress indicators, low-stakes assessments,
feedback, and opportunities to clarify difficulties. Without such scaffolding, the flipped model may
transfer cognitive and organisational burdens to learners who are least prepared to manage them.
Students with limited digital access, weaker prior knowledge, low academic confidence, or competing
responsibilities may be disproportionately affected. Consequently, preparation rates should not be
interpreted only as evidence of motivation or responsibility. They may also reflect accessibility, task
clarity, resource design, perceived relevance, and the availability of support. Blau and Shamir-Inbal
(2017) add an important social dimension by emphasising co-creation and co-regulation. Their
redesigned flipped model indicates that learning regulation can be distributed across students, peers,
teachers, and digital environments. This is particularly relevant in mathematics, where collaborative
explanation can help students identify gaps in reasoning, refine language, and compare representations.
Quality flipped learning should therefore cultivate both individual autonomy and collective responsibility.

2.5. TPACK and the Pedagogically Coherent Use of Technology

The Technological Pedagogical Content Knowledge framework (Mishra & Koehler, 2006) provides a
useful lens for understanding teacher competence in flipped environments. Technology should not
determine the educational design; instead, its selection and use should emerge from the interaction
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among mathematical content, pedagogical purposes, learner characteristics, and contextual constraints.
A technically sophisticated resource may be instructionally weak if it presents mathematics inaccurately,
increases unnecessary cognitive load, or fails to prepare students for classroom activity.

In mathematics education, technological tools can expand representational and analytic possibilities.
Dynamic geometry environments, graphing tools, interactive simulations, automated feedback systems,
digital whiteboards, and video annotations can help learners explore variation, connect symbolic and
visual representations, and revisit explanations. Nevertheless, their educational contribution depends on
how they are embedded within tasks and discourse. Hwang et al. (2015) conceptualised seamless flipped
learning as an approach in which mobile technology supports continuity across learning settings. Such
continuity can allow students to access materials, record questions, receive prompts, and connect pre-
class preparation with classroom work. However, seamless access should not be confused with seamless
learning. The latter requires pedagogical alignment so that activities completed in one phase generate
information or ideas that become consequential in the next. Ruiz-Palmero et al. (2023) identified several
factors affecting flipped mathematics learning in online environments, highlighting the importance of
instructional organisation, teacher support, digital competence, and interaction. These findings reinforce
the need for professional development that integrates technological, pedagogical, and mathematical
knowledge rather than treating digital training as an isolated component.

Technology can also promote flexibility and sustainability by enabling repeated access to explanations
and differentiated pathways. Karjanto and Acelajado (2022), for example, associated flipped college
algebra instruction with cognitive gains and improved attitudes. Yet sustainability requires more than
making digital content reusable. Resources must remain mathematically accurate, accessible, adaptable,
and connected to evolving curricular and learner needs.

2.6. Learning Analytics as Evidence for Adaptive Flipped Instruction

Learning analytics can strengthen flipped instruction by making aspects of the learning process visible
before, during, and after classroom interaction. Digital environments may generate data on resource
access, completion, replay, response accuracy, response latency, participation, navigation sequences, help
seeking, and interaction patterns. These traces can provide teachers with evidence that is difficult to
obtain in conventional classroom arrangements.

Escudero-Nahén and Mercado-Loépez (2019) found that learning analytics in flipped classrooms can
support the monitoring of participation, prediction of performance, identification of behavioural
patterns, and adaptation of learning activities. In mathematics education, such evidence can help teachers
determine whether students encountered difficulty with a specific representation, repeatedly attempted
a problem, delayed preparation, or completed resources without demonstrating understanding.
However, digital traces are not quality indicators by themselves. Access counts do not demonstrate
conceptual learning, and video completion does not establish that a learner understood the mathematical
content. Analytics become pedagogically meaningful only when they are interpreted in relation to
learning goals, task demands, prior knowledge, classroom observations, and student-produced evidence.
A high-quality analytics-supported flipped design therefore links data to actionable instructional
decisions. Before class, teachers may use quiz responses to identify misconceptions, organise flexible
groups, select examples, or modify the lesson sequence. During class, they may combine dashboard
information with questions, written work, and dialogue to determine who requires additional support.
After class, they may examine patterns across activities to evaluate whether particular resources or tasks
contributed to learning.

Sun and Xie (2020) latent-profile analysis illustrates the value of moving beyond aggregate measures. By
identifying different behavioural patterns, analytics can reveal that students arrive at similar outcomes
through different learning pathways or that comparable activity levels conceal distinct forms of
engagement. Such findings support differentiated intervention, but they also require caution. Behavioural
data should not be used to assign fixed deficit labels or make high-stakes predictions without contextual
interpretation. Ethical considerations are therefore integral to the quality of learning analytics. Students
should understand what data are collected, how they are interpreted, and how they contribute to
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instructional support. Data minimisation, privacy protection, transparency, and human oversight are
essential. The pedagogical purpose of analytics should be formative: to expand opportunities for timely
assistance and improve instructional design rather than to intensify surveillance.

2.7. Didactical Suitability as a Multidimensional Framework for Quality

Didactical suitability provides an integrative perspective for evaluating why some flipped mathematics
interventions are more effective than others. Rather than defining quality through a single outcome or
technological feature, this perspective considers the degree of coherence among mathematical content,
learner characteristics, interaction, resources, affect, and context.

e Epistemic suitability concerns the mathematical richness, accuracy, representativeness, and
coherence of the content. Pre-class materials should not reduce mathematics to isolated rules or
procedures. They should present definitions, representations, connections, examples, and reasoning
that are appropriate to the intended learning goals. In-class tasks should extend rather than
duplicate the pre-class experience by requiring application, comparison, justification, modelling, or
generalisation.

Cognitive suitability refers to the relationship between instructional demands and learners’ prior
knowledge, developmental trajectories, and potential learning progression. Flipped materials that
are excessively dense, linguistically complex, or insufficiently scaffolded may create barriers before
students enter the classroom. The positive but heterogeneous effects reported in previous meta-
analyses suggest that cognitive fit is a major source of variation across interventions (Giiler et al.,
2023; Haziki et al,, 2025; Yakar, 2021).

Interactional suitability concerns the quality of discourse, feedback, collaboration, and teacher
responsiveness. The classroom phase should provide opportunities to explain reasoning, question
assumptions, compare strategies, and receive feedback that advances understanding. The findings
of Love etal. (2014), Wasserman etal. (2017), and Cevikbas and Kaiser (2020) suggest that students’
experiences are shaped by how classroom interaction is redesigned after initial content delivery is
moved outside class.

Mediational suitability addresses the adequacy of technological resources, time, infrastructure,
accessibility, and representational tools. A high-quality flipped design requires resources that
students can access reliably and revisit as needed. It also requires sufficient classroom time for the
intended mathematical practices. Technological availability alone is not enough; resources must be
usable, inclusive, and aligned with pedagogical purposes.

Affective suitability encompasses motivation, confidence, interest, agency, belonging, and
willingness to participate. Kaya (2018) found that flipped learning influenced classroom
engagement in middle-school mathematics, while Karjanto and Acelajado (2022) reported
improved attitudes in college algebra. Nevertheless, affective responses may vary according to
workload, clarity, perceived support, and students’ prior experiences with mathematics and digital
learning.

Ecological suitability refers to alignment with curricula, assessment systems, institutional
conditions, professional expectations, and wider social realities. Flipped interventions may be
effective in experimental settings but difficult to sustain when teachers face limited planning time,
inadequate infrastructure, rigid assessment requirements, or unequal student access. Ecological
suitability therefore connects classroom innovation with institutional capacity and educational

policy.

This multidimensional framework explains why studies using the same label can report markedly
different effect sizes. The flipped classroom is not a standardised treatment but a family of designs whose
components, intensities, and implementation conditions vary. Accordingly, the quality of a flipped
mathematics programme should be evaluated through the coherence of its full didactical configuration
rather than through the presence of videos, platforms, or pre-class activities alone.

2.8. Empirical Evidence and the Problem of Heterogeneity
The available evidence generally supports the effectiveness of flipped learning in mathematics, but it does
not justify the conclusion that all implementations are equally beneficial. Giiler et al. (2023) reported a
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positive overall effect of flipped classroom models in mathematics education, while Yakar (2021)
identified favourable effects on the achievement of primary- and secondary-school students. Haziki et al.
(2025) similarly reported a statistically significant medium effect in higher education mathematics.
Across disciplines and educational levels, Strelan et al. (2020) also found a positive effect on student
performance, while Helsa et al. (2023) reported favourable effects of hybrid learning on mathematical
conceptual understanding. However, pooled estimates conceal variation associated with educational
level, mathematical domain, intervention duration, research design, classroom activities, assessment
instruments, and technological configuration. The comparison of these reviews suggests that the central
research question should move beyond whether flipped learning works and examine under what
pedagogical, technological, and institutional conditions it produces reliable benefits. Individual studies
illustrate this variation. Atta and Bonyah (2023) reported strong outcomes in plane geometry among pre-
service teachers, whereas other studies in calculus, linear algebra, algebra, and secondary mathematics
have shown smaller or more context-dependent effects (Love et al., 2014; Wasserman et al., 2017; Wei et
al, 2020). These differences may arise from the nature of the mathematical content, the baseline
preparation of participants, the design of classroom tasks, or the sensitivity of outcome measures.

The distinction between achievement and broader educational quality is also important. An intervention
may increase examination scores without strengthening self-regulation, mathematical discourse,
transfer, or professional competence. Conversely, improvements in engagement, confidence,
collaboration, and instructional reasoning may not be immediately reflected in standardised
assessments. A comprehensive synthesis should therefore examine multiple outcomes and avoid
reducing quality to a single pooled achievement measure.

2.9. An Integrated Model of Quality Indicators
Drawing on the theoretical and empirical literature, quality in flipped mathematics teacher education can
be conceptualised as the coherence among seven interdependent dimensions:

1. Mathematical and epistemic quality, reflected in accurate content, meaningful representations,
conceptual connections, and cognitively demanding tasks.

2. Pedagogical alignment, demonstrated by an explicit relationship between pre-class preparation,
in-class activity, formative assessment, and intended learning outcomes.

3. Teacher professional knowledge, including pedagogical content knowledge, mathematical
knowledge for teaching, technological-pedagogical competence, and the capacity to interpret
student reasoning.

4. Self-regulation and learner support, reflected in structured preparation, accessible resources,
guidance, feedback, accountability mechanisms, and opportunities for help seeking.

5. Interaction and active mathematical participation, including collaborative problem solving,
mathematical argumentation, productive struggle, differentiated assistance, and responsive
teaching.

6. Evidence-informed adaptation, in which assessment evidence and learning analytics are used to
modify grouping, pacing, feedback, resource design, and task selection.

7. Equity, ethics, and ecological sustainability, encompassing digital access, accessibility, privacy,
gender responsiveness, institutional support, curricular alignment, and the long-term feasibility
of implementation.

These dimensions are mutually dependent. High-quality technology cannot compensate for
mathematically weak content; cognitively demanding tasks may fail when preparation is inaccessible;
extensive analytics may be educationally irrelevant when teachers lack time or expertise to interpret
them; and strong short-term outcomes may not be sustainable without institutional support and
professional reflection.

The present review therefore defines flipped classroom quality not as fidelity to a fixed instructional
sequence, but as the degree of alignment among mathematical content, pedagogy, technology,
assessment, analytics, equity, and teacher learning. This definition provides a theoretically grounded
basis for interpreting heterogeneity across studies and for identifying indicators that can guide the
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design, evaluation, and improvement of professional development programmes in mathematics
education.

3. Materials and Methods

This section describes the procedures used to identify, select, appraise, and synthesise the available
evidence on flipped classroom implementation in mathematics education and teacher professional
development. The methodological design combined a systematic review with quantitative meta-analysis
and a complementary qualitative synthesis of instructional quality indicators. Particular attention was
given to transparency, replicability, methodological heterogeneity, and the distinction between evidence
derived from statistically comparable studies and evidence used for theoretical or contextual
interpretation. The review process was organised around PRISMA 2020, while the statistical strategy was
designed to account for variation in educational level, mathematical content, intervention duration,
technological configuration, and study design.

3.1. Study Design and Reporting Standard

A systematic review with quantitative meta-analysis was conducted to estimate the effects of flipped
classroom interventions in mathematics education and to identify evidence-based indicators of
implementation quality. The study was reported in accordance with the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses 2020 statement, which guided the identification, screening,
eligibility assessment, inclusion, and reporting of studies.

Before the synthesis was undertaken, the research team defined the review questions, eligibility criteria,
search sources, screening stages, extraction variables, quality-assessment domains, and statistical
procedures. This prior specification was intended to reduce post hoc decision-making and increase the
transparency and reproducibility of the review. The methodological design comprised two
complementary components. The first was a quantitative synthesis of studies reporting effect-size
information that could be standardised and compared statistically. The second was a structured
qualitative synthesis of intervention characteristics, teacher-development components, technological
resources, assessment practices, self-regulation supports, and learning-analytics applications. This
combined approach was necessary because not all relevant studies reported sufficient statistical
information for inclusion in the pooled model, although they still provided evidence concerning the
pedagogical and organisational conditions associated with effective flipped mathematics instruction.

The review was developed within the first phase of the FID2024-108 project, whose general purpose is
to determine the effect and quality indicators of mathematics teacher professional development based
on flipped classroom strategies at national and international levels. The project report documents a two-
phase design consisting of meta-analysis followed by a mixed-methods stage aimed at contextualising the
findings and supporting the formulation of professional-development and public-policy
recommendations. Because the study used published studies, aggregated statistical results, and
previously generated secondary evidence, no direct interaction with participants occurred during the
systematic-review phase. Accordingly, new informed consent was not required. Nevertheless, the broader
project protocol was subjected to institutional methodological review and submitted for bioethical
consideration as part of the project governance process.

3.2. Information Sources and Search Strategy

The literature search was designed to identify empirical studies on flipped or inverted learning in
mathematics education, with particular attention to teacher education, professional development, and
measurable learning outcomes. Searches were conducted in Academic Search Ultimate, ERIC, SciELO,
SAGE Journals Online, Education Full Text, Education Research Complete, and Applied Science and
Technology Source Ultimate. These sources were selected because they provide broad coverage of
education, mathematics teaching, instructional technology, and applied research.

Supplementary searches were carried out through Google Scholar, backward citation tracking, forward
citation tracking, and the examination of relevant grey literature. Reference lists from prior reviews and
meta-analyses were also inspected to identify studies that might not have been indexed consistently
across databases.
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The search strategy combined four conceptual blocks:

o flipped, inverted, blended, or hybrid learning;

e mathematics education, mathematics teaching, algebra, geometry, calculus, statistics, or
mathematical problem solving;

e teacher education, pre-service teachers, in-service teachers, professional development, or teaching
practice;

e achievement, conceptual understanding, engagement, self-regulation, higher-order thinking, or
other measurable educational outcomes.

Boolean operators, truncation, and database-specific syntax were used to combine the search terms. A
representative search structure was: (“flipped classroom” OR “flipped learning” OR “inverted classroom”
OR “blended learning”) AND (“mathematics education” OR mathematics OR algebra OR geometry OR
calculus OR statistics) AND (“teacher education” OR “professional development” OR teaching OR
learning) AND (achievement OR performance OR understanding OR engagement).

The principal search window covered publications from 2013 to 2023 in English or Spanish. This period
was selected because it corresponds to the consolidation of flipped learning as a recognisable educational
model and to the expansion of digital learning environments in mathematics education. Studies
published after 2023 were not incorporated retrospectively into the primary search set but were used to
contextualise the discussion and compare the review findings with more recent evidence. According to
the project progress report, 500 records were initially retrieved from the indexed databases, with a
further 80 records identified through Google Scholar, citation tracking, and other sources. After removing
102 duplicates, 478 records remained for title and abstract screening,.

3.3. Eligibility, Screening, and Data Extraction
Studies were eligible for inclusion when they met the following criteria:

1. They examined an identifiable flipped, inverted, or hybrid instructional intervention in
mathematics education.

2. They included a comparison-group, quasi-experimental, experimental, or interpretable pre-
post design.

3. They reported quantitative outcomes related to mathematics achievement, conceptual
understanding, higher-order thinking, engagement, teacher competence, or another
measurable educational variable.

4. They provided sufficient methodological and statistical information to permit appraisal and,

when applicable, effect-size calculation.

They were published in English or Spanish within the predefined search period.

6. They involved learners, pre-service teachers, in-service teachers, or professional-development
participants in contexts directly related to mathematics teaching and learning.

vt

Studies were excluded when mathematics was not the principal disciplinary domain, the intervention
could not be distinguished from a broader blended-learning programme, the outcomes were not
quantitatively interpretable, the design did not permit a meaningful effect estimate, or the report
duplicated data published elsewhere. Conceptual papers, editorials, opinion articles, and reviews were
retained only as contextual references and were not entered into the quantitative synthesis. Screening
was conducted in two stages. First, titles and abstracts were examined for thematic relevance. Second,
potentially eligible reports were assessed in full text against the inclusion and exclusion criteria. The
progress report indicates that 478 titles and abstracts were screened and that 312 records were excluded
because they did not explicitly address flipped learning and mathematics education. A total of 166 reports
proceeded to full-text eligibility assessment. Of these, 42 were excluded because they did not report
measurable student outcomes, 29 because their design did not meet the review requirements or did not
identify an active teaching sample, and 25 because they focused on disciplines other than mathematics.
Seventy studies were retained in the broader quantitative and qualitative evidence base.

A standardized data extraction matrix was developed to ensure consistency and methodological rigor
across the included studies. The matrix captured comprehensive information on each study, including the
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author(s) and publication year, country and educational context, educational level, sample characteristics
and size, study design, mathematical content domain, duration and intensity of the intervention,
characteristics of the pre-class and in-class phases of the flipped classroom model, technological tools
and digital resources employed, comparison condition, outcome variables and measurement
instruments, descriptive and inferential statistical data (including means, standard deviations, standard
errors, confidence intervals, and sample sizes), teacher professional development components, formative
assessment procedures, self-regulation supports, learning analytics indicators, gender-related
information, and implementation constraints and contextual factors. This comprehensive extraction
process facilitated the systematic synthesis of methodological characteristics, intervention features, and
outcome evidence, while enabling subsequent qualitative synthesis and quantitative meta-analytic
analyses.

Where multiple outcomes were reported, priority was given to mathematics achievement and conceptual
understanding for the main quantitative synthesis. Additional outcomes were retained for
supplementary interpretation and the development of quality indicators.

3.4. Quantitative Synthesis

The primary quantitative outcome was the standardised mean difference, expressed as Cohen’s d. This
metric was selected because the included studies used different achievement tests, scales, course
assessments, and locally developed instruments. Standardisation allowed results to be compared across
educational levels and mathematical domains.d

For studies reporting group means, standard deviations, and sample sizes, the effect size was calculated
as the difference between the intervention and comparison means divided by the pooled standard
deviation. When standard errors were available, 95% confidence intervals were calculated as d *
1.96(SE). Positive effect sizes indicated better outcomes for participants exposed to flipped instruction,
whereas negative values favoured the conventional or comparison condition.

Closy, = d £ 1.96(SE).

A random-effects model was specified as a priori because the studies were not assumed to estimate a
single common intervention effect. The interventions differed in educational level, country, mathematical
content, sample composition, technological platform, duration, teacher preparation, classroom design,
and outcome measurement. Under these conditions, a random-effects model provides a more defensible
estimate of the average effect across a distribution of true effects. The 19-study synthesis used inverse-
variance random-effects weights. Each study’s contribution to the pooled estimate was therefore
determined by its statistical precision while also incorporating between-study variance. The pooled
result was interpreted together with its confidence interval and heterogeneity statistics rather than as a
universal estimate applicable to every context.

Heterogeneity was assessed using Cochran’s Q, the I? statistic, and t2. Cochran’s Q tested whether the
variability among observed effects exceeded that expected from sampling error. I?> estimated the
proportion of total variability attributable to genuine between-study differences, while 1> represented
the estimated variance of the distribution of true effects. High heterogeneity was interpreted as evidence
that intervention effectiveness depended on contextual and pedagogical moderators rather than as
evidence that the pooled estimate lacked value.QI?72Q1%7?

A complementary evidence set comprising 46 effect sizes from Yakar (2021) meta-analysis of
mathematics achievement in primary and secondary education was retained for comparative validation.
This evidence set was not statistically combined with the 19-study model because study-level standard
errors and variance estimates were not uniformly recoverable from the published source. Combining the
two datasets would therefore have required assigning incomplete or non-equivalent precision estimates
and could also have introduced dependency through the possible inclusion of overlapping primary
studies. Instead, the published pooled estimate and heterogeneity statistics reported by Yakar (2021)
were compared with the results of the independently reconstructed 19-study random-effects model.
Convergence between the two pooled estimates was interpreted as supportive evidence regarding the
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general direction and approximate magnitude of the effect, but not as an independent replication or as
justification for producing a single combined estimate.

Potential moderators were considered in relation to educational level, mathematical domain,
intervention duration, study design, technological configuration, teacher preparation, and the alignment
between pre-class resources and in-class mathematical activity. However, formal subgroup analysis and
meta-regression were restricted by the limited number of statistically comparable studies within each
category and by incomplete reporting of study-level variance and intervention characteristics. Moderator
patterns were therefore interpreted descriptively and theoretically rather than through underpowered
inferential models. This decision reduced the risk of unstable coefficients, false-positive moderator
effects, and overinterpretation of differences based on small subgroups.

3.5. Quality Assessment and Risk-of-Bias Logic

Methodological quality was assessed using a domain-based approach rather than a single composite
numerical score, acknowledging that overall quality indices may obscure important methodological
strengths and weaknesses by assigning arbitrary weights to distinct dimensions of study quality. The
appraisal therefore examined multiple domains relevant to the internal and external validity of the
included studies, including the clarity of the research design, comparability of intervention and control
groups, transparency of participant selection procedures, validity and reliability of outcome measures,
completeness of attrition reporting, treatment of missing data, fidelity of flipped-classroom
implementation, equivalence of instructional time between comparison conditions, control of potential
confounding variables, appropriateness of statistical analyses, completeness of effect-size reporting, and
the risk of selective outcome reporting. This multidimensional assessment provided a more nuanced
evaluation of methodological rigor and informed the interpretation of the evidence synthesized in both
the qualitative review and the meta-analysis.

Particular attention was given to quasi-experimental studies because baseline differences, teacher
assignment, self-selection, and unequal access to technology could influence outcomes independently of
the intervention. Teacher effects were also considered important, as improvements attributed to flipped
learning may partly reflect differences in instructor experience, pedagogical competence, feedback
practices, or familiarity with educational technology. Locally developed achievement tests were not
automatically considered invalid, but they were examined in relation to the reporting of reliability,
content alignment, scoring procedures, and evidence of validity. Studies relying exclusively on course
grades or teacher-generated assessments were interpreted more cautiously when instrument quality
was insufficiently documented. Implementation fidelity was assessed by examining whether the study
described both the pre-class and in-class phases, whether students had meaningful access to the digital
materials, whether pre-class preparation was monitored, and whether classroom time was reorganised
toward active mathematical activity. Studies that merely replaced face-to-face lectures with videos
without redesigning classroom interaction were considered weaker representations of the flipped-
learning model.

Rather than excluding all studies with methodological limitations, the review incorporated risk-of-bias
judgements into the interpretation of certainty. Findings supported by transparent designs, comparable
groups, validated measures, and complete statistical reporting were given greater interpretive weight
than results derived from poorly described or highly confounded designs. Risk-of-bias judgements were
completed independently by two members of the review team using the predefined domains. Each
domain was classified as low risk, some concerns, or high risk. Disagreements were resolved through
discussion and re-examination of the full-text report; when consensus could not initially be reached, a
third reviewer adjudicated the decision. The assessment was conducted at the study level rather than
converted into a single composite score, because weaknesses in participant allocation, outcome
measurement, attrition, implementation fidelity, and selective reporting have different implications for
internal validity. The resulting domain-level judgements were summarised descriptively and
incorporated into the interpretation of the pooled evidence.

3.6. Evidence-to-Indicator Synthesis
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The second analytical component focused on identifying evidence-based quality indicators for flipped
mathematics instruction and teacher professional development. These indicators were generated
through structured thematic coding of intervention characteristics, explanatory findings, reported
implementation conditions, and methodological conclusions.

Candidate quality indicators were retained only when they satisfied four complementary criteria: they
were consistently identified across multiple empirical studies or systematic reviews, demonstrated a
clear theoretical association with mathematics learning, teacher expertise, or instructional quality, could
be directly observed or documented during implementation, and were amenable to improvement
through instructional design, professional development, institutional support, or educational policy. The
coding process synthesized evidence related to the quality of mathematical tasks, alignment between
pre-class and in-class learning activities, teacher feedback, formative assessment, learner preparation,
digital accessibility, self-regulation, collaborative problem solving, teacher reflection, and the use of
learning analytics. These findings were subsequently organized according to five complementary
theoretical perspectives Pedagogical Content Knowledge (PCK), Mathematical Knowledge for Teaching
(MKT), Technological Pedagogical Content Knowledge (TPACK), Self-Regulated Learning (SRL), and the
Didactical Suitability framework to provide a robust conceptual foundation for the proposed indicators.
Within this framework, learning analytics was conceptualized as a cross-cutting evidence mechanism
rather than an independent technological dimension, reflecting its pedagogical value in supporting data-
informed instructional decisions related to grouping, pacing, formative feedback, and task selection.
Based on the convergence of empirical evidence and theoretical foundations, the resulting framework
organizes the quality indicators into seven interrelated dimensions: (i) mathematical and epistemic
quality, (ii) alignment between pre-class preparation and classroom activities, (iii) teacher professional
knowledge, (iv) learner self-regulation and instructional support, (v) interaction and active mathematical
participation, (vi) evidence-informed instructional adaptation, and (vii) equity, ethics, and ecological
sustainability.

This synthesis made it possible to move beyond a binary judgement of whether flipped learning was
effective. Instead, it identified the conditions that appeared to explain why some interventions produced
larger or more consistent effects than others. The resulting indicators were therefore conceived as tools
for designing, evaluating, and improving mathematics teacher professional-development programmes
rather than as a prescriptive checklist detached from context.

4. Results

This section presents the results of the systematic selection process, the quantitative synthesis of effect
sizes, the assessment of between-study heterogeneity, and the thematic identification of quality
indicators for flipped mathematics education. The findings are organised to address two complementary
purposes: first, to estimate the average effect of flipped classroom interventions on mathematics
learning; and second, to determine which pedagogical, technological, and professional-development
conditions may explain the variability observed across studies. Because the available evidence differed
in statistical completeness, the results distinguish between the 19 studies for which standard errors or
equivalent uncertainty estimates could be recovered and the complementary set of 46 primary- and
secondary-level effect sizes reported by Yakar (2021).

4.1. Study Selection and Evidence Base

The search process identified 580 records potentially related to flipped learning, mathematics education,
teacher professional development, and measurable educational outcomes. Of these, 500 records were
retrieved from the selected bibliographic databases, while 80 additional records were located through
Google Scholar, backward and forward citation tracking, and complementary sources. After the removal
of 102 duplicate records, 478 unique titles and abstracts remained for screening. At the first screening
stage, 312 records were excluded because they did not address flipped or inverted learning in
mathematics education with sufficient specificity or did not report an empirical intervention relevant to
the review questions. The remaining 166 reports were assessed in full text. Ninety-six reports were
excluded at this stage: 42 did not provide measurable learning or teaching outcomes, 29 did not meet the
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required comparative-design or active-teaching-sample criterion, and 25 focused on disciplinary areas
other than mathematics.

The final qualitative evidence base consisted of 70 studies. These studies informed the descriptive
synthesis, the examination of intervention characteristics, and the construction of the evidence-based
quality-indicator framework. The 70 included reports represented approximately 12.1% of the 580
initially identified records, illustrating the extent to which apparently relevant publications were
removed after methodological and disciplinary eligibility criteria were applied. The project progress
report documents these selection totals and the associated reasons for exclusion. The quantitative
evidence was subsequently organised according to the completeness of the statistical information.
Nineteen studies provided recoverable standard errors or equivalent information sufficient to calculate
study-level confidence intervals and inverse-variance weights. These studies constituted the independent
random-effects meta-analysis.

ﬁ . -
Identification
Records idzntified through databases (n=500) | Additional sources {n=80}
Totat (n=580)
N I
( . A
Duplicate records removed (n=102)

L Records for screening (n=478)
s l N\

Screening

Titles/abstracts screened (n=478)
Records excluded (n=312)

\ - l J
4 s w

Eligibility

Full-text reports assessed (n=166)
Reports exchded [n=96)

\ ki l : J
p

Included

Studies included in quantitative and qualitative meta-analysis (n=70)

-

PRISMA Flow Diagram - Mathematics Education + Flipped Classroom (Stage I)

Figure 1. PRISMA 2020 flow diagram for study identification, screening, eligibility assessment, and
inclusion.

A second evidence set consisted of 46 effects reported in Yakar (2021) meta-analysis of primary and
secondary mathematics achievement. Because the uncertainty estimates for all individual effects were
not uniformly recoverable, this dataset was retained as an external convergent synthesis rather than
statistically combined with the 19-study model. This distinction is methodologically important. The 70-
study qualitative corpus addressed the broader question of which characteristics define high-quality
flipped mathematics education, whereas the 19-study statistical subset addressed the narrower question
of the magnitude and precision of the average intervention effect. The 46-effect Yakar dataset served as
an independent comparison across school levels.

The study selection process is presented following the PRISMA 2020 statement, providing a transparent
and reproducible account of the identification, screening, eligibility assessment, and final inclusion of
studies. The flow diagram summarizes the number of records retrieved from the selected databases, the
removal of duplicate records, the screening of titles and abstracts, the full-text assessment of potentially
eligible studies, the reasons for exclusion at each stage, and the final set of studies included in the
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qualitative synthesis and quantitative meta-analysis. This standardized reporting framework enhances
methodological transparency, facilitates the reproducibility of the review process, and enables readers to
evaluate the comprehensiveness and rigor of the evidence selection procedure.

Table 1. PRISMA study-flow summary

Stage Records Interpretive role
Records identified 580 Broad multilingual and multidisciplinary evidence pool
Records remaining after duplicate 478 Unique records submitted to title and abstract screening
removal
Full-text reports assessed 166 R.ep(.)rt.s evalua.tedlagamst methodological and
disciplinary criteria

Studies included in qualitative 70 Evidence base for intervention characteristics and
synthesis quality indicators
Studies with recoverable standard 19 Independent inverse-variance random-effects meta-
errors analysis
Primary and secondary effect .

46 External convergent synthesis based on Yakar (2021)

estimates

The study-flow results reveal a substantial difference between the breadth of the initial literature and the
smaller body of evidence suitable for rigorous synthesis. Many publications discussed flipped instruction
descriptively or examined technology-enhanced teaching without providing an identifiable comparison,
measurable mathematics outcome, or sufficient statistical information. Consequently, the final evidence
base should be interpreted as a methodologically filtered corpus rather than a comprehensive count of
all publications mentioning flipped learning.

4.2. Overall Effects and Between-Study Heterogeneity

The random-effects model based on the 19 studies with recoverable uncertainty estimates produced a
pooled standardised mean difference of d = 0.522, with a standard error of 0.147 and a 95% confidence
interval from 0.233 to 0.811. The overall effect was statistically significant (p =.0004) and indicated a
moderate average advantage for flipped mathematics interventions over conventional or comparison
conditions.d = 0.522 p = .0004

The exclusion of zero from the confidence interval supports the conclusion that flipped mathematics
instruction was beneficial on average. Nevertheless, the magnitude of the pooled result should not be
interpreted as a fixed expected improvement for every educational setting. The model estimated the
centre of a distribution of true effects generated under substantially different conditions, including
variations in educational level, mathematics domain, intervention length, digital infrastructure, teacher
preparation, student characteristics, and classroom activity.

The heterogeneity statistics confirmed this variability. Cochran’s test was statistically significant, Q(18)
=208.089, p <.001, indicating that the dispersion of observed effects was greater than would be expected
from sampling error alone. The I? value of 91.35% showed that a very high proportion of observed
variability was attributable to genuine between-study differences. The estimated between-study
variance was 12 = 0.369.Q(18) = 208.089p < .001/%72? = 0.369

These results establish that the pooled effect must be interpreted in conjunction with implementation
conditions. The intervention category “flipped classroom” did not represent a uniform treatment. Across
the included studies, the model ranged from the use of recorded lectures followed by routine exercises to
more elaborate designs involving diagnostic quizzes, collaborative problem solving, teacher feedback,
differentiated instruction, dynamic mathematical representations, and structured self-regulation
supports.
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The individual effect estimates reflected this diversity. Atta and Bonyah (2023) produced the largest
observed effect (d = 2.59) in a plane-geometry intervention involving pre-service teachers. Such a result
indicates a substantial difference between groups but should be interpreted in relation to the local design,
sample, outcome instrument, and study precision rather than treated as a typical estimate. At the
opposite end of the distribution, several studies showed negative or near-zero effects. Other study-level
confidence intervals crossed the null value, indicating that their available estimates were insufficiently
precise to exclude no difference between flipped and comparison conditions.d = 2.59

By contrast, several studies reported confidence intervals located entirely above the null value and
therefore provided stronger evidence of benefit within their respective contexts. The coexistence of
clearly positive, statistically uncertain, and negative effects reinforces the conclusion that
implementation quality and contextual fit are likely moderators of effectiveness.

Alta & Hooyah (2023)
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Figure 2. Random-effects forest plot for the 19 studies with recoverable standard errors. Points
represent study-level Cohen’s d estimates and horizontal lines represent 95% confidence intervals. The
dashed vertical line marks the pooled random-effects estimate (d = 0.522), while the dotted vertical line
marks the null effect (d = 0).dd = 0.522d =0

Table 2. Complementary random-effects evidence

Evidence set k gooled 95%CI Q I? Interpretation
Studies with recoverable [0.233, o, Moderate average benefit with
standard errors 190,522 0.811] 208.089 91.35% very high heterogeneity
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Pooled

Evidence set k d 95%CI Q I? Interpretation
Yakar primary/secondary [0.340, o, Comparable average benefit
synthesis 46 0.510 0.690] 372.06 87.91% with high heterogeneity

The similarity between the two pooled estimates is notable. Despite differences in educational level,
study composition, and statistical source, both syntheses produced an average effect close to d = 0.51.
This convergence increases confidence in the general direction and approximate magnitude of the
association between flipped instruction and mathematics achievement. However, the high heterogeneity
in both evidence sets prevents the pooled mean from being treated as a universal intervention
parameter.d = 0.51

4.3. Convergence with Evidence from Primary and Secondary Education

The independent synthesis of 46 effect sizes reported by Yakar (2021) yielded a pooled effect of d = 0.51,
with a standard error of 0.09 and a 95% confidence interval from 0.34 to 0.69. The result indicated a
statistically meaningful and moderate average advantage for flipped learning in primary and secondary
mathematics education.d = 0.51; The heterogeneity was again substantial. Cochran’s statistic was Q =
372.06, and the I? value was 87.91%. These results indicate that most of the observed dispersion arose
from systematic differences among studies rather than from sampling variation alone. Therefore, the
primary- and secondary-level evidence reproduced the same central pattern observed in the 19-study
model: a positive average effect accompanied by pronounced contextual variation. Q = 372.0612

The 46 individual effects ranged from d = -0.56 to d = 3.73. Thirty-seven values were positive and nine
were negative. The predominance of positive effects supports the overall direction of the pooled estimate,
but the wide range demonstrates that the effectiveness of flipped mathematics instruction was not
uniform. The largest estimates may reflect highly intensive or contextually favourable interventions,
small-study effects, particular outcome measures, or stronger contrasts with conventional teaching.
Conversely, negative effects may reflect implementation difficulties, limited student preparation,
insufficient technological access, weak alignment between phases, or comparison conditions that were
already pedagogically strong.—0.56

The close agreement between the 19-study estimate (d = 0.522) and the Yakar estimate (d = 0.510)
provides convergent evidence across educational levels. It suggests that the average effect does not
depend exclusively on whether participants were school students, university students, or pre-service
teachers. Instead, the heterogeneity implies that more decisive factors may include the quality of
mathematical tasks, the connection between pre-class and in-class activity, scaffolding of self-regulation,
teacher professional knowledge, and the availability of timely formative feedback. This convergence
should nevertheless be interpreted cautiously because the two evidence sets were not constructed under
identical inclusion and coding procedures and may contain overlapping primary studies. The Yakar
dataset was therefore used for comparative validation rather than pooled directly with the 19-study
model. d = 0.522d = 0.510; The pattern displayed in Figure 3 provides an important visual complement
to the pooled estimate because it shows that the average effect of d = 0.51 is not produced by a tightly
clustered set of homogeneous studies. Most estimates are located to the right of the null line, confirming
that positive effects predominate across primary and secondary mathematics contexts. However, the
marked asymmetry and extended upper tail indicate that a small number of studies reported
exceptionally large effects, while several estimates remained close to zero or negative. This distribution
suggests that the overall benefit of flipped learning is robust in direction but highly variable in magnitude.
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Figure 3. Contour-enhanced funnel plot of the 19 studies included in the random-effects meta-analysis.

Figure 3 presents a contour-enhanced funnel plot for the 19 studies included in the random-effects meta-
analysis. The visual pattern suggests some asymmetry, with several studies concentrated on the positive
side of the pooled estimate and one notably extreme positive effect. However, this apparent asymmetry
should not be interpreted as conclusive evidence of publication bias because the meta-analysis includes
a limited number of studies and exhibits very high heterogeneity. In this context, the funnel plot is better
interpreted as an exploratory indicator of dispersion, study influence, and possible small-study effects
than as a definitive diagnostic of selective publication.

The figure therefore reinforces the interpretation that the pooled effect represents a central tendency
across diverse implementations rather than a uniform intervention response. In substantive terms, the
dispersion is consistent with differences in mathematical content, intervention intensity, teacher
preparation, technological support, student readiness, and the degree of alignment between pre-class
preparation and in-class mathematical activity. Accordingly, Figure 3 supports the need to interpret
effectiveness through implementation quality and contextual fit, rather than through the flipped-
classroom label alone.d = 0.51
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Figure 4. Distribution of 46 effect sizes in primary and secondary mathematics education reported by
Yakar (2021). The dashed line represents the published pooled effect (d = 0.51), while the dotted line
represents the null effect (d = 0). The distribution shows a positive central tendency accompanied by
substantial between-study dispersion. d = 0.51

4.4. Evidence-Based Quality Indicators for Flipped Mathematics Education
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The thematic synthesis of the 70-study evidence base identified seven interdependent indicators
associated with high-quality flipped mathematics instruction and professional teacher development.
These indicators were not derived from the frequency of isolated technological features. Instead, they
emerged from recurring relationships among instructional design, teacher knowledge, student activity,
assessment, access, and evidence-informed adaptation.

4.4.1. Intentional pre-class design

The first indicator concerns the pedagogical quality of the pre-class phase. Effective preparation was
characterised by concise and accessible resources, explicit mathematical objectives, manageable
cognitive demand, guiding questions, and mechanisms that enabled teachers to determine whether
students had engaged with and understood the material.

The evidence suggests that the pre-class phase was most productive when it introduced foundational
ideas without attempting to replace the complete learning process. Short explanations, worked examples,
visual representations, retrieval questions, and low-stakes checks helped students develop sufficient
initial familiarity to participate in subsequent classroom activity. The indicator therefore extends beyond
video availability. A technically polished recording may remain ineffective when it is too long,
disconnected from the lesson, inaccessible to some students, or focused on procedural imitation.
Observable evidence of intentional design includes alignment between resources and learning outcomes,
clear instructions, accessibility across devices, guiding prompts, and evidence of completion or
understanding. For teacher professional development, this indicator requires competence in content
curation, multimedia design, cognitive-load management, accessibility, and anticipation of likely student
difficulties.

4.4.2. Mathematically rich in-class activity

The second indicator is the degree to which classroom time is reorganised around cognitively demanding
mathematics. The synthesis showed that the educational value of inversion depended primarily on what
occurred after students had completed the preparatory phase.

High-quality implementations used classroom time for problem solving, comparison of strategies,
interpretation of representations, mathematical argumentation, modelling, error analysis, conjecture,
and teacher-guided discussion. These activities required learners to use and reorganise knowledge
rather than merely reproduce procedures introduced before class. This indicator differentiates
pedagogically transformed flipped learning from simple temporal relocation. When classroom time is
devoted to repetition of the displaced lecture or completion of routine exercises without feedback, the
instructional model remains largely teacher-centred despite the use of digital resources. The
professional-development implication is that teachers require preparation in task design, orchestration
of discourse, anticipation of strategies, selection of student work, and management of productive
struggle.

4.4.3. Formative assessment and responsive feedback

The third indicator concerns the connection between evidence generated before class and instructional
decisions made during class. Effective interventions used diagnostic quizzes, submitted questions, short
written responses, digital traces, or preliminary tasks to identify misconceptions and determine the level
of preparation.

The strongest designs did not collect this evidence merely for accountability. Teachers used it to modify
pacing, select examples, organise groups, initiate discussion, and provide targeted feedback. In this way,
formative assessment served as the bridge between asynchronous preparation and synchronous
mathematical learning. Observable evidence includes diagnostic checks, flexible grouping, feedback
connected to specific reasoning, opportunities for revision, and instructional changes based on student
responses. Professional development should therefore include assessment literacy, interpretation of
misconceptions, feedback design, and the use of evidence to support immediate pedagogical adaptation.

4.4.4. Integrated mathematics, pedagogy, and technology knowledge
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The fourth indicator is the teacher’s capacity to integrate disciplinary, pedagogical, and technological
knowledge. The variability of effect sizes showed that technology alone did not account for stronger
outcomes. Effective implementation required teachers to select tools that supported particular
mathematical representations, anticipate how students might interpret those representations, and
design transitions between independent study and collective reasoning. This integrated expertise
corresponds to the interaction among pedagogical content knowledge, mathematical knowledge for
teaching, and TPACK. It becomes visible in the quality of explanations, examples, questions, digital
resource choices, and responses to student reasoning. Professional-development programmes should
therefore avoid treating platform use or video production as sufficient preparation. More effective
approaches include video-based reflection, Lesson Study, collaborative task analysis, coached
implementation, and iterative redesign based on classroom evidence.

4.4.5. Explicit support for self-regulated learning

The fifth indicator is the presence of structured support for planning, monitoring, persistence, retrieval,
and help seeking. The evidence indicated that successful preparation could not be assumed simply
because digital resources were available. Students differed in their capacity to manage time, sustain
attention, identify misunderstanding, and seek assistance. High-quality interventions therefore included
pacing guidance, preparation schedules, embedded questions, progress indicators, retrieval
opportunities, reminders, and clear routes for requesting support. This indicator is particularly relevant
to equity because students with weaker prior knowledge, limited digital experience, or competing
responsibilities may experience greater difficulty in managing asynchronous preparation. Professional
development should prepare teachers to design scaffolds and gradually transfer responsibility to learners
rather than presuming fully developed autonomy from the outset.

4.4.6. Equitable access and inclusive design

The sixth indicator concerns access to technology, time, language, accessibility features, and alternative
modes of participation. The review showed that flipped learning may expand flexibility while
simultaneously creating new barriers when participation depends on stable connectivity, personal
devices, quiet study spaces, or advanced digital competence. Quality therefore requires low-bandwidth
alternatives, downloadable resources, captions, readable formats, flexible deadlines, device-access
options, and non-digital alternatives when necessary. Equity should be treated as a design condition
rather than as a post-implementation adjustment. The progress report includes exploratory country,
gender, and technology-use graphics on pages 4 and 5. These images may be useful for internal project
planning, but they should not be included in the scientific results section unless the variables, samples,
coding procedures, and raw data used to generate them are fully documented. The report itself presents
these visualizations as comparative project analyses rather than as validated moderator results.

4.4.7. Analytics-informed pedagogical adaptation

The seventh indicator is the responsible use of learning analytics to support instructional decisions.
Digital traces such as access frequency, completion patterns, quiz responses, response latency, and help-
seeking behavior can provide evidence of students’ preparation and difficulty. However, the synthesis
indicated that activity counts are not direct measures of learning quality. Analytics become educationally
meaningful only when they are interpreted alongside mathematical goals, student work, classroom
observation, and contextual knowledge. A high number of video views, for example, may indicate
engagement, confusion, or technical difficulty. Observable evidence of this indicator includes the use of
learning traces to adapt pacing, organize groups, identify misconceptions, select tasks, and provide
support. Professional development should therefore include data literacy, interpretive caution, privacy
protection, transparency, and avoidance of deficit-based classifications.

Table 3. Quality indicators for flipped mathematics teacher education
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Quality indicator

Observable evidence

Professional-development
focus

Intentional pre-class
design

Mathematically rich
in-class work

Formative
assessment and
feedback

Integrated teacher
knowledge

Self-regulation

Goal alignment, concise resources,
guiding questions, accessibility, and
completion evidence

Reasoning, multiple representations,
discourse, modelling, and non-
routine tasks

Diagnostic checks, responsive
grouping, feedback, and
opportunities for revision

PCK, MKT, and TPACK reflected in
explanations, examples, and
technology selection

Planning prompts, pacing guidance,
retrieval activities, progress

Content curation, multimedia
design, and cognitive-load
management

Task design, mathematical
discussion, and classroom
orchestration

Assessment literacy and
interpretation of student
thinking

Lesson Study, video analysis,
coached implementation, and
collaborative redesign

Scaffold design and gradual

support monitoring, and help seeking release of responsibility
. . Low-bandwidth formats, captions, . . -
Equitable digital : . > ¢ap Universal design, accessibility,
alternative devices, flexible access, . o .
access and equity-sensitive planning

and inclusive resources

Learning traces interpreted in
relation to mathematical evidence
and instructional action

Data literacy, privacy, ethical
interpretation, and responsive
teaching

Analytics-informed
adaptation

Taken together, these seven indicators show that the effectiveness of flipped mathematics education is
produced by the coherence of the instructional system rather than by any single resource or platform.
The moderate pooled effects indicate that the model has educational potential, while the very high
heterogeneity demonstrates that outcomes depend on whether its components are aligned with
mathematical goals, learner needs, teacher expertise, and institutional conditions.

5. Discussion

This study examined whether flipped classroom interventions improve mathematics learning and which
evidence-based quality indicators should guide their incorporation into mathematics teacher
professional development. The findings provide convergent support for a moderate positive effect while
simultaneously demonstrating that flipped learning cannot be treated as a standardized intervention.
The pooled estimate obtained from the 19 studies with recoverable uncertainty information, d = 0.522,
was closely aligned with the independent estimate reported by Yakar (2021), d = 0.510. This
convergence across different educational levels and evidence strengthens confidence in the overall
direction of the effect. Nevertheless, the very high heterogeneity observed in both syntheses indicates
that effectiveness depends on the pedagogical, technological, institutional, and professional conditions
under which the model is implemented.

The principal contribution of the study is therefore not limited to confirming that flipped mathematics
instruction can produce favorable outcomes. More importantly, it identifies the conditions that
distinguish pedagogically substantive implementations from interventions based primarily on the
relocation of exposition. The synthesis demonstrates that intentional pre-class design, mathematically
rich classroom activity, formative assessment, integrated teacher knowledge, support for self-regulation,
equitable access, and analytics-informed adaptation operate as an interconnected system. These
dimensions provide a theoretically grounded explanation for the considerable variation observed among
individual study effects.

5.1. Interpretation of RQ1: Effects of Flipped Classroom Interventions on Mathematics Learning
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The first research question examined the extent to which flipped classroom interventions improve
mathematics learning. The pooled effect of d = 0.522 represents a moderate educational advantage for
flipped instruction over conventional or comparison approaches. This result is consistent with the
broader international evidence base. Strelan et al. (2020) reported a positive overall effect of flipped
classroom instruction across disciplines and educational levels, while Giiler et al. (2023) found
statistically significant benefits specifically within mathematics education. Yakar (2021) similarly
identified a moderate positive effect among primary- and secondary-school learners, and Haziki et al.
(2025) reported a significant pooled effect of in higher education mathematics.d = 0.522d = 0.474

The proximity of these estimates is scientifically relevant. The current pooled effect of d = 0.522 is slightly
higher than the estimate reported by Haziki et al. (2025), but remains within the same moderate-effect
range. This consistency across school, university, and teacher-education settings suggests that flipped
learning has a broadly reproducible potential to improve mathematics performance. However, the results
do not support a deterministic interpretation according to which any flipped intervention will
outperform conventional teaching. Rather, flipped instruction appears to create an opportunity structure
within which improved learning becomes more likely when the model is supported by rigorous
instructional design.d = 0.522

The high heterogeneity observed in the present synthesis, 12 = 91.35%, is also consistent with previous
meta-analyses. Yakar (2021) reported I? = 87.91%, while the wider literature has repeatedly shown that
flipped-learning effects vary according to educational level, subject content, intervention duration,
instructional sequencing, assessment instruments, and implementation fidelity (Giiler et al., 2023;
Strelan et al., 2020). Consequently, the pooled mean should be interpreted as the centre of a distribution
of context-dependent effects rather than as a fixed expected gain.

This interpretation is reinforced by the study-level results. The very large effect reported by Atta and
Bonyah (2023) in plane geometry among pre-service teachers suggests that flipped learning may be
particularly effective when content, instructional activities, and assessment are tightly aligned. Their
intervention required participants to engage with mathematical explanations before class and
subsequently apply those ideas through guided and collaborative activity. The strong effect may therefore
reflect a coherent didactical configuration in which pre-class preparation directly enabled higher-order
classroom participation.

At the same time, very large estimates warrant methodological caution. They may be influenced by small
samples, locally developed outcome measures, researcher involvement in implementation, or weak
control conditions. The current findings therefore support the educational relevance of such
interventions without assuming that their observed magnitude will generalize automatically to other
contexts.

The smaller and statistically uncertain estimates found in studies such as Wasserman et al. (2017),
Nurhajarurahmah et al. (2026), and Sun and Xie (2020) demonstrate that the effectiveness of flipped
learning is conditional. Null or imprecise findings do not necessarily indicate that the pedagogical model
is ineffective. They may instead reflect inconsistent pre-class participation, inadequate scaffolding,
insufficient distinction between pre-class and in-class activity, limited intervention duration, or outcome
instruments that did not adequately capture the targeted conceptual development.

This explanation is consistent with Cevikbas and Kaiser (2020) reform-oriented interpretation of flipped
mathematics education. From this perspective, the active ingredient is not the use of videos or digital
platforms, but the reorganization of mathematical activity toward inquiry, explanation, collaboration,
feedback, and differentiated support. A course may be structurally inverted while remaining
pedagogically conventional if classroom time continues to be dominated by routine exercises, teacher
explanation, or procedural reproduction.

Evidence from Bhagat et al. (2016), Surjono & Mahmudi, 2023, and Wei et al. (2020) further supports the
importance of conceptual and cognitive activity. These studies associated flipped instruction with
improved conceptual understanding, higher-order thinking, and mathematics achievement. Their results
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suggest that flipped learning is most productive when students use classroom time to compare
representations, explain relationships, justify procedures, and solve unfamiliar problems.

The current findings also clarify the role of self-regulation. Sun and Xie (2020) showed that learners
exhibit different behavioral profiles during pre-class preparation, while Thai et al. (2017) demonstrated
that learning outcomes depend on the combination of instructional explanation, guiding questions, and
feedback. These results help explain why some flipped interventions underperform: access to digital
content does not guarantee that students possess the planning, monitoring, persistence, and help-seeking
skills required to learn independently.

Accordingly, the answer to RQ1 is affirmative but conditional. Flipped classroom interventions produce a
moderate average improvement in mathematics learning, yet their effectiveness depends on whether the
redistribution of instructional time is accompanied by substantive pedagogical transformation, adequate
learner support, valid assessment, and coherent implementation.

5.2. Interpretation of RQ2: Evidence-Based Indicators of Quality

The second research question examined which indicators should be used to design, monitor, and evaluate
flipped classroom teacher development in mathematics. The thematic synthesis identified seven
mutually reinforcing dimensions: intentional pre-class design, mathematically rich in-class activity,
formative assessment and feedback, integrated teacher knowledge, self-regulation support, equitable
digital access, and analytics-informed adaptation.

These findings show that quality is systemic rather than additive. The indicators do not function as
independent characteristics that can be implemented selectively without affecting the rest of the design.
Instead, they form a causal and instructional chain. Pre-class preparation generates initial exposure and
evidence of understanding; classroom tasks transform that preparation into mathematical activity;
formative assessment reveals emerging difficulties; teacher knowledge supports interpretation and
response; self-regulatory scaffolds enable participation; equitable access determines who can benefit;
and learning analytics assists pedagogical adaptation.

A weakness in any component may reduce the effect of the entire intervention. High-quality videos
cannot compensate for mathematically weak classroom tasks. Sophisticated dashboards cannot
compensate for poor assessment design. Cognitively demanding activities cannot benefit learners who
were unable to access or understand the preparatory material. Similarly, technological availability cannot
compensate for insufficient pedagogical content knowledge or limited capacity to interpret student
reasoning.

The findings extend the conventional FLIP framework by specifying the professional capacities required
for mathematics education. A flexible environment, learning culture, intentional content, and
professional educator remain relevant, but the present synthesis operationalizes these principles
through observable and actionable indicators. In particular, the framework makes explicit the importance
of mathematical task quality, formative use of evidence, self-regulation scaffolding, ethical analytics, and
ecological feasibility.

The proposed indicators are also consistent with pedagogical content knowledge and mathematical
knowledge for teaching. Shulman (1986, 1987) emphasized teachers’ capacity to transform disciplinary
knowledge into forms that learners can understand, while Ball et al. (2008) identified the specialized
mathematical knowledge required to interpret strategies, diagnose errors, and select representations. In
flipped learning, these capacities are required in both phases of instruction. Teachers must decide what
content can be introduced independently and how it should be represented, while also designing
classroom tasks capable of eliciting and extending student reasoning.

The framework further contributes by integrating TPACK with didactical suitability. Technology is treated
as pedagogically valuable only when it improves access, representation, interaction, feedback, or
evidence-informed adaptation. This interpretation avoids technologically deterministic accounts of
innovation. The key question is not whether digital resources are present, but whether their use is
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mathematically meaningful, cognitively appropriate, interactionally productive, affectively supportive,
and ecologically sustainable.

The integration of learning analytics constitutes another important contribution. Previous research has
shown that analytics can reveal patterns of preparation, engagement, and participation in flipped
environments (Algayres & Triantafyllou, 2019; Escudero-Nahén & Mercado-Lépez, 2019). However,
dashboards do not automatically improve instruction. Their value depends on teachers’ capacity to
formulate pedagogical questions, interpret data in context, connect traces with mathematical evidence,
and act on the resulting interpretation.

The current framework therefore conceptualizes analytics as part of reflective instructional practice. The
process begins with a pedagogical question, such as whether students understand a particular
representation or concept. Relevant evidence is then examined, interpreted alongside student work and
classroom interaction, and used to adapt grouping, pacing, feedback, or task selection. The effects of that
adjustment subsequently become new evidence for reflection. In this sense, learning analytics is
integrated into a cycle of professional inquiry rather than treated as a monitoring technology.

5.3. Contribution to Mathematics Teacher Professional Development

The findings support professional-development models organized around iterative cycles of design,
enactment, evidence collection, collaborative analysis, and redesign. Such models are more compatible
with flipped mathematics education than one-time technology workshops because they allow teachers
to examine the relationship between digital preparation, classroom interaction, student reasoning, and
learning outcomes.

Lesson Study is particularly well aligned with this process. Teachers can collaboratively identify
mathematical learning problem, design pre-class and in-class tasks, anticipate student responses,
observe implementation, analyses evidence, and revise the lesson. Video-based reflection and
instructional coaching can further support the examination of teacher questions, explanations, feedback,
and orchestration of discourse.

This conclusion is consistent with the research conducted by Morales-Maure et al. (2025c), which showed
that Lesson Study and didactical suitability criteria can strengthen reflective judgement in mathematics
teacher education. That study demonstrated that structured collaborative analysis can help teachers
assess the epistemic, cognitive, interactional, mediational, affective, and ecological quality of instructional
practice. The present meta-analysis extends that contribution by showing how these dimensions can be
integrated with flipped learning and learning analytics.

The findings also converge with Morales-Maure et al. (2025b), who reported improvements in primary
teachers’ didactical-mathematical knowledge through task redesign in Panama. Both studies emphasize
that professional learning is strengthened when teachers work directly with instructional tasks, analyses
student responses, and redesign practice through theoretically informed criteria. The current study
provides a broader international synthesis that situates these Panamanian findings within evidence from
primary, secondary, university, and pre-service teacher education contexts.

This alignment demonstrates the international relevance of the research programme without implying
national superiority. The Panamanian studies address the same core problems identified in international
scholarship: how teachers transform mathematical content, how active-learning reforms are
implemented with fidelity, how classroom evidence informs instructional decisions, and how
professional development can produce sustainable pedagogical change. The contribution lies in showing
that a research programme led from Panama can generate methodologically structured evidence that
converges with international meta-analytic findings while introducing a distinctive integration of
didactical suitability, Lesson Study, task redesign, teacher professional knowledge, and learning analytics.

The contribution of the research is therefore bidirectional. International meta-analytic evidence provides
a comparative foundation for interpreting the Panamanian experience, while the Panamanian work
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contributes an integrated perspective based on didactical suitability, Lesson Study, task redesign, and
teacher professional knowledge. This combination gives the research relevance beyond a single national
context and offers a framework that may be adapted in Latin America and other education systems
characterized by territorial, technological, and institutional diversity.

The international dimension is also reflected in the design of the FID2024-108 project, which articulates
national evidence with international validation, collaboration with researchers from the University of
Barcelona, and comparative examination of teacher professional development. The project has generated
peer-reviewed outputs concerning Lesson Study, didactical suitability, and task redesign, thereby
connecting locally developed evidence with international debates in mathematics education.

Nevertheless, international impact should not be equated solely with geographical dissemination or
publication. Its stronger scientific expression lies in whether the proposed framework contributes
concepts, methods, and indicators that are transferable, testable, and useful across educational contexts.
The seven-indicator framework advances this objective by translating the heterogeneous flipped-
learning literature into a structured model for programme design, observation, evaluation, and policy
analysis.

5.4. Theoretical Contribution

The study contributes theoretically by integrating domains that are often treated separately. Flipped
classroom research frequently focuses on instructional sequencing or technology use; teacher-
development research focuses on professional knowledge and collaborative learning; mathematics
education emphasizes task quality, reasoning, and didactical suitability; and learning analytics examines
digital traces and data-informed decision-making.

The present framework connects these perspectives within a single explanatory model. It proposes that
flipped learning effectiveness emerges from coherence among mathematical quality, pedagogical
alignment, professional knowledge, self-regulation, interaction, analytics, equity, and institutional
sustainability.

This integration helps explain why interventions sharing the same label generate markedly different
results. “Flipped classroom” is not a homogeneous treatment but a family of designs whose pedagogical
mechanisms vary considerably. The study therefore shifts the unit of interpretation from the presence of
a flipped format to the quality of the complete didactical system.

The framework also strengthens the construct of didactical suitability by incorporating digital evidence
and analytics. Epistemic and cognitive suitability determine which mathematical processes should be
monitored; interactional suitability informs the interpretation of discourse and participation;
mediational suitability addresses platforms and access; affective suitability directs attention to
motivation and agency; and ecological suitability situates analytics within institutional, ethical, and social
constraints.

5.5. International and Policy Relevance

The results have direct relevance for teacher-education institutions, universities, ministries of education,
and professional-development providers. The moderate average effect indicates that flipped learning
represents a defensible instructional option, but the high heterogeneity warns against large-scale
adoption based solely on technology acquisition or standardised content production.

Policies should therefore prioritise teacher capacity rather than platform availability. Investment in
recording equipment, learning-management systems, or dashboards will have limited educational value
unless accompanied by sustained development in mathematical task design, formative assessment,
instructional orchestration, data interpretation, and inclusive design.

For countries with unequal connectivity and geographically dispersed populations, including Panama
and other Latin American contexts, the equity indicator is especially important. Flipped models may
increase flexibility, but they may also reproduce or deepen inequality when participation depends on
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devices, stable internet access, time, and family support. Low-bandwidth materials, downloadable
resources, flexible access, captions, and alternative participation routes should therefore be treated as
minimum quality standards.

The framework also offers a basis for cross-national comparison. Rather than comparing programmes
only through mean achievement gains, future evaluations can examine how implementation differs
across the seven dimensions. This would permit more meaningful comparison among countries,
educational levels, and institutional contexts.

5.5.1. Legal and Institutional Pathways for Turning Quality Indicators into University
Educational Public Policy in Panama

Converting the seven indicators into enforceable public policy requires attention to the legal architecture
governing Panamanian higher education. University autonomy has constitutional rank: Article 103 of the
Constitucion Politica de la Reptblica de Panama establishes that “la Universidad Oficial de la Reptblica
es autdnoma,” a guarantee developed by the Ley Organica de la Universidad de Panama (Ley 24 de 14 de
julio de 2005), whose Articles 3 and 48 recognise the university’s power of self-regulation
(autorreglamentacion) over academic and curricular matters. This means that adoption of the seven
indicators in teacher-education programmes cannot be imposed top-down; it must proceed through the
university’s own governance bodies, consistent with the deliberative model the institution itself invokes
to defend its constitutional autonomy.

At the national level, the indicators intersect with an existing quality-assurance instrument. The Sistema
Nacional de Evaluacién y Acreditacion para el Mejoramiento de la Calidad de la Educacién Superior
Universitaria de Panamg, created by Ley 52 de 26 de junio de 2015 and regulated by Decreto Ejecutivo
N.2 539 de 30 de agosto de 2018, empowers CONEAUPA the council that governs and administers that
system to define the methodological criteria used in institutional and programme accreditation, which is
compulsory for official universities. Embedding the seven evidence-based indicators into CONEAUPA’s
evaluation instruments for teacher-education and mathematics-education programmes would give the
framework binding, auditable status, rather than leaving it as an academic recommendation with no
regulatory channel.

A second channel runs through teacher-training governance. The Ley 47 de 1946 (Ley Organica de
Educacién) assigns the Ministerio de Educacién (MEDUCA), jointly with the official universities,
responsibility for coordinating and organising initial and continuing teacher training. Because the
University of Panama is the historical trainer of the national teaching corps, this shared competence
provides a concrete legal pathway for proposing the seven indicators as minimum quality standards for
MEDUCA-recognised professional-development programmes in mathematics education, extending their
reach beyond individual institutional practice into national teacher-policy design.

Finally, the equity indicator identified in the meta-analysis acquires constitutional weight in this
framework. Article 91 of the Constitucidn Politica establishes education as a right of every person and a
public service organised by the State; unequal access to connectivity and devices among flipped-
classroom participants therefore raises not only a pedagogical concern but a constitutional one. Framing
equitable access as a normative obligation, rather than only good practice, strengthens the case for
conditioning public and institutional investment in flipped-classroom teacher development on
demonstrated compliance with the equity indicator an accountability logic consistent with SENACYT’s
own funding standards under Project FID2024-108.

6. Conclusions

This systematic review and meta-analysis provides evidence that flipped classroom interventions have a
moderate positive effect on mathematics learning. The pooled estimate from 19 studies with recoverable
uncertainty information was d = 0.522, and the independent synthesis reported by Yakar (2021)
produced a closely aligned estimate of d = 0.510. The consistency of these results with prior meta-
analyses by Giiler et al. (2023), Strelan et al. (2020), and Haziki et al. (2025) supports the conclusion that

Vol.6, No.10s, 2026 1219


http://www.svedbergopen.com/ijaiml

www.svedbergopen.com/ijaim! International Journal of Artificial Intelligence and Machine Learning

flipped learning can improve mathematics achievement across school, university, and teacher-education
contexts.

However, the very high heterogeneity observed in both quantitative syntheses demonstrates that
effectiveness is not inherent in the flipped format. The educational value of the model depends on the
quality and coherence of its implementation. Flipped learning produces stronger outcomes when pre-
class resources are concise and aligned with mathematical goals, classroom time is devoted to demanding
mathematical activity, formative evidence guides instruction, teachers possess integrated mathematical-
pedagogical-technological knowledge, self-regulation is explicitly scaffolded, access barriers are
addressed, and analytics are used ethically to support adaptation.

The study therefore rejects a technologically reductionist interpretation of flipped learning. Videos,
platforms, and dashboards are not sufficient indicators of pedagogical innovation. The defining criterion
is whether the instructional system creates better opportunities for learners to reason, communicate,
represent, solve problems, receive feedback, and progressively regulate their own learning.

The seven evidence-based quality indicators developed in this study constitute its principal theoretical
and practical contribution. They provide a framework for designing professional-development
programmes, evaluating flipped mathematics courses, observing teaching practice, assessing teacher
portfolios, and informing institutional or public-policy decisions. They also offer an explanation for the
substantial between-study variability that characterizes international evidence. In Panama, this
translates concretely into three levers: incorporation of the seven indicators into CONEAUPA's
accreditation criteria for teacher-education programmes (Ley 52 de 2015), articulation with MEDUCA’s
teacher-training mandate under the Ley Organica de Educacién (Ley 47 de 1946), and conditioning of
public research and development funding, such as SENACYT’s Project FID2024-108, on demonstrated
compliance with the equity indicator.

The study further demonstrates the international relevance of a research programme led from Panama.
Its findings converge with international evidence while contributing a distinctive integration of flipped
learning, mathematics teacher knowledge, Lesson Study, didactical suitability, task redesign, and learning
analytics. The prior studies by Morales-Maure et al. (2025b, 2025c) provide empirical evidence that
collaborative reflection and task redesign can strengthen mathematics teachers’ professional knowledge.
The present synthesis extends that work by positioning it within a comparative international evidence
base and translating it into a transferable framework of quality indicators.

Accordingly, the scientific contribution is not limited to validating a pedagogical strategy in one national
context. It provides an analytical model with potential application across diverse education systems,
particularly those seeking to combine active learning, digital transformation, teacher professional
development, and equity. This international applicability should be examined through future cross-
country studies, longitudinal designs, and implementation research in which the seven indicators are
operationalized and tested as moderators of teacher and student outcomes. Flipped classroom
instruction should be understood as a professionally demanding model of pedagogical reorganization
rather than as a simple inversion of teaching time. Its success depends on teachers’ capacity to transform
content, interpret evidence, orchestrate mathematical interaction, and adapt instruction to learner and
contextual needs. When these conditions are present, flipped learning can contribute meaningfully to
mathematics achievement, teacher learning, and sustainable educational innovation.

Academic Contribution. This study contributes to mathematics teacher-education research by
demonstrating that the effectiveness of flipped learning depends less on the relocation of content than
on the coherence among mathematical task quality, formative assessment, teacher professional
knowledge, learner self-regulation, digital equity, and analytics-informed adaptation. The study extends
existing flipped-classroom and teacher-development frameworks by integrating seven evidence-based
quality indicators into a transferable model for mathematics education, while methodologically
combining meta-analysis, comparative validation, and thematic synthesis to explain substantial between-
study heterogeneity. Empirically, it adds evidence generated from a Panamanian-led research programme
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