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Effective integration of technology in mathematics education requires teachers
to blend content knowledge, pedagogical strategies, and digital tools. The
Technological Pedagogical Content Knowledge (TPACK) framework offers a lens
for understanding teachers’ pedagogical reasoning when designing technology-
enhanced lessons. However, the ways in which TPACK informs instructional planning
and the challenges educators face remain under - synthesized. A systematic review
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1 Introduction

The role of technology in education has significantly expanded in recent decades,
becoming an integral part of teaching and learning across disciplines. In mathematics
education, where conceptual understanding and analytical thinking are central, the integration
of technology presents unique opportunities to enhance student engagement and deepen
comprehension. However, successful technology integration requires more than just access to
digital tools; it demands a structured approach that effectively combines technological tools
with subject content and pedagogical strategies. The Technological Pedagogical Content
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Knowledge (TPACK) framework, developed by Mishra and Koehler
(2006), and lately renewed by Petko et al. (2025) provides this
integrated approach by emphasizing the intersection of content
knowledge, pedagogical knowledge, and technological knowledge.

A solid understanding of TPACK equips teachers to design
effective and engaging instructional experiences, while also facilitating
improved communication and collaboration among educators,
students, and parents (McDougall and Phillips, 2024; Petko et al., 2025;
Yeh etal., 2021). Through digital platforms, teachers can share learning
resources, evaluation results, and instructional ideas, supporting both
transparency and collaborative teaching practices. This openness not
only strengthens school-wide learning communities but also supports
student learning outcomes. Furthermore, TPACK builds upon
Shulman’s Pedagogical Content Knowledge (PCK) model (Shulman,
1986), enriching it with the technological dimension to meet the
demands of 21st-century classrooms (Mishra et al., 2022; Ozen and
Kurtulus, 2023). As such, TPACK offers a comprehensive lens through
which educators can navigate the complexities of teaching with
technology, particularly in specialized fields like mathematics.

1.1 TPACK framework: relevance and
components

In the context of mathematics education, the TPACK framework
is particularly valuable, as mathematics often involves abstract
concepts that can be challenging for students to grasp through
traditional instruction alone. When properly integrated, technology
can offer powerful visualizations, interactive simulations, and
immediate feedback that facilitate deeper conceptual understanding.
However, using technology effectively requires teachers not only to
be proficient with digital tools but also to understand how to align
these tools with mathematical content and pedagogical strategies (Shi
etal.,, 2019). The TPACK framework thus helps mathematics educators
balance these elements, allowing for a thoughtful and intentional
approach to technology integration.

Recent developments in TPACK research emphasize the dynamic
and contextual nature of the framework (Petko et al., 2025). Rather
than viewing the three domains as fixed entities, its current perspective
emphasizes that teachers must continually adapt their knowledge to
evolving classroom needs and emerging technologies. The updated
model also highlights the importance of contextual factors, such as
school infrastructure, student diversity, and teacher beliefs, that
influence how TPACK is enacted in practice.

The framework encompasses seven interrelated domains:
technological knowledge (TK), content knowledge (CK), pedagogical
knowledge (PK), pedagogical content knowledge (PCK), technological
content knowledge (TCK), technological pedagogical knowledge
(TPK), and the integrated domain of technological pedagogical content
knowledge (TPACK) itself (Schmidt et al., 2009; Graham et al., 2012).
These components represent the complex knowledge that teachers
need to design meaningful technology-enhanced learning
environments. Consistent with recent insights by Petko et al. (2025),
effective TPACK development also requires teachers to engage in
ongoing reflection and adaptive reasoning. Teachers are encouraged to
move beyond the technical use of tools and consider how technology
mediates the learning process and supports higher-order thinking.

Petko et al. (2025) argue that teachers’ pedagogical reasoning
processes must involve critical reflection on how digital tools mediate
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content and learning interactions. For mathematics educators, this
means questioning not only what technology is used, but also how and
why it is used in a way that enhances students’ conceptual
understanding. Teachers are thus encouraged to develop adaptive
expertise, which allows them to navigate new technologies, select
contextually appropriate tools, and modify their strategies based on
formative feedback and student needs. The following section
summarizes key updates from Petko et al. (2025), which extend the
traditional TPACK model and offer critical implications for
mathematics education.

Recent developments in teacher knowledge models, particularly
Pedagogical Content Knowledge (PCK), have shifted toward a
process-based and enacted perspective. The updated PCK framework
includes a range of dimensions such as student knowledge, curricular
and assessment knowledge, collective PCK (cPCK), personal PCK
(pPCK), and enacted PCK (ePCK), encompassing planning,
instruction, reasoning, and reflection. In parallel, the TPACK
framework has also evolved to emphasize its contextual and dynamic
nature. As proposed by Petko et al. (2025), the updated model
introduces “Contexts” and “Contextual Knowledge (XK)” as essential
elements that influence how TPACK is developed and enacted in
practice. These additions underscore the idea that teachers’
technological, pedagogical, and content knowledge must
be understood in relation to the specific educational environments in
which they operate. Contextual Knowledge, in particular, differentiates
expert teachers from novices by enabling flexible adaptation and
reflective decision-making in diverse classroom settings. The updated
TPACK framework proposed by Petko et al. (2025) is displayed in
Figure 1.

The updated TPACK framework represented in Figure 1
underscores the need for teachers to develop adaptive expertise,
adaptive teaching expertise is deemed a primary goal to be pursued in
a teacher-education program, learning (to teach) is likely to emphasize
the ability to adapt to new instructional situations and to generate
fresh ideas to address emerging pedagogical challenges (Hong and
Chai, 2017). Undoubtedly, adaptive expertise in mathematics teaching
is an important educational goal for teacher preparation and
development (Russ et al, 2011). The ability to flexibly align
technological and pedagogical choices with specific classroom needs
and conditions. Particularly in mathematics education, contextual
responsiveness becomes essential, as teaching practices often vary
based on school resources, student backgrounds, and curricular
expectations. The inclusion of contextual knowledge reinforces the
understanding that effective TPACK enactment is not just a technical
task, but a reflective and situated practice.

1.2 Challenges in developing TPACK for
mathematics educators

While the TPACK framework provides a comprehensive model
for integrating technology, pedagogy, and content, its practical
application in mathematics education presents several challenges.
Many mathematics educators encounter difficulties in merging
technological tools with pedagogical strategies and content
knowledge effectively. Research indicates that simply acquiring
technological skills is not sufficient; teachers also need to
understand how to utilize these tools in ways that enhance
mathematical thinking and understanding (Niess, 2015). Moreover,
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the rapid evolution of educational technology requires continuous
adaptation, making it challenging for teachers to keep their TPACK
skills current.

One major challenge is the lack of targeted professional
development that addresses the specific needs of mathematics teachers
in developing TPACK. Studies have shown that general technology
training often overlooks subject-specific applications, leaving
mathematics educators with limited guidance on how to apply TPACK
concepts to complex mathematical content (Hill and Uribe-Florez,
2020). Effective professional development must not only introduce
technological tools but also demonstrate how these tools can support
the unique pedagogical goals of mathematics education, such as
fostering procedural fluency and conceptual understanding.
Additionally, teachers frequently report a lack of time and institutional
support to engage in meaningful professional development, which
further hinders their ability to integrate technology effectively
(Widiana and Rosy, 2021).

Integrating technology with mathematical content is inherently
complex due to the abstract nature of mathematics. Teachers must find
ways to use technology not only as a demonstration tool but also as a
means to engage students actively in mathematical reasoning. For
example, graphing calculators, dynamic geometry software, and
computer algebra systems offer potential for visualizing abstract
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concepts, yet they require substantial expertise to be used effectively.
Mathematics educators often need to develop specialized skills to
interpret and convey mathematical ideas through these tools in ways
that make the content accessible to students. This complexity is
compounded by the need to tailor technological applications to
students’ varying levels of mathematical understanding and
technological proficiency.

Mathematics teachers exhibit varying levels of technological
proficiency, which presents a challenge for implementing TPACK
consistently across different educational settings. For some teachers,
mastering the use of educational technology itself can be daunting,
especially if they have limited prior experience with digital tools
(Niess, 2015). This variability requires differentiated support, as novice
technology users may need foundational training before they can
begin to integrate TPACK effectively, while more experienced users
might benefit from advanced strategies for enhancing pedagogical
reasoning (Darling-Hammond, 2020). Research emphasizes that
successful TPACK development programs should consider teachers’
existing skill levels and provide scaffolding accordingly (Seng et al.,
2022). Resource constraints and access to technology also hinder
TPACK development among mathematics educators. While the
TPACK framework assumes access to digital tools, the reality is that
many schools lack sufficient resources, particularly in underfunded

frontiersin.org


https://doi.org/10.3389/feduc.2025.1552760
https://www.frontiersin.org/journals/education
https://www.frontiersin.org

Priyanda et al.

regions (Widiana and Rosy, 2021). Even when technology is available,
inconsistent access can prevent teachers from practicing and refining
their TPACK skills. Furthermore, outdated equipment or limited
access to software updates may restrict teachers’ ability to keep pace
with technological advancements. This challenge underscores the
importance of institutional support and equitable access to resources
to facilitate TPACK development in mathematics education.

Finally, developing TPACK in mathematics education is an
ongoing process that requires reflection and adaptive expertise. As
new technologies emerge, teachers must continually reassess their
instructional practices to determine the most effective ways to
integrate digital tools with pedagogy and content. This reflective
practice is essential for developing adaptive expertise, enabling
teachers to respond flexibly to different instructional contexts and
student needs. Research emphasizes that fostering reflective habits can
help teachers build stronger TPACK skills over time, supporting
sustained technology integration in mathematics classrooms.

1.3 Pedagogical reasoning and TPACK in
mathematics instruction

In addition to understanding the individual components of
TPACK, it is crucial to consider the process of pedagogical reasoning,
which underpins teachers” decision-making and instructional design
choices. Pedagogical reasoning, a concept introduced by Shulman
(1987), refers to the thought processes that teachers engage in when
planning, enacting, and reflecting on instruction. It involves the
transformation of content knowledge into forms that are pedagogically
powerful and comprehensible to students. In the context of TPACK,
pedagogical reasoning extends to the ways in which teachers integrate
technology into this transformation process, considering not only the
appropriateness of the technology for the content but also its
pedagogical implications.

For mathematics educators, effective pedagogical reasoning within
the TPACK framework involves selecting and using technologies that
align with mathematical concepts and practices. For example, teachers
may reason about the effectiveness of using computer algebra systems
to explore algebraic structures or dynamic modeling tools to visualize
calculus concepts. This type of reasoning is critical, as it allows teachers
to move beyond surface-level technology use and engage students in
deeper, more interactive learning experiences. However, research
suggests that many teachers struggle with this level of integration, often
defaulting to more traditional, teacher-centered approaches when using
technology (Kimmons et al., 2020). Thus, understanding how teachers
engage in pedagogical reasoning within the TPACK framework is a
vital area of inquiry, particularly in mathematics education. Given the
importance of TPACK in contemporary mathematics education and
the complexities associated with its implementation, a systematic
review of the literature is both timely and necessary. Previous research
has examined various aspects of TPACK, such as its development
through professional learning programs (Angeli and Valanides, 2009,
2015), its impact on student learning outcomes (Trust et al., 2016), and
its application in different subject areas (Mayer and Girwidz, 2019).
However, there remains a lack of comprehensive synthesis focusing
specifically on TPACK as it relates to pedagogical reasoning in
mathematics education.

The objectives of this systematic review are threefold:
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1 To analyze how pedagogical reasoning is conceptualized and

operationalized in the context of TPACK within
mathematics education.

2 To identify and evaluate the methodologies used in researching
TPACK-based instructional design in mathematics, including
their effectiveness and limitations.

3 To synthesize the impacts of TPACK integration on
mathematics teachers’ instructional planning, teaching

practices, and student outcomes.

To achieve these objectives, this study addresses the following
research questions:
1 How is pedagogical

reasoning conceptualized and

operationalized in the context of TPACK in
mathematics education?

2 What methodologies are used to investigate TPACK-based
instructional design in mathematics, and how effective are they
in understanding teacher practices?

3 What impacts does TPACK integration have on mathematics

teachers’ instructional planning and student outcomes?

This systematic review holds significant implications for both
research and practice. By synthesizing the current state of knowledge
on TPACK and pedagogical reasoning in mathematics, this study
provides a foundation for future research that aims to deepen
understanding in this area. For mathematics educators, insights from
this review can inform the design and implementation of professional
development programs that better support the integration of
technology into teaching practices. Additionally, this review highlights
areas where further research is needed, such as the long-term impact
of TPACK on pedagogical reasoning and the contextual factors that
influence teachers’ ability to integrate technology effectively. The
findings from this review are also relevant for policymakers and
educational leaders who are responsible for supporting technology
integration in schools. As education systems continue to adopt digital
tools and platforms, understanding the intricacies of TPACK in
mathematics education will be essential for creating policies and
initiatives that align with teachers’ professional needs and students’
learning outcomes. Ultimately, this review aims to contribute to a more
nuanced and practical understanding of TPACK, enabling mathematics
educators to navigate the challenges of technology integration with
greater confidence and skill. The remainder of this paper is structured
as follows. Section 2 provides the theoretical framework which are the
base of this review. Section 3 outlines the methodology used to
conduct the systematic review, including the search strategy, inclusion
criteria, and data analysis procedures. Section 4 presents the findings,
categorized by themes related to TPACK development, pedagogical
reasoning processes, and instructional outcomes. Section 5 discusses
the identified the implications for practice, while Section 6 offers
concluding remarks and recommendations for future research.

2 Theoretical framework

In the context of mathematics education, the integration of
technology into teaching is not merely a technical matter but rather a
complex interplay of knowledge domains. The Technological
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Pedagogical Content Knowledge (TPACK) framework has become an
influential model for understanding this complexity, offering a
structured approach to examine how teachers can effectively blend
content knowledge, pedagogical knowledge, and technological
knowledge to enhance student learning outcomes. This section
provides an in-depth exploration of the TPACK framework,
emphasizing its components, the role of pedagogical reasoning, and
the relevance of TPACK in mathematics education. By establishing a
theoretical foundation, this section underscores the significance of
TPACK  for
technology integration.

research on  instructional design  and

2.1 Pedagogical reasoning within the
TPACK framework

Pedagogical reasoning, initially conceptualized by Shulman
(1987), involves the process by which teachers transform their content
knowledge into forms that are comprehensible and meaningful to
students. Within the TPACK framework, pedagogical reasoning is
particularly complex, as it requires the integration of content,
pedagogy, and technology. Teachers must not only decide how to
present content and engage students but also consider which
technological tools can enhance the learning experience and how to
align those tools with both pedagogical goals and content
requirements. In mathematics education, this process involves
deliberate choices about how technology can support conceptual
understanding, problem-solving skills, and procedural fluency.

The stages of pedagogical

reasoning comprehension,

transformation, instruction, evaluation, reflection, and new
comprehension each play a critical role within TPACK. In the
comprehension stage, teachers develop an in-depth understanding of
mathematical concepts, which then informs how they will integrate
technology to make these concepts accessible to students. The
transformation stage, where content is adapted into teachable forms,
requires that teachers understand both the capabilities and limitations
of digital tools and how these tools can concretely illustrate abstract
mathematical ideas. For instance, dynamic geometry software can
support the visualization of geometric transformations, providing
students with interactive experiences that would be challenging to
replicate through traditional instruction alone (Bokosmaty

etal., 2017).

2.1.1 Transforming content through technology
for mathematical comprehension

One of the unique challenges of pedagogical reasoning within
TPACK is transforming content through technology to foster deep
mathematical understanding. Teachers must carefully choose tools
that not only align with the mathematical content but also enhance
students’ ability to explore, hypothesize, and test their understanding
(Abrahamson et al., 2020). For example, in teaching calculus, graphing
software can enable students to visualize the behavior of functions,
such as limits and asymptotes, providing an experiential understanding
of these concepts. This transformation process requires teachers to
think critically about how the chosen technology influences students’
engagement and learning outcomes, as well as how to guide students
in using the technology effectively (Niess and Gillow-Wiles, 2017;
2013).

Voogt et al, Research underscores that successful
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transformation within TPACK requires a nuanced understanding of
students’ prior knowledge, cognitive development, and potential
misconceptions (Hoth et al., 2022). For instance, teachers need to
anticipate common errors in mathematical reasoning when students
use technology to explore patterns or solve problems. By predicting
and addressing these issues, educators can use technology as a scaffold,
enhancing students’ comprehension without allowing the technology
to overshadow the mathematical principles being taught.

Instruction within the TPACK framework involves delivering
content in a way that fully utilizes technology’s potential to engage
students actively. This stage requires that teachers not only present
information but also facilitate hands-on activities, provide immediate
feedback, and foster collaborative problem-solving (Demirhan and
Sahin, 2021). In mathematics, instructional methods within TPACK
often incorporate simulations, data analysis tools, and interactive
software to allow students to explore complex ideas in depth. For
instance, teachers may use statistical software to teach data handling,
enabling students to visualize data patterns and apply statistical
concepts in real-time.Reflection is a pivotal part of pedagogical
reasoning in TPACK, as it allows teachers to evaluate the effectiveness
of technology integration and make adjustments as needed. Reflective
practice helps educators understand which aspects of their
instructional design worked well and which need refinement,
particularly in terms of technology’s role in facilitating mathematical
understanding. This iterative process of reflection and adaptation is
essential for teachers to build adaptive expertise, as they learn to
modify their approaches based on student feedback, learning
outcomes, and evolving technological options. Studies suggest that
regular reflection on TPACK-based instruction can help teachers
identify more effective ways to align technology with both content and
pedagogy over time (Kimmons et al., 2020; Seng et al., 2022). However,
behind all that, the teacher’s awareness plays an important role in the
teaching process. The use of technology in teaching requires teacher’s
awareness of how technology can be used as an appropriate mode.
Particularly in mathematics, teachers’ awareness of the mental
processes that characterize strong mathematical schemas can
contribute to their ability to reorganize their content knowledge into
a form that can be transformed to support effective teaching practices
(Tallman, 2021). This is what motivates us to explore teachers’
pedagogical reasoning using the TPACK framework, with the objective
of using appropriate and relevant technology in mathematics learning.

Evaluation is another key component of pedagogical reasoning
within TPACK, involving assessment of both student learning outcomes
and the effectiveness of technology integration. Mathematics teachers
must consider not only whether students have mastered the content but
also how technology contributed to or potentially hindered the learning
process (Hoth et al., 2022). Effective evaluation in TPACK requires the
use of formative assessments, such as interactive quizzes or technology-
mediated feedback tools, to gauge student understanding continually.
This real-time feedback allows teachers to adjust instruction to meet
students’ needs, helping to ensure that technology is enhancing, rather
than distracting from, the learning goals (You et al., 2019).

2.2 TPACK and mathematics education

The application of TPACK in mathematics education has shown
promising results in enhancing both teaching practices and student
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learning outcomes. Research suggests that when mathematics teachers
effectively integrate TPACK, they are able to create instructional
experiences that promote conceptual understanding, critical thinking,
and problem-solving skills (Kénig et al., 2022; Niess, 2005; Ozen and
Kurtulus, 2023). For instance, dynamic geometry software has been
shown to facilitate students’ understanding of geometric
transformations and relationships, while data analysis tools allow
students to explore statistical concepts through interactive
visualizations. However, the development of TPACK in mathematics
education also presents challenges. Studies indicate that many teachers
struggle with integrating technology in ways that align with both
pedagogical goals and content-specific requirements (Herro et al.,
2021). This is particularly true in mathematics, where the abstract
nature of the subject can make it difficult to find appropriate
technological tools. Furthermore, mathematics teachers may lack
access to professional development programs that focus specifically
on building TPACK, leading to uneven levels of technological
integration across classrooms.

The TPACK framework has become a pivotal model for guiding
technology integration in mathematics education, where the
alignment of technological, pedagogical, and content knowledge is
particularly essential due to the unique cognitive demands of the
subject. Mathematics education involves not only supporting students’
but also the cultivation of abstract thinking and problem-solving
skills. The effective use of technology within this domain enables
teachers to create dynamic, interactive learning environments that can
support students in visualizing complex mathematical concepts and
developing a more profound understanding of the content. For
example, tools like dynamic geometry software and graphing
calculators offer interactive visualizations, enabling students to explore
mathematical properties and relationships that are often challenging
to convey through traditional instruction alone (Kunwar and
Laxmi, 2023).

Research has shown that TPACK-based technology integration
can enhance both engagement and achievement in mathematics
education, especially when tools are used to facilitate hands-on
exploration, model real-world problems, and encourage inquiry-based
learning. By integrating TPACK, mathematics teachers can utilize
digital resources to scaffold instruction, allowing students to
experiment, make predictions, and verify their hypotheses in real
time. For instance, when teaching functions, teachers might employ
graphing software to help students visualize how changes in function
parameters affect graph shape and behavior. This type of technology-
enhanced learning fosters conceptual understanding by encouraging
students to engage directly with the mathematical structures (Yang
etal., 2021).

The integration of TPACK can also address the challenges of
teaching complex mathematical concepts, such as calculus and
probability, by allowing students to interact with simulations and
visual models. Studies suggest that such technology-supported
approaches can improve students’ retention and transfer of knowledge,
as students are better able to connect mathematical theory to practical
applications. Moreover, by encouraging students to use technology as
a problem-solving tool, teachers help them develop a toolkit of
resources that can be applied across different mathematical contexts,
reinforcing both conceptual and procedural understanding.

Mathematical communication-explaining reasoning, justifying
answers, and collaborating on problem- solving is a crucial skill in

Frontiers in Education

10.3389/feduc.2025.1552760

mathematics education that TPACK can significantly enhance.
Through collaborative tools like interactive whiteboards, online
discussion forums, and shared digital platforms, teachers can create
environments where students actively engage with mathematical ideas,
discuss their reasoning, and critique each other’s work (Webb et al.,
2019). These activities are essential for developing critical thinking and
are aligned with the pedagogical goals of mathematics education,
which emphasize reasoning and argumentation alongside computation.

Research shows that technology-supported collaborative learning
can foster deeper engagement with mathematical content by
promoting peer-to-peer interaction and dialog, which are key to
understanding complex concepts. For example, interactive tools that
allow students to manipulate and annotate geometric figures
collaboratively provide opportunities for them to share ideas and
refine their thinking through discussion. In a TPACK context, such
tools enable teachers to structure learning activities that support
collaboration, thereby enhancing students’ ability to articulate and
defend their mathematical reasoning (Rakes et al., 2022).

Reflective practice is integral to developing strong TPACK, as it
enables mathematics teachers to evaluate the effectiveness of
technology integration continuously. By reflecting on their
instructional practices, teachers can assess how well their use of
technology supports student learning and make adjustments to
improve outcomes. Research suggests that teachers who regularly
engage in reflective practice are better able to adapt their instructional
strategies to align with students” evolving needs, which is crucial for
fostering a responsive and inclusive learning environment in
mathematics. Professional development programs that promote
reflective habits can help teachers refine their TPACK, building
adaptive expertise that enables them to integrate technology in a way
that consistently enhances mathematics instruction.

2.3 Significance of TPACK for teacher
education and professional development

The TPACK framework provides a valuable structure for guiding
teacher education and professional development in mathematics. By
focusing on the intersections of content, pedagogy, and technology,
TPACK-based professional development programs can help teachers
acquire the integrated knowledge needed to teach effectively with
digital tools. Research has shown that TPACK training can improve
teachers’ confidence and competence in using technology, leading to
more effective instructional practices (Martin, 2015; Rakes et al.,
2022). In mathematics education, TPACK-focused professional
development might include workshops on specific software tools,
collaborative lesson planning sessions, and opportunities for teachers
to reflect on their technology use. Such programs are essential for
helping mathematics educators navigate the complexities of
technology integration and develop a nuanced understanding of how
digital tools can support mathematical learning.

The TPACK framework serves as a foundational model for
understanding the knowledge and skills required to integrate
technology into mathematics education. By examining the
intersections of content, pedagogy, and technology, TPACK provides
a comprehensive framework for exploring how teachers can use digital
tools to enhance mathematical instruction. This theoretical foundation
supports the objectives of this systematic review, which aims to
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investigate how TPACK is conceptualized, developed, and applied in
mathematics education. In the following sections, we will explore the
methodology used to conduct this review and present findings related
to TPACK’s impact on pedagogical reasoning, instructional design,
and student learning outcomes in mathematics.

3 Methodology

This study employed a systematic review approach guided by the
PRISMA (Preferred Reporting Items for Systematic Reviews and
Meta-Analyses) protocol (Page et al.,, 2021). The review process
included four main stages: identification, screening, eligibility
assessment, and final inclusion. Each stage followed established
guidelines to ensure transparency, rigor, and reproducibility.

3.1 Identification

The identification phase involved a comprehensive search of the
Scopus database, using keywords and Boolean operators designed to
capture relevant studies on pedagogical reasoning, technology-based
instructional design, and mathematics education. The search terms
were carefully constructed as follows:

1 Search Terms

2 (“pedagogical reasoning” OR “teacher reasoning” OR
“instructional reasoning”) AND (“TPACK” OR “TPCK”) AND
(“math*”)

3 Database: Scopus

4 Filters: The search was limited to peer-reviewed journal articles,
book chapters, and conference papers published within 2015
to 2024 with focus on recent developments.

This search retrieved a total of 118 records. All records were
imported into a reference management software, and duplicates
were removed.

3.2 Screening

An initial pool of 118 articles was retrieved. After screening the titles
and abstracts, 29 articles were excluded based on the following criteria:

1 Irrelevance to the pedagogical component,

2 Discussion of technology integration without referencing the
TPACK framework or pedagogical reasoning,

3 Full-text not accessible,

4 Not published in English.

This screening stage resulted in 89 articles eligible for full-text review.

3.3 Eligibility

The full-text review of the remaining 89 articles was conducted to
evaluate their relevance to the research objectives. Articles were
considered eligible if they met the following inclusion criteria:
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1 Explicit use of the TPACK framework in analyzing teacher
pedagogical reasoning or instructional design.

2 Focus on mathematics education, particularly with empirical
data on planning and implementing technology-based
instructional design.

3 Studies that addressed teacher reasoning, decision-making, or
instructional strategies in the context of TPACK.

As aresult, 21 articles met the eligibility criteria.

3.4 Inclusion

After a thorough evaluation of the 21 eligible studies, 13 articles
were excluded due to insufficient alignment with the research
questions. Specifically, these studies lacked depth in addressing
pedagogical reasoning within the TPACK framework or did not
provide empirical insights relevant to mathematics instruction. Thus,
8 studies were included in the final analysis for this systematic review.

3.5 PRISMA flow diagram

A PRISMA flow diagram is displayed in Figure 2. This diagram
illustrates the four-stage review process (identification, screening,
eligibility, and inclusion) followed in accordance with PRISMA
guidelines. It provides a transparent account of the number of records
retrieved, excluded, and finally included in the review of TPACK and
pedagogical reasoning in mathematics education.

4 Result and discussion

This section discusses each research question based on the
findings of the systematic review, presenting synthesized insights and
implications related to the TPACK framework, pedagogical reasoning,
and mathematics education. The following are the research findings
included in the final analysis used in answering the research questions.

4.1 Conceptualizing and operationalizing
pedagogical reasoning in the context of
TPACK in mathematics education

Pedagogical reasoning within the TPACK framework is
conceptualized as an iterative process through which teachers
interpret and transform mathematical content to make it accessible
to students using technology. This process involves multiple stages:
understanding the content, choosing appropriate technological
tools, transforming instructional strategies, delivering lessons,
evaluating learning outcomes, and reflecting on effectiveness
(Shulman, 1987). Operationalization of pedagogical reasoning
within TPACK often requires teachers to adapt their instructional
practices according to students’ needs and technology affordances.
Studies show that teachers use pedagogical reasoning to evaluate
when and how to introduce technology in ways that deepen students’
understanding without overwhelming them with extraneous
elements (Janson et al., 2020). This includes structuring lessons so
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FIGURE 2
PRISMA flow diagram of the systematic review process.

PRISMA Flow Diagram

that technology acts as a scaffold, supporting problem-solving and
conceptual learning. Research emphasizes that successful
operationalization of pedagogical reasoning depends on teachers’
reflective practices and adaptive expertise, both of which are
enhanced through ongoing professional development (Meneses
et al.,, 2023). The following is an analysis of studies that can answer
this question.
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4.2 Methodologies are used to investigate
TPACK-based instructional design in
mathematics, and its effectiveness in
understanding teacher practices

Research on TPACK in mathematics education has predominantly
used qualitative methodologies, including case studies, observational
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research, and interviews, as well as mixed-method approaches that
combine surveys with in-depth qualitative data. These methodologies
allow researchers to capture the nuanced ways in which teachers
integrate technology within specific content areas, offering insights
into both the challenges and successes of TPACK implementation
(Hoth et al., 2022). Observational studies, in particular, provide
valuable data on teachers’ real-time instructional decisions and the
practical adaptations they make when using technology in the
classroom (You et al., 2019).

Additionally, some studies employ assessment tools and self-
reported surveys to measure TPACK proficiency and track teachers’
professional growth over time. While self-reported data can reveal
teachers’ perceptions and confidence levels, observational and case
study methods are generally more effective in identifying actual
instructional practices, as they capture the dynamic interactions
between pedagogy, technology, and content (Niess and Gillow-Wiles,
2017). Overall, mixed-method approaches are considered the most
comprehensive, as they provide both quantifiable data on TPACK
knowledge levels and qualitative insights into how these knowledge
domains intersect in practice. The following is an analysis of studies
that can answer this question (Figure 3).

4.3 What impacts does TPACK integration
have on mathematics teachers’
instructional planning and student
outcomes

Integrating TPACK into mathematics instruction significantly
enhances teachers’ instructional planning by enabling them to align
technology use with pedagogical and content goals more effectively.
Teachers with robust TPACK skills are better equipped to select and
implement technology tools that support specific mathematical
concepts, promoting active engagement and deeper learning among
students. For example, teachers using graphing software to illustrate
functions help students visualize the mathematical relationships,
supporting both procedural fluency and conceptual understanding
(Phuong, 2020).

10.3389/feduc.2025.1552760

Research indicates that TPACK integration positively impacts
student outcomes by facilitating interactive, technology-enhanced
learning environments that promote inquiry, critical thinking, and
problem-solving skills. Students in TPACK-informed classrooms
tend to show greater engagement, as the use of technology allows
for hands-on exploration and real-time feedback. Studies also
suggest that technology-based instruction supported by TPACK
can lead to improved retention and transfer of mathematical
concepts, as students are more likely to make connections between
theoretical content and practical applications (Kelley and Knowles,
2016). The following is an analysis of studies that can answer
this question.

4.4 Future directions

The analysis of recent publications reveals a significant increase in
research interest in TPACK and pedagogical reasoning within
mathematics education, especially since 2020. This trend may
be attributed to the increased demand for technology integration in
education during the COVID-19 pandemic, which emphasized the
need for effective digital pedagogy. Prominent journals include
Education and Information Technologies and Australasian Journal of
Educational Technology, showcasing the centrality of TPACK in
educational technology research (Tables 1-4).

Despite substantial advances in understanding and applying the
TPACK framework within mathematics education. This section
outlines the key areas where current literature is either limited or
lacking, providing avenues for future exploration. While numerous
studies have investigated TPACK’s impact on immediate instructional
design, few have explored its long-term effects on pedagogical
reasoning and teaching practices in mathematics. Understanding how
TPACK knowledge evolves and integrates into sustained pedagogical
reasoning over time is essential for assessing its effectiveness beyond
short-term interventions. Future research could employ longitudinal
studies to track changes in teachers’ pedagogical reasoning as they
apply TPACK-based strategies consistently over several years.
Furthermore, to see visualization trends in research directions that are
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TABLE 1 TPACK framework.

Key aspect

Main insights and key quotations

10.3389/feduc.2025.1552760

Implications for mathematics
education

1 Context as a central element TPACK is no longer viewed as a static construct; Mathematics teachers must consider curriculum
context is now a central element that shapes the demands, classroom culture, technology access, and
interaction between TK, PK, and CK. student diversity when designing TPACK-based

instruction.

2 TPACK as a Dynamic and Evolving Model The updated model emphasizes that TPACK is a form Teachers are expected to continuously refine their
of knowledge that evolves over time, not merely a fixed = TPACK through reflection, adaptation, and
combination of three domains. engagement with new technologies.

3 Importance of Adaptive Expertise Teachers are encouraged to develop adaptive expertise, | In mathematics education, teachers must respond to
the ability to flexibly adjust teaching strategies based diverse student needs with contextually appropriate
on evolving contexts and technological innovations. and meaningful digital solutions.

4 TPACK as a Reflective Process Pedagogical reflection is at the core of meaningful Mathematics teachers should reflect on whether
TPACK development. Teachers must go beyond technology enhances conceptual understanding or
technical skills and evaluate the educational value of merely replaces traditional methods.
technology use.

5 Role of Institutional and Community Support | TPACK development is not an individual endeavor; it Schools and professional math education
requires collaborative support through communities of = communities should provide mentoring, peer
practice and ongoing professional development. collaboration, and reflective dialog spaces to enhance

TPACK enactment.

TABLE 2 Finding for conceptualizing and operationalizing pedagogical reasoning in the context of TPACK in mathematics education from selected

articles.

Number Authors

of article

Conceptualizing and operationalizing pedagogical reasoning
in the context of TPACK in mathematics education

1 Aldemir Engin R.; Karakus D.; Niess
M.L

2023

challenges of the modern classroom.

TPACK enhance teaching in the digital age. This study offers a clear framework for
developing TPACK in preservice teachers, helping them use technology effectively in

mathematics education. This approach ensures that preservice teachers are prepared for the

2 Bullock E.; Ray A.; Cory B.; Herron J.

2021

This paper conceptualizes and operationalizes pedagogical reasoning in the context of
TPACK for mathematics education by introducing the PHiISMAOS framework. The
framework provides a structured approach for educators to structure lessons, use digital
tools effectively, and foster deeper mathematical understanding, ultimately improving

teaching practices and student learning outcomes in online mathematics education.

3 Zikra; Fikri M.; Afdal; Sukmawati 1; Sin
T.H.; Nurhastuti; Suryanef.

2023

This article conceptualizes pedagogical reasoning in the context of TPACK in mathematics
education as a process in which preservice teachers integrate content, pedagogy, and

technology to design and deliver effective mathematics lessons. The article emphasizes the
development of teachers’ abilities to plan, teach, and reflect on the use of ICT tools, such as

GeoGebra, to enhance students’ understanding of mathematical concepts.

4 Saralar-Aras I.; Tiirker-Biber B.

2024

landscape.

This study highlights the importance of providing teacher training programs that
incorporate hands-on technology integration in specific subject contexts. It suggests that
developing reflective practice and providing constructive feedback are key to preparing

future educators to effectively navigate the evolving technology-enhanced teaching

5 Klemer A.; Segal R.; Miedijensky S.; The study suggests that to support effective pedagogical reasoning, teachers need adequate

Herscu-Kluska R.; Kouropatov A. 2023 training in all areas of TPACK, including the integration of technology into their teaching

planning and practice.

6 Da Silva Bueno R.W.; Henriques A.;
Galle L.A.V.

The growth of TPACK as transformative knowledge, an amalgamation, or a homogenous

combination is one of the most important elements in adapting lesson plans to various
2023
pedagogical contexts. As schools, students, and technology continue to evolve, educators

may design better options with this type of TPACK development.

(Continued)
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TABLE 2 (Continued)

Number Authors

of article

10.3389/feduc.2025.1552760

Conceptualizing and operationalizing pedagogical reasoning

in the context of TPACK in mathematics education

7 Kholid M.N.; Hendriyanto A.; Sahara S.; The importance of knowledge in planning learning and teaching skills, Planning:
Muhaimin L.H.; Juandi D.; Sujadi I; 2023 prospective teachers must be able to develop learning objectives in making learning plans,
Kuncoro K.S.; Adnan M. sufficient understanding is needed in integrating technology

8 Terrie McLaughlin Galanti, Courtney The study defines conceptualizing and operationalizing pedagogical reasoning within the
Katharine Baker, Kimberly Morrow- TPACK framework as aligning content knowledge, pedagogical strategies, and
Leong and Tammy Kraft 2020 technological tools to create integrated teaching practices that enhance learning,

particularly in mathematics. It emphasizes redesigning assessments to align these domains,
making learning visible, and fostering student-centered technological integration in

teaching contexts.

developing and integrated with TPACK based on Co-Occurrence can
be seen in Figure 4.

A network visualization of pedagogical reasoning in mathematics
education using the TPACK framework provides a graphical
representation of the relationships between key concepts and keywords
in this domain. In this visualization, the nodes represent keywords, such
as TPACK components (Technological Knowledge, Content Knowledge,
Pedagogical Content Knowledge), and related ideas like pedagogical
reasoning, distance learning, technology integration and instructional
design. The connections, between teacher education, pre-service
teacher, highlighting their interrelationships. The size of each node
reflects the frequency of the keyword in the analyzed text, with more
prominent terms appearing larger. Similarly, the thickness of the edges
indicates the strength of the co-occurrence between two keywords, with
thicker edges signifying stronger connections. Keywords that are closely
related or frequently co-occurring tend to cluster together, forming
thematic groups within the network. To see the development trend of
countries where research is mostly integrated with TPACK, researchers
use Scopus data and the results can be seen in Figure 5.

Figure 5 shows the most productive country in conducting
research related to TPACK, namely the United States with a total of
523 documents, with 16,460 citations and spread across 106 journals,
proceedings and the like which are indexed by Scopus. Furthermore,
to see researchers who are widely used as references related to research
using TPACK or based on Co-citation and content analysis can
be seen in Table 5 below.

In Table 5 it can be seen that researchers who have become a
source of reference for other researchers in integrated TPACK research
are Mishrar P; Koehler M. J. with a total of 4.114 citations.

5 Limitations
While this systematic review provides valuable insights into the

integration of TPACK and pedagogical reasoning in mathematics
education, several limitations should be acknowledged.

5.1 Database selection
This review relies exclusively on the Scopus database for article

retrieval, which may limit the breadth of sources included. Although
Scopus is a comprehensive database, it may exclude relevant studies
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published in other databases such as Web of Science, ERIC, or Google
Scholar. Consequently, the findings may not fully represent the entire
body of literature on TPACK and pedagogical reasoning. Future
studies could broaden the database selection to capture a wider array
of relevant publications, potentially increasing the generalizability of
the findings.

5.2 Focus on recent literature

To maintain relevance, this review focused primarily on studies
published within the last decade. While this approach ensures that the
review reflects recent developments in TPACK and technology-
enhanced mathematics instruction, it may overlook foundational
studies and earlier theoretical work that contributed to the
development of the TPACK framework. Including a broader historical
perspective might offer more comprehensive insights into how
TPACK has evolved over time and how foundational studies
influenced current practices.

5.3 Scope and specificity of inclusion
Criteria

The inclusion criteria were designed to identify studies that
specifically address TPACK, pedagogical reasoning, and mathematics
education. While this focus allows for a targeted analysis, it may
exclude studies that address relevant concepts under different
terminologies or frameworks. For instance, research on technology
integration, without explicit reference to TPACK, might also provide
valuable insights but was not included in this review. As a result, the
scope of the findings is limited to studies that explicitly employ
TPACK as a framework, which may constrain the review’s applicability
to broader contexts.

5.4 Methodological constraints in the
literature

The existing literature on TPACK in mathematics education is
predominantly qualitative, with limited longitudinal or experimental
studies that investigate the sustained impacts of TPACK-based
professional development. This methodological bias may limit the
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TABLE 3 Finding for methodologies are used to investigate TPACK-based instructional design in mathematics, and its effectiveness in understanding
teacher practices from selected articles.

Number of article Methodologies are used to investigate TPACK-based instructional design in mathematics, and

its effectiveness in understanding teacher practices.

1 This study used qualitative methods, including semi-structured interviews, lesson plan analysis, and microteaching sessions, to explore how
preservice mathematics teachers integrate TPACK into their teaching practices. This approach effectively highlights how TPACK-based
instructional design influences developments and challenges in teachers’ practices, offering insights for improving technology integration in

mathematics education.

2 This study used a qualitative methodology based on the PHIiSMAOS framework to investigate TPACK-based instructional design in
mathematics. Instructional scaffolding and reflective practice were applied to assess the implementation and effectiveness of TPACK in
teacher practice. This approach effectively demonstrated how TPACK integration enhances instructional design and supports active

engagement in mathematics education.

3 This study uses a cross-case qualitative analysis to investigate TPACK-based instructional design in mathematics. This methodology was

chosen to explore preservice teachers’ TPACK development as they design, implement, and reflect on technology-enhanced lessons.

4 This study was conducted with a case study design. In this study, it was deemed appropriate to use a case study model to investigate the

effect of lesson plan development activities in the Mathematics Teaching course on the level of TPACK perceived by prospective teachers

5 This study used a quantitative retrospective design to assess changes in attitudes of in-service mathematics and science teachers toward ICT
integration due to the COVID-19 pandemic. With questions focused on the use of ICT devices before and after the pandemic. The
questionnaire, validated by experts, included sections on socio-demographic data, use of ICT devices, and attitudes toward technology in

teaching.

6 This study used a qualitative case study approach to explore preservice mathematics teachers” perceptions of ICT use in teaching. Data were
collected through an online survey containing 14 questions, including multiple-choice and one open-ended question, that addressed
participants’ demographics, ICT training, and usage. The open-ended questions offered deeper insight into their views on ICT in

mathematics education.

7 This study does not explain how this method can answer how Methodologies Are Used to Investigate TPACK-Based Instructional Design in

Mathematics, and Its Effectiveness in Understanding Teacher Practices

8 This study methodology used a qualitative approach to analyze educators’ experiences with a redesigned summative assessment, the digital
interactive notebook (dINB). The analysis involved first-cycle coding of midterm survey responses and second-cycle thematic categorization

of midterm surveys and end-of-course reflections. Descriptive counts and selected quotes from open-ended responses provide insight into

participants’ evolving experiences with the dINB.

ability to draw causal inferences about the effects of TPACK on teacher
practices and student outcomes. Additionally, self-reported data and
case studies, while insightful, may be influenced by subjective bias,
potentially affecting the reliability of the findings. Future research
could address these limitations by incorporating more rigorous
methodologies, such as longitudinal studies or randomized controlled
trials, to provide stronger evidence of TPACK’s long-term effectiveness.

5.5 Variability in TPACK assessment tools

There is significant variability in how TPACK is assessed across
studies, as no standardized instrument exists specifically for measuring
TPACK in mathematics education. This lack of consistency makes it
challenging to compare findings across studies, as different assessment
tools may capture varying aspects of TPACK knowledge and skills.
The reliance on diverse assessment methods, including self-reports,
surveys, 961 and observational tools, introduces potential variability
in the results. Future studies could benefit from the development and
validation of a standardized TPACK assessment tool tailored to the
unique demands of mathematics education, thereby enabling more
accurate cross-study comparisons.

Frontiers in Education

5.6 Potential for publication bias

As with any systematic review, there is a risk of publication bias,
as studies with significant or positive findings are more likely to
be published than those with null or negative results. This bias may
skew the review’s conclusions, potentially overestimating the
TPACK
education. Addressing this limitation requires future reviews to

effectiveness  of integration in  mathematics

consider unpublished studies, theses, or conference
papers where feasible, which may provide a more balanced view of

the field.

5.7 Generalizability of findings

The findings of this review are specific to mathematics
education and may not be directly transferable to other subject
areas. While TPACK is a versatile framework applicable across
disciplines, the challenges and strategies for technology integration
in mathematics are unique and may not align with those in fields
such as science or language arts. Further research could investigate
TPACK applications in a variety of subjects, enabling a more
comprehensive understanding of its applicability across diverse
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TABLE 4 Finding for what impacts does TPACK integration have on mathematics teachers’ instructional planning and student outcomes from selected articles.

Number of article

What impacts does TPACK integration have on mathematics teachers’ instructional planning and student outcomes

TPACK integration significantly impacts mathematics teachers’ instructional planning by encouraging the use of technology to enhance lesson design, support student engagement, and make abstract concepts
more tangible. Teachers develop strategies that incorporate technology for visualization, exploration, and problem solving, which promotes a more dynamic and interactive learning environment. For student
learning outcomes, TPACK integration improves understanding of mathematical concepts, encourages higher-order thinking, and increases engagement through the use of relevant technology. This

integration also supports personalized learning and helps students connect theoretical knowledge with practical applications, leading to deeper and more meaningful learning experiences.

Integrating TPACK into mathematics education significantly improves lesson planning by enabling teachers to effectively combine technology, content, and pedagogy. This integration helps teachers design
lessons that are more engaging, interactive, and tailored to a variety of learning needs. TPACK integration supports the use of digital tools to simplify complex mathematical concepts and foster collaborative

learning environments.

In this study, TPACK integration positively influenced preservice mathematics teachers instructional planning by encouraging them to reflect on and adapt their beliefs about teaching and ICT. The iterative

process of implementing TPACK in real-world teaching scenarios resulted in significant improvements in their ability to use technology effectively in mathematics teaching.

The integration of TPACK enhances mathematics teachers’ instructional planning by enabling the effective use of technology to align lessons with curriculum goals and student needs. It fosters reflective

practices, improves teacher confidence, and supports the creation of engaging, interactive learning experiences. This, in turn, leads to better student engagement, understanding, and outcomes in mathematics.

Integrating TPACK into mathematics instruction improves lesson planning by helping teachers effectively combine content knowledge, pedagogy, and technology to design engaging lessons. This integration
improves student learning outcomes by making concepts more accessible through interactive tools, fostering deeper understanding and engagement. Overall, TPACK helps teachers create more effective

lessons, leading to better student learning and performance.

Integrasi TPACK dalam pengajaran matematika menyederhanakan tugas-tugas rutin untuk meningkatkan keterlibatan siswa dan kemandirian belajar. Perspektif yang lebih maju menyoroti peran TIK dalam

mendorong pemahaman konseptual dan eksplorasi mandiri, menggeser peran guru menjadi pemandu pembelajaran dan memperkaya pengalaman kelas.

TPACK integration enables teachers to move beyond content delivery to foster student engagement, conceptual understanding, and problem-solving skills. Technology in the mathematics classroom enhances

visualization and representation while encouraging independent and exploratory learning.

TPACK integration impacts mathematics teachers’ instructional planning by enabling them to design more student-centered, technology-integrated lessons that align content, pedagogy, and technology. For

students, TPACK increases engagement, conceptual understanding, and problem-solving skills through collaborative and interactive learning experiences.
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educational contexts. These limitations suggest directions for future
research to build upon the current findings. By broadening the

scope, improving methodological rigor, and developing
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standardized assessment tools, future studies can provide a more
nuanced and robust understanding of TPACK’s role in enhancing
pedagogical reasoning in mathematics education.
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TABLE 5 Research who are widely referred to in the TPACK research.

\[e} Author Year Citations
Mishra P;; Koehler 2006

1 4,114
M.J.
Schmidt D. A.; 2009

2 Baran E.; Thomson 760
A. D.; Mishra P.
Angeli C; 2009

3 645
Valenindes
Koehler M. J; 2005

4 2005
Mishra P.

5 Robin B. R. 2008 558
Harris J.; Mishra P; 2009

6 476
Koehler M. J
Koehler M. J.; 2007

7 459
Mishra P; Yahya K.
Voogt J.; Fisser P; 2013

8 396
Pareja Robin N.

9 Graham C. R. 2011 321
Lee M. -H.; Tsai C. 2010

10 c 316

6 Conclusion

This systematic review highlights the critical role of the
Technological Pedagogical Content Knowledge (TPACK) framework
in enhancing pedagogical reasoning and instructional practices
among mathematics educators. Findings indicate that TPACK
provides a structured approach for integrating technology into
mathematics education, allowing teachers to align technological tools
with content and pedagogical objectives. Teachers who actively utilize
TPACK demonstrate improved abilities to plan, implement, and adapt
technology-based instructional designs that promote conceptual
understanding, critical thinking, and engagement in mathematics
classrooms (Koh, 2019).

The review reveals several key benefits of TPACK-based
instruction. Teachers with well-developed TPACK skills are more
adept at selecting technologies that enhance mathematical
understanding, such as graphing software and interactive simulations,
which support both procedural fluency and conceptual knowledge.
Moreover, TPACK fosters inquiry-based learning by enabling teachers
to create interactive and student-centered learning environments,
facilitating active problem-solving and exploration. These approaches
not only make abstract concepts more accessible, but also encourage
students to engage deeply with mathematical content.

However, this review also identifies significant challenges in
implementing TPACK. Teachers frequently encounter obstacles
related to limited access to digital resources, varying levels of
TPACK proficiency, and insufficient professional development
tailored to mathematics education. The lack of standardized TPACK
assessment tools further complicates efforts to measure teachers’
competencies and track professional growth effectively (You et al.,
2019; Hoth et al., 2022). Addressing these issues requires ongoing
institutional support, dedicated time for training, and policies that
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prioritize technology integration in educational curricula (Darling-
Hammond, 2020).

In conclusion, TPACK holds significant potential to transform
mathematics education by fostering technology-enhanced
instructional practices that align with contemporary educational
goals. By empowering teachers to use technology strategically, TPACK
not only enhances instructional effectiveness but also prepares
students with the critical thinking and problem-solving skills essential
for success in an increasingly digital world. The insights from this
review offer actionable recommendations for educators, policymakers,
and researchers aiming to support effective technology integration in
mathematics education, laying a foundation for further innovation in

teaching and learning practices.
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