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Abstract. Spatial reasoning is increasingly recognised as a foundational
cognitive competency underpinning geometry achievement and broader
mathematical performance, yet a comprehensive synthesis of recent
empirical studies on such interventions is lacking. This systematic
literature review aimed to examine the characteristics, effectiveness, and
thematic trends of empirical studies on educational interventions
designed to develop spatial reasoning in school mathematics. Following
the PRISMA 2020 guidelines, a systematic search was conducted across
Scopus, Web of Science, and the Excellence in Research for Australia
databases. A total of 20 peer-reviewed empirical studies published
between 2021 and 2026 satisfied the predefined inclusion criteria and
were retained for synthesis. Findings indicate that technology-mediated
interventions —including dynamic geometry software, augmented reality
environments, and digital construction tools —were the most prominent
approaches, consistently yielding measurable gains in spatial
visualisation ~and mental rotation. Manipulative-based and
activity-orientated interventions such as LEGO construction, origami
integration, and outdoor geometry tasks also produced positive spatial
outcomes, particularly in near-transfer domains. Although most
interventions effectively improved students’ spatial reasoning abilities,
evidence for transfer to broader mathematical achievement remained
limited and domain dependent, with the strongest effects observed for
geometry-proximate outcomes. These findings affirm that spatial
reasoning is a malleable competency that is responsive to purposeful
instructional design. The review offers evidence-informed implications
for geometry curriculum development, classroom practice, and teacher
preparation while identifying secondary-level instruction and Southeast
Asian educational contexts as priority areas for future investigation.
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1. Introduction

Spatial reasoning, including mental rotation, spatial visualisation, and spatial
orientation is increasingly recognised as a fundamental component of
mathematical thinking (Harris, 2023; Xu et al., 2025). These abilities support
students” understanding of geometric representations, algebraic reasoning, and
three-dimensional concepts and are strongly associated with mathematics
achievement and STEM participation (Adams et al., 2023; Gilligan-Lee et al., 2022;
Hawes et al., 2022). Despite its importance, many students continue to experience
difficulties with spatial tasks such as mental transformations and 2D-3D
visualisation (Hasanah et al., 2024; Juman et al., 2022; Wahyuni et al., 2024). Such
challenges are often reinforced by teacher-centred instructional approaches that
emphasise procedural learning over spatial exploration and visual reasoning
(Harris et al., 2021; Hawes et al., 2022).

Research  indicates  that  technology-enhanced, = manipulative-based,
problem-based, and game-based interventions can effectively improve students’
spatial reasoning and mathematical learning (Dung et al., 2025; Habeeb, 2025;
Ikhsan et al., 2024). These approaches align with constructivist and embodied
cognition perspectives by promoting engagement with multiple representations
and deeper conceptual understanding (Anwar et al., 2025; Nathan et al., 2021).
However, their implementation remains inconsistent across educational contexts
because of variations in teacher expertise, curriculum priorities, and technological
infrastructure (Gagnier et al., 2022; Sunzuma & Maharaj, 2020).

Despite growing evidence on spatial reasoning interventions, several gaps
remain. First, no systematic review has comprehensively synthesised empirical
studies published between 2021 and 2026, a period marked by the rapid expansion
of digital learning environments (Hawes et al., 2022; Suparman et al., 2024).
Second, limited attention has been given to how interventions target specific
spatial reasoning constructs such as mental rotation, spatial visualisation, and
spatial orientation despite their distinct relationships with mathematics learning
(Hawes et al., 2022; Schenck & Nathan, 2024). Third, existing evidence is
dominated by studies from Western contexts, limiting the generalisability of
findings across diverse educational settings (Almubarak et al., 2025; Weigand et
al., 2025). Furthermore, many studies focus on a single intervention type or short
implementation period, resulting in a fragmented evidence base (McDougal et al.,
2024; Ozgakir & Cakiroglu, 2022).

To address these gaps, this study conducted a systematic literature review (SLR)
of empirical research on educational interventions for developing spatial
reasoning in school mathematics. The review examined intervention
characteristics, targeted spatial constructs, research designs, educational levels,
and reported learning outcomes. By identifying effective approaches, research
trends, and remaining gaps, the study provides evidence-informed implications
for teaching, curriculum development, and future research.
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An SLR requires a structured framework to develop focused and answerable
research questions. While the PICO model is commonly used in clinical research,
its emphasis on comparison groups and measurable outcomes limits its suitability
for educational studies (Cooke et al., 2012). Consequently, this review adopted the
SPIDER framework (Sample, Phenomenon of Interest, Design, Evaluation, and
Research Type), which is more appropriate for educational research because it
accommodates diverse participant groups, learning phenomena, and both
quantitative and qualitative forms of evaluation (Cooke et al., 2012).

Table 1: SPIDER model

No. SPIDER Element Model

S: Sample Students across primary and secondary school levels (typically
aged 6-18 years) involved in formal mathematics education
settings; may also include mathematics teachers where
relevant to intervention implementation.

2. PI: Phenomenon of | Educational interventions designed to develop spatial
Interest reasoning in school mathematics, including technology-based
interventions (dynamic geometry software,

virtual/augmented reality), hands-on manipulatives, spatial
visualisation and mental rotation training, inquiry-based
learning, = problem-based  learning, = STEM-integrated
instruction, embodied learning, and structured instructional
programmes.

D: Design Empirical research employing a quantitative, qualitative, or
mixed-method approach, including experimental, quasi-
experimental, and design-based research; longitudinal studies;
case studies; and classroom-based intervention studies.

4. E: Evaluation Measured outcomes related to development of spatial
reasoning (spatial visualisation, mental rotation, spatial
orientation, spatial perception) and mathematics learning
outcomes (conceptual understanding, problem-solving skills,
reasoning ability, academic achievement, transfer of learning).

R: Research Type Peer-reviewed empirical studies conducted in school
mathematics contexts focusing on intervention effectiveness,
implementation processes, and learning impact.

The research questions were developed using the SPIDER framework as

presented in Table 1.

1. What are the characteristics of the empirical studies on educational
interventions for developing spatial reasoning in the school of mathematics?

2. What are the reported effects of these educational interventions on students’
spatial reasoning abilities and mathematics learning outcomes?

3. What thematic trends, research focuses, and emerging gaps can be identified
on educational interventions for developing spatial reasoning in school
mathematics?

2. Literature Review

2.1 Conceptual Foundations of Spatial Reasoning in School Mathematics
Spatial reasoning is widely recognised as a multidimensional cognitive construct
involving the ability to perceive, represent, manipulate, transform, and reason

http:/ /ijlter.org/index.php/ijlter




1003

about spatial relationships among objects and representations (Harris, 2023; Kurt
etal., 2023). Although definitions vary across disciplines, there is broad agreement
that spatial reasoning encompasses both static and dynamic operations in space
and plays a fundamental role in mathematics learning (Adams et al., 2023; Hawes
et al., 2022). Establishing a clear conceptual understanding is important because
variations in how spatial reasoning is defined and measured have contributed to
inconsistencies across educational research (Bansil & Yabut, 2025; Harris, 2023).

The literature consistently identifies mental rotation, spatial visualisation, and
spatial orientation as the core dimensions of spatial reasoning (Bansil & Yabut,
2025; Kurt et al., 2023). Additional components such as spatial structuring and
perspective-taking further contribute to complex mathematical reasoning,
particularly in geometry and three-dimensional contexts (Fujita et al., 2022).
Spatial skills support learning in geometry, measurement, algebraic thinking,
proportional reasoning, and mathematical problem solving (Kurt et al., 2023;
Schenck & Nathan, 2024). Evidence from meta-analytic and empirical studies
indicates that improvements in spatial reasoning can transfer to mathematics
performance, particularly when mathematical tasks involve visualisation,
abstraction, and representational coordination (Adams et al., 2023; Hawes et al.,
2022).

2.2 Theoretical Perspectives Supporting Spatial Reasoning Development

The development of spatial reasoning in mathematics education is commonly
explained through constructivist learning theory and embodied cognition theory,
both of which emphasise learners” active engagement with mathematical ideas
and representations (Crompton & Ferguson, 2024; Palatnik et al., 2025).

Constructivist learning theory views learning as an active process in which
students construct knowledge through exploration, inquiry, and problem solving
(Crompton & Ferguson, 2024). In mathematics education, this perspective
underpins approaches such as dynamic geometry software, inquiry-based
learning, problem-based learning, and STEM-integrated activities. Studies have
shown that learning environments emphasising exploration and multiple
representations can enhance students’ spatial reasoning and mathematical
understanding (Adams et al., 2023; Suparman et al., 2024).

Embodied cognition theory posits that learning is grounded in bodily actions and
perceptual experiences (Palatnik et al.,, 2025). From this perspective, spatial
understanding develops through interaction with physical and visual-spatial
environments. Accordingly, interventions such as manipulatives, origami,
augmented reality (AR), virtual reality (VR), and three-dimensional modelling
have been shown to support spatial visualisation, mental rotation, and geometric
reasoning (Fitriyana et al., 2025; Hanid et al., 2022).

Together, constructivism and embodied cognition provide a conceptual
framework for understanding how educational interventions support spatial
reasoning development. Both perspectives emphasise active engagement,
visualisation, and interaction with multiple representations, offering a useful lens
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for interpreting intervention characteristics and learning outcomes across
educational contexts.

2.3 Educational Interventions for Developing Spatial Reasoning

Research indicates that spatial reasoning is responsive to targeted instruction and
can positively influence mathematics learning (Hawes et al., 2022). Accordingly,
a range of interventions has been developed, including technology-enhanced
approaches, manipulative-based learning, inquiry- and problem-based
pedagogies, and immersive learning environments (Hawes et al., 2022; Lowrie &
Logan, 2023).

2.3.1 Technology-Enhanced Interventions

Tools such as dynamic geometry software, computer-aided design environments,
and interactive simulations allow learners to manipulate and explore geometric
objects dynamically, supporting visualisation and representational coordination
(Alves et al., 2022; Chivai et al., 2022). Evidence consistently suggests that these
technologies promote exploratory learning, reduce the cognitive demands of
abstract reasoning, and strengthen spatial understanding across educational
levels (Fitriawan et al., 2026; Suparman et al., 2024).

2.3.2 Manipulative-Based and Embodied Learning Interventions

Activities involving geometric solids, tangrams, geoboards, origami, and physical
model construction encourage learners to visualise, transform, and reason about
spatial relationships through direct interaction with objects (Bansil & Yabut, 2025;
Ridgley et al, 2025). These approaches complement technology-based
interventions by grounding mathematical understanding in tactile and embodied
experiences, thereby facilitating the transition from concrete to abstract reasoning.

2.3.3 Inquiry-Based and Problem-Based Approaches

Inquiry-based, problem-based, and STEM-integrated approaches emphasise
active exploration of mathematical situations and the application of spatial
thinking to authentic problems (Korkmaz & Yilmaz, 2022; Thom et al., 2024).
Rather than focusing on specific tools, these approaches prioritise instructional
design that encourages investigation, reasoning, collaboration, and reflection.
Evidence suggests that such pedagogies support deeper conceptual
understanding and promote the flexible application of spatial reasoning across
mathematical and interdisciplinary contexts (Fitriawan et al., 2026; Harris, 2023).

2.3.4 Emerging Immersive and Innovative Interventions

Recent advances in AR, VR, mixed reality, and gamified learning environments
have expanded opportunities for the development of spatial reasoning
(Muhammad et al., 2026; Yang et al., 2025). These immersive technologies enable
learners to interact with three-dimensional representations in ways that are
difficult to achieve through conventional instruction. Although findings generally
indicate positive effects on spatial visualisation and geometry learning, evidence
regarding long-term effectiveness, scalability, and implementation conditions
remains limited (Harris, 2023; Yang et al., 2025).
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Although evidence supporting spatial reasoning interventions continues to grow,
the literature remains fragmented across intervention types, educational levels,
and research contexts. Differences in intervention duration, implementation
quality, participant characteristics, and assessment methods complicate
cross-study comparison and limit the development of generalisable
recommendations (Hawes et al., 2022; Schenck & Nathan, 2024).

2.4 Effects of Spatial Reasoning Interventions on Mathematics Learning
Research indicates that targeted spatial reasoning interventions can improve both
spatial competencies and mathematics achievement, although their effectiveness
varies across educational contexts and intervention designs (Adams et al., 2023;
Hawes et al., 2022). Spatial reasoning interventions most consistently improve
spatial visualisation, mental rotation, and other spatial abilities, with additional
gains reported in spatial orientation and structuring (Bansil & Yabut, 2025; Hawes
etal., 2022). These improvements are often associated with enhanced mathematics
learning, particularly in geometry, representation interpretation, and problem
solving (Adams et al., 2023; Kurt et al., 2023).

Beyond cognitive gains, spatial reasoning interventions often enhance students’
engagement, motivation, and confidence in mathematics learning (Borboeva et al.,
2025; Haqq et al., 2025). However, their effectiveness depends on factors such as
implementation quality, teacher expertise, learner characteristics, and available
resources, while methodological limitations continue to restrict evidence
regarding long-term impacts (Adams et al., 2023; Hawes et al., 2022).

3. Methodology

3.1 Research Design

This study employed an SLR as its research design. An SLR is a rigorous,
transparent, and reproducible approach for identifying, evaluating, and
synthesising empirical evidence relevant to a clearly defined research question
(Page et al., 2021). The SLR design was selected because it enables comprehensive
and systematic examination of evidence while minimising bias in addition to
facilitating comparison and synthesis of findings across studies and supporting
the identification of research patterns and gaps (Booth et al., 2016; Kitchenham,
2004; Page et al., 2021; Petticrew & Roberts, 2006). The review was conducted
according to the Preferred Reporting Items for Systematic Reviews and
Meta-Analyses (PRISMA) 2020 guidelines (Page et al., 2021).

3.2 Review Protocol

A review protocol was developed prior to the commencement of the study to
ensure consistency and rigour throughout the review process. The protocol
defined the review objectives, eligibility criteria, search strategy, data extraction
process, and synthesis methods according to the PRISMA 2020 framework (Page
et al., 2021).

3.2.1 Review Objectives

This SLR was conducted to (1) identify and analyse the methodological and
contextual characteristics of empirical studies on educational interventions for
developing spatial reasoning in school mathematics published between 2021 and
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2026; (2) examine the types and effects of educational interventions on students’
spatial reasoning abilities and mathematics learning outcomes across different
educational levels and contexts; and (3) identify thematic trends, research focuses,
methodological patterns, and emerging gaps in the literature to inform future

research and evidence-based instructional practices in geometry education.

3.2.2 Eligibility Criteria
Predefined inclusion and exclusion criteria (Table 2) were established prior to the
search process and applied systematically at each screening stage.

Table 2: Inclusion and exclusion criteria for study selection

No. | Inclusion Criteria Exclusion Criteria

1 Studies published between 2021 and | Studies published before 2021 or after
2026 2026

2 Studies written in English Studies not published in English

3 Studies indexed in Scopus, Web of | Studies not indexed in the selected
Science (WoS), or Excellence in Research | databases
for Australia (ERA) databases

4 Studies classified under the Social | Studies outside the Social Sciences
Sciences subject area subject classification

5 Peer-reviewed journal articles | Conference papers, book chapters,
(empirical studies or literature reviews) | theses, grey literature, or non-article

documents

6 Studies  focused on educational | Studies not relevant to spatial
interventions for developing spatial | reasoning or school mathematics
reasoning in school mathematics

7 Openly accessible full-text articles Articles not available in open access

8 Studies containing empirical data or | Duplicate records
constituting a systematic literature
review

Note. Criteria were applied sequentially during the identification, screening, and eligibility stages
of the PRISMA 2020 process (Page et al., 2021).

3.2.3 Information Sources and Search Strategy

The databases used in this study were Scopus, Web of Science (WoS), and the
Excellence in Research for Australia (ERA) register. Scopus was selected because
it is recognised as the largest abstract and citation database of peer-reviewed
literature spanning multiple disciplines, including education and social sciences
(Mongeon & Paul-Hus, 2016), while WoS complements this through its rigorous
editorial selectivity, indexing only journals that meet stringent quality and impact
criteria (Gusenbauer & Haddaway, 2020). The ERA journal list was included to
ensure quality-assured coverage of education and mathematical sciences journals
relevant to the Asia-Pacific context, given that research from non-Western regions
may be underrepresented in the two major citation indices (Mongeon & Paul-Hus,
2016). Search strings were constructed using Boolean operators (AND/OR)
combining three thematic keyword clusters: (1) types of educational
interventions, (2) spatial reasoning and related constructs, and (3) mathematics
education contexts. The complete search strings are presented in Table 3.

http:/ /ijlter.org/index.php/ijlter



1007

Table 3: Search strings applied across each database

Database

Search String

Scopus

TITLE-ABS-KEY(("intervention*" OR "educational intervention*" OR
"instructional intervention® OR '"teaching intervention® OR
"pedagogical intervention*" OR "learning intervention*" OR "classroom
intervention*" OR "training program*")) AND TITLE-ABS-KEY/(("spatial
reasoning" OR "spatial ability" OR "spatial thinking" OR "spatial skill*"
OR '"spatial visualization" OR "visual-spatial ability" OR "visuospatial
skill*" OR "mental rotation" OR '"spatial orientation" OR "spatial
perception" OR ‘"geometric visualization")) AND TITLE-ABS-
KEY(("mathematics education" OR "mathematics teaching" OR
"mathematics learning" OR "math education" OR "math teaching" OR
"math learning" OR "mathematics instruction" OR "school mathematics"
OR "geometry education" OR "geometry teaching"))

Web of Science
(WoS)

TS=(("intervention*" OR "educational intervention*" OR "instructional
intervention®” OR '"teaching intervention* OR "pedagogical
intervention*" OR "learning intervention*" OR "classroom intervention*"
OR "training program*" OR "experimental program*' OR "quasi-
experimental*" OR "experimental stud*' OR "treatment group*' OR
"design-based research")) AND TS=(("spatial reasoning" OR "spatial
ability" OR 'spatial thinking" OR ‘"spatial skill*" OR ‘"spatial
visualization" OR "visual-spatial ability" OR "visuospatial skill*" OR
"mental rotation" OR "spatial orientation" OR "spatial perception" OR
"geometric visualization")) AND TS=(("mathematics education" OR
"mathematics teaching” OR "mathematics learning" OR '"math
education" OR "math teaching" OR "math learning" OR "mathematics
instruction" OR "school mathematics" OR "geometry education" OR
"geometry teaching"))

ERA

("intervention*' OR '"educational intervention*' OR ‘"instructional
intervention®" OR "teaching intervention® OR '"pedagogical
intervention*" OR "learning intervention*" OR "classroom intervention*"
OR "training program*' OR "experimental program*") AND ("spatial
reasoning" OR "spatial ability" OR "spatial thinking" OR "spatial skill*"
OR '"spatial visualization" OR "visual-spatial ability" OR "visuospatial
skill*" OR "mental rotation" OR "spatial orientation" OR "spatial
perception" OR ‘'geometric visualization") AND ("mathematics
education" OR "mathematics teaching" OR "mathematics learning" OR
"math education" OR "math teaching" OR "math learning" OR
"mathematics instruction"” OR "school mathematics" OR "geometry
education" OR "geometry teaching")

3.3 Selection Protocol and Data Collection

3.3.1 Selection Strategy

Study selection followed three sequential stages —identification, screening, and
eligibility — guided by the PRISMA 2020 framework (Page et al., 2021). At the
identification stage, 168 records were retrieved (Scopus: n = 66; WoS: n = 70; ERA:
n = 32). Records were excluded prior to screening based on publication year and
subject classification, retaining 71 records for the screening phase. During
screening, 16 records were excluded as non-peer-reviewed articles (Scopus: n = 8;
WoS: n = 8). Of the 55 reports sought for full-text retrieval, 14 were inaccessible
due to restricted open access (Scopus: n = 6; WoS: n = 5; ERA: n = 3), leaving 41
reports for the eligibility stage. At eligibility, one WoS record was excluded for
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non-English language, and 20 duplicates were removed (WoS: n =11; ERA: n =9).
All remaining articles met the quality threshold; accordingly, 20 studies satistied
all the inclusion criteria and were retained for final synthesis.

3.3.2 Sampling Method

The sampling method employed was purposive sampling, a non-probability
technique in which studies are deliberately selected based on their relevance to
predefined research criteria (Creswell & Creswell, 2018; Patton, 2015). In this SLR,
purposive sampling was operationalised through the inclusion and exclusion
criteria outlined in Section 3.2.2, with each study being selected based on its focus
on spatial reasoning interventions in school mathematics, methodological rigour,
publication period (2021-2026), language, subject classification, and accessibility.
This approach is widely recognised as standard practice in SLR for enhancing
transparency, reproducibility, and quality of the evidence base (Etikan et al., 2016;
Page et al., 2021; Sarkis-Onofre et al.,, 2021). The use of three databases with
comprehensive Boolean search strings further ensured broad literature coverage
within the defined scope.

3.4 PRISMA Flow Diagram

The PRISMA 2020 flow diagram (Figure 1) illustrates the complete progression of
records across all selection stages, providing a transparent account of screening
and selection decisions consistent with the reporting standards of Page et al.

(2021).
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[ Identification of studies via databases and registers ]
M)
Records identified from*: Records removed before the screening:
c Scopus (n = 66) **Not Years (Scopus): 2021-2026 (n = 24)
o WoS (n =70) **Not Years (WoS): 2020-2026 (n = 38)
'§ ERA (n = 32) — ::go:)Ye?rs EERA): .2?21._2025 §g= 16))
— . _ ubject not In social sciences (Scopus
:.'E Register (n = 168) (n=11)
[T} 3 **Subject not in social sciences (WoS) (n = 5)
=2 **Subject not in social sciences (ERA) (n = 3)
H
Records excluded:
Records screened
(n=71) =¥ By automation tools
Scopus (n = 8), WoS (n = 8), ERA (n =0)
*Not Article
o
=
g ‘ . Reports not retrieved:
] Reforts sought for retrieval Scopus (n = 6), WoS (n = 5), ERA (n = 3)
A (n=255) By automation tools
1 *Not Open Access
Reports assessed for eligibility > Reports excluded:
(n=41) Reason 1
Scopus (n = 0), WoS (n = 1), ERA
(n=0)
*Not English Language
Studies included in the review Reason 2
(n=20) Scopus (n = 0), WoS (n=11), ERA
Reports of included studies (”f 9
(n = 20) Duplicate records removed (n = 20)

Figure 1: Flow diagram of the study

Note. Adapted from Page et al. (2021)
* Records were filtered manually by the researchers.
** Records were filtered using an automated screening tool.

3.5 Data Extraction

Data extraction was conducted in two stages. First, a descriptive analysis
documented the bibliographic and methodological characteristics of each
included study, covering publication year, educational level, sample
characteristics, research design, subject domain, and educational context. Second,
thematic analysis was employed to synthesise findings related to the
implementation and effectiveness of spatial reasoning-based interventions.
Relevant findings were systematically coded, categorised into recurring concepts,
and organised into higher-order themes to support integrative interpretation.

3.6 Quality Assessment

Quality appraisal was conducted to evaluate the methodological rigour of all
included studies, as this is a critical step in an SLR to ensure that conclusions
drawn are based on credible and trustworthy evidence (Kitchenham & Charters,
2007). Each study was assessed using the quality appraisal instrument adapted
from Abouzahra et al. (2020), which comprises six criteria: (C1) specificity of
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research objectives; (C2) applicability and value; (C3) methodological
transparency; (C4) suitability of conceptual approach; (C5) comparison with
existing literature; and (C6) adequacy in reporting limitations. Each criterion was
scored on a three-point scale (Yes = 1.0, Partially = 0.5, No = 0), yielding a
maximum total score of 6.0. Articles scoring above 3.0 were considered to meet
the minimum quality threshold and classified as High (= 5.0), Moderate (3.5-4.5),
or Low (< 3.5). Appraisal results are presented in Table 4.

Table 4: Article quality appraisal results

ID |[C1 |C2 |C3 |C4 |C5 | C6 |Score| Quality Level
Al | 10 | 10 | 1.0 | 1.0 | 05 | 1.0 | 55 High
A2 | 10| 10 | 1.0 | 1.0 | 1.0 0 5.0 High
A3 | 10|10 | 10| 10 | 1.0 | 05 | 55 High
A4 | 10| 10 | 10| 1.0 | 1.0 | 1.0 | 6.0 High
A5 | 10| 10 | 10| 10 | 1.0 | 05 | 55 High
A6 | 1.0 | 1.0 | 1.0 | 1.0 | 05 | 05 | 5.0 High
A7 110 | 10 | 10 | 1.0 | 1.0 | 1.0 | 6.0 High
A8 | 10 | 1.0 | 1.0 | 1.0 | 1.0 | 1.0 | 6.0 High
A9 | 10| 10 | 10| 1.0 | 1.0 | 1.0 | 6.0 High
A10 | 10 | 10 | 1.0 | 1.0 | 1.0 | 05 | 55 High
Al11 | 10 | 1.0 | 1.0 | 1.0 | 1.0 | 1.0 | 6.0 High
A12 |10 | 10 | 1.0 | 1.0 | 1.0 | 05 | 55 High
A13 |10 | 10 | 1.0 | 1.0 | 1.0 | 1.0 | 6.0 High
Al4| 10 | 10 | 1.0 | 1.0 | 1.0 | 05 | 55 High
Al5| 10 | 1.0 | 1.0 | 1.0 | 1.0 | 1.0 | 6.0 High
Al6 | 1.0 | 1.0 | 1.0 | 1.0 | 1.0 | 1.0 | 6.0 High
Al17 | 10 | 1.0 | 1.0 | 1.0 | 1.0 | 1.0 | 6.0 High
A18 | 10 | 1.0 | 1.0 | 1.0 | 1.0 | 05 | 55 High
A19 |10 | 1.0 | 1.0 | 1.0 | 1.0 | 05 | 55 High
A20| 10 | 1.0 | 1.0 | 1.0 | 1.0 | 1.0 | 6.0 High

All 20 articles demonstrated high methodological quality, with scores ranging
from 5.0 to 6.0. Ten articles (A1, A2, A3, A5, A6, A10, A12, A14, A18, and A19)
scored between 5.0 and 5.5, with marginally lower scores attributable to partial
reporting of limitations (C6). The remaining ten (A4, A7, A8, A9, All, Al3, A15,
A16, A17, and A20) achieved the maximum score of 6.0, demonstrating full
compliance with all quality criteria. No articles fell below the minimum threshold;
accordingly, all 20 studies were retained for synthesis.

3.7 Ethical Standards

Although this SLR does not involve primary data collection from human
participants and, therefore, does not require formal ethical approval, ethical
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rigour was maintained throughout. Specifically, all sources were cited accurately
in accordance with the conventions of the 7th edition of the APA Publication
Manual; the findings and contributions of all cited authors were faithfully
acknowledged; and the entire review process was documented transparently
according to the PRISMA 2020 guidelines (Page et al., 2021). These measures
ensured adherence to the principles of academic integrity, intellectual honesty,
and scholarly transparency.

4. Results and Findings
4.1 Critical Analysis of Spatial Reasoning Intervention Studies
Table 5 presents a critical analysis of the studies included in this review,
summarising their research objectives, methodological characteristics, sample
profiles, key findings, and identified limitations or research gaps.

Table 5: Critical analysis of the studies

Author Scope / Research Research Sample Findings Limitations /

(Year) Objective Design Gaps

Moussa et To examine the Quasi- 32 sixth-grade TPS significantly Small purposive

al. (2025) effectiveness of experimental students (aged | improved spatial | sample; limited
the Think-Pair- design (pre-test | 11-13 years) perception and generalisability;
Share (TPS) and post-test from Salalah visual-spatial short
strategy in with Basic Education | reasoning (p < intervention
developing sixth- | intervention) School, Oman; .05), particularly duration
grade students’ pilot sample of | in Cartesian
spatial thinking in 100 coordinate
Cartesian representation
coordinate tasks tasks

Dos Santos | To investigate Literature Four teachers Increased Small participant

et al. (2025) how GeoGebra review from Brazil, engagement, group; teacher-
automatic integrated with | Portugal, and improved focused rather
feedback tasks comparative Cape Verdeina | problem solving, than student
enhance self- empirical study | continuous spatial outcome based;
regulated training visualisation, and contextual
learning, programme algorithmic limitations
conceptual thinking; technical
understanding, training
and challenges noted
computational
thinking related to
robotics

Ozcakrr & To foster Educational Eight seventh- AR supported Very small

Cakiroglu middle-school designresearch | grade students | invention and sample;

(2022) students’ spatial with AR modification of exploratory
abilities using intervention spatial strategies; | nature limits
augmented reality improved spatial generalisability
(AR) and to understanding
examine students’ and reduced
spatial strategies cognitive filter

effect

Fujitaetal. | To identify ‘core’ Large-scale 2 303 Japanese Mental rotation Cross-sectional

(2022) spatial reasoning survey; 2- students and visualisation | design; limited
skills contributing | Parameter (Grades 4-9) / drawing 3D causal inference;
to successful 3D Logistic Model shapes identified context specific
geometry problem | (2PLM) and as core skills; (Japan)
solving among correlational property-based
Japanese students | analyses
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Author Scope / Research Research Sample Findings Limitations /
(Year) Objective Design Gaps
reasoning crucial
at secondary level
Hasanah et | To investigate Cross-sectional | 135 Indonesian | Below-average Cross-sectional
al. (2024) progression and quantitative primary spatial reasoning | only; no
challenges in study using students (Years | overall; intervention
primary students” | adapted Spatial | 2,4, 6) improvement tested; limited to
spatial reasoning Reasoning with age; major Indonesian
(mental rotation, Instrument challenges in context
orientation, 2D-3D
visualisation) transformations
and multi-step
reasoning
Gagnier et To examine Survey design Elementary Teachers reported | Self-reported
al. (2022) elementary with newly school teachers | low spatial data; no direct
teachers’ beliefs, developed (US context) anxiety and strong | classroom
perceptions, validated belief in observation; US-
anxiety, and self- measures importance of based sample
efficacy regarding spatial thinking
spatial thinking in but lower self-
STEM efficacy in
teaching spatial
skills
Dung et al. To explore Design-based 12th-grade Improved spatial | Exploratory;
(2025) whether research (four Vietnamese visualisation and | limited sample
GeoGebra phases) students interpretation of size; no long-
anaglyph (3D skew vs term retention
visualisation) intersecting lines analysis
improves after using
students’ anaglyph feature
understanding of
relative positions
of lines in space
Scippo etal. | To assess the Quasi- Grade 4 Experimental Short-term
(2025) effectiveness of a experimental students group showed study; limited
digitally (pre-post (experimental significant exploration of
supported control group) vs control improvement in spatial sub-skills;
tessellation groups) geometric context specific
program learning; high
(GeoGebra + 3D engagement
printing) on reported
primary geometry
learning
McDougal To examine causal | Randomised 198 children (7- | Evidence of near Limited transfer
etal. (2024) | impact of physical | controlled 9 years); transfer (LEGO effects; short
vs digital LEGO intervention (6 | physical LEGO | ability) and intervention;
construction weeks; pre-post | (n=>59), digital | limited far recommendation
training on spatial | measures) LEGO (n=64), | transfer s for improved
and mathematical control (n=75) | (arithmetic); integration

skills

overall transfer
modest

Zhangetal. | Examine Five-month 33 Dramatic Small sample;
(2025) questioning in educational kindergarteners | questioning context specific
Conceptual intervention (China) enhanced
PlayWorld to collaborative
support spatial spatial reasoning
reasoning
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Author Scope / Research Research Sample Findings Limitations /
(Year) Objective Design Gaps
Bower etal. | Test concrete vs Randomised 331 Spatial skills Limited far
(2025) digital spatial controlled trial preschoolers improved; modest | transfer
assembly math transfer
interventions
Korkmaz & | Compare inquiry- | Quasi- 32 preschoolers | Significant gains Small sample;
Yilmaz based indoor vs experimental in spatial and short duration
(2022) outdoor geometry geometric
activities thinking
Bokhove & | Test digital cube- | Field 85 Year-7 Significant gains No long-term
Redhead building tool on experiment (2 students (UK) in MRS accuracy; | math outcome
(2025) mental rotation conditions) no speed effect data
skills
Gutiérrez de | Compare Monge Quasi- 90 engineering CADOP Limited to
Ravé et al. method with experimental undergraduates | significantly engineering
(2025) CADOP for improved spatial | context
descriptive reasoning and
geometry accuracy
Habeeb Integrate digital Quasi- 60 Significant gains Short
(2025) tools + origami to | experimental kindergarteners | in geometric intervention;
enhance geometry | (pre-post (Kuwait) understanding localised context
and creativity control) and creative
thinking
Yip et al. Identify cognitive | Latent profile 272 Grade 4 Spatial skills Cross-sectional;
(2025) and math skill analysis + students (Hong | predict high correlational
profiles predicting | regression Kong) achievement;
achievement fraction skills
levels predict MLD
Mohringet | Test disruptionvs | Correlational 163 children (6- | Math anxiety Correlational;
al. (2024) reduced mediation 8 yrs) linked to reduced | limited spatial
competency study use of higher-level | measures
accounts of math strategies
anxiety
Zhu et al. Explore spatial Educational 16 children Identified unique | Small sample;
(2024) thinking in design-based (Netherlands) spatial processes exploratory
children’s open- research in divergent
ended design-by- design tasks
analogy
Lin et al. Analyse Swedish | Document National Identified visual No empirical
(2025) Technology & analysis curriculum and epistemic validation
Craft curricula for documents dimensions for
spatial potential spatial
development
Hahn & Investigate Eye-tracking + | 147 university Identified strategy | Limited
Klein (2025) | students’ cluster analysis | students clusters; spatial generalisability;

coordination of
vector field
equations and
diagrams using
eye-tracking

ability linked to
successful
coordination

topic specific

As shown in Table 5, the majority of studies (n = 14) employed quasi-experimental

or

randomised

controlled designs.

Interventions

were

predominantly

technology-mediated, with GeoGebra, AR, digital construction tools, and 3D
visualisation environments featuring prominently across multiple studies.

Physical-manipulative and activity-based
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construction, origami integration, and outdoor geometry—also appeared
although less frequently. Overall, the findings indicate that spatial reasoning
interventions have positive effects on students” geometric understanding, mental
rotation, spatial visualisation, and spatial orientation, albeit with consistently
reported limitations pertaining to small sample sizes, short intervention
durations, and restricted generalisability. Several studies highlighted challenges
in achieving far transfer of spatial gains to broader mathematical competencies.
Collectively, these findings demonstrate that educational interventions aimed at
developing spatial reasoning in school mathematics between 2021 and 2026 are
diverse in method and context yet converge on a shared conclusion: structured,
purposefully designed spatial experiences —whether digital or physical —can
meaningfully enhance students’ spatial reasoning.

4.2 Effects of Educational Interventions on Students” Spatial Reasoning
Abilities and Mathematics Learning

Table 6 summarises the reported effects of the 20 reviewed educational
interventions on students” spatial reasoning abilities and mathematics learning
outcomes, categorised by intervention type, outcome domain, and the nature of
the reported effect.

Table 6: Summary of the reported effects of educational interventions

Author Type of Effect on Spatial Effect on Nature of Effect
(Year) Educational Reasoning Mathematics
Intervention Learning
Moussa et | Think-Pair-Share | Improved spatial Improved Statistically
al. (2025) | (TPS) in perception and understanding of significant (p < .05)
Cartesian visual-spatial coordinate
coordinates reasoning representation
Dos GeoGebra Enhanced spatial Improved Positive
Santos et | automatic visualisation mathematical performance gains
al. (2025) feedback tasks problem-solving
performance
Ozcakir & | Augmented Developed spatial Better understanding | Qualitative
Cakiroglu | Reality (AR)- strategies and of 3D geometry improvement
(2022) based geometry visualisation concepts
tasks
Fujita et 3D geometry Mental rotation Strong association Correlational
al. (2022) spatial reasoning | strongly predicted | with 3D geometry (strong predictive
tasks performance achievement link)
Hasanah | Spatial reasoning | Developmental Weak spatial skills Diagnostic /
etal. assessment improvement; linked to geometry developmental
(2024) across grades difficulty in 2D-3D | difficulty trend
tasks
Gagnier Teacher spatial Indirect Improved Indirect contextual
etal. self-efficacy improvement via STEM/math effect
(2022) study spatial instruction | instructional
quality effectiveness
Dung et GeoGebra 3D Improved Better understanding | Measurable
al. (2025) anaglyph visualisation of spatial geometry improvement
visualisation accuracy
Scippo et | Digital Strengthened Significant Statistically
al. (2025) tessellation spatial improvement in significant
(GeoGebra +3D | visualisation geometry scores
printing)
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Author Type of Effect on Spatial Effect on Nature of Effect
(Year) Educational Reasoning Mathematics
Intervention Learning
McDoug Physical vs Near-transfer Limited arithmetic Strong near
etal. digital LEGO spatial gains improvement transfer; weak far
(2024) spatial training transfer
Zhanget | Conceptual Enhanced spatial Improved Significant
al. (2025) | PlayWorld (play- | visualisation and mathematics concept | qualitative gains
based orientation learning
questioning)
Bower et Concrete and Significant Minor improvement | Strong spatial
al. (2025) digital spatial improvement in 2D | in overall math; gains; modest math
assembly and 3D spatial stronger for low-SES | transfer
training skills students
Korkmaz | Inquiry-based Improved Significant preschool | Statistically
& Yilmaz | indoor/outdoor | geometric and math improvement significant
(2022) math activities spatial thinking
skills
Bokhove | Digital cube- Significant No direct math Significant spatial-
& building (mental | improvement in outcome measured only effect
Redhead | rotation training) | mental rotation
(2025) accuracy
Gutiérrez | CAD-integrated | Large Higher performance Very large effect
de Ravé et | orthographic improvement in in descriptive size
al. (2025) projection spatial reasoning geometry
(CADOP) and visualisation
Habeeb Digital tools and | Enhanced spatial Significant Large effect size
(2025) origami reasoning and improvement in (r=.78)
integration visual geometric
manipulation understanding
Yip et al. Cognitive Strong spatial skills | Spatial ability Strong predictive
(2025) profiling of math | differentiate high predicts math relationship
learners achievers achievement level
Mohring | Study of math Mental rotation Math anxiety Indirect effect
etal. anxiety and indirectly related negatively affects
(2024) strategy use arithmetic
Zhu etal. | Open-ended Developed unique | Supports spatial Qualitative
(2024) design-by- spatial abstraction application in STEM cognitive
analogy processes problem solving development
challenge
Lin et al. Curriculum- Identified strong Potential support for | Curriculum-level
(2025) embedded potential for spatial | STEM/math potential
spatial ability achievement
development development
(Technology &
Craft)
Hahn & Eye-tracking Spatial ability Higher spatial ability | Correlational
Klein study on vector linked to associated with better | evidence
(2025) field representational task performance
coordination coordination

As summarised in Table 6, educational interventions of diverse designs
consistently produced measurable improvements in students’ spatial reasoning,
whereas their effects on mathematics learning outcomes were more variable.
Technology-mediated interventions dominated the corpus, yielding the strongest
and most frequently replicated gains in spatial visualisation and mental rotation.
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Several studies reported statistically significant or large effects, particularly those
combining digital visualisation with structured geometric tasks, while a smaller
cluster of correlational and eye-tracking studies reinforced the predictive
relationship between spatial ability and mathematics achievement. Transfer of
spatial gains to mathematics performance was strongest for domain-proximal
outcomes such as three-dimensional geometry, coordinate representation, and
descriptive geometry and weakest for distal outcomes such as arithmetic.

Indirect pathways through teacher spatial self-efficacy, mathematics anxiety, and
curriculum-level design were also identified as mediating or conditioning the
spatial-mathematics relationship. In relation to the research question, the findings
indicate consistent evidence that educational interventions enhance spatial
reasoning abilities but mixed evidence regarding their effects on broader
mathematics learning. The spatial visualisation-geometry achievement link
received convergent support across experimental, correlational, and qualitative
designs.

4.3 Thematic Trends, Research Focus, and Emerging Gaps
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Figure 2: Keyword co-occurrence network analysis in spatial reasoning interventions
in mathematics education

The VOSviewer keyword co-occurrence network (Figure 2) reveals the intellectual
structure of research on educational interventions for developing spatial
reasoning in school mathematics. By examining relationships among keywords,
the network identifies major thematic trends, dominant research focuses, and
underexplored areas within the field (Van Eck & Waltman, 2010).
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4.3.1 Thematic Trends Emerging from the Keyword Clusters

The keyword network reveals two interconnected thematic clusters representing
the field’s dual foundations in cognitive-developmental research and
mathematics education. The red cluster centres on the cognitive foundations of
spatial development among young learners, while the green cluster reflects an
educational orientation emphasising the integration of spatial reasoning into
formal learning environments. The relationship between the two clusters is
mediated through bridging nodes —mathematics, primary school, and students —
indicating a partial but incomplete synthesis between cognitive and pedagogical
perspectives. Overall, the network signals an evolving field moving from
investigations of spatial ability to educational interventions that embed spatial
reasoning within mathematics learning.

4.3.2 Dominant Research Focuses on Spatial Reasoning Interventions

Analysis of keyword prominence, node size, and connectivity reveals six
dominant research focuses shaping the literature on spatial reasoning
interventions in school mathematics. Spatial training interventions emerge as the
most prominent focus, evidenced by the strong co-occurrence of spatial training,
spatial skills, and mathematics within the red cluster. A closely related focus
concerns the development of spatial skills and spatial ability, with sustained
co-occurrence across both clusters, indicating recognition of spatial reasoning as
a multidimensional construct. The network further highlights strong attention to
cognitive mechanisms, reflected in the frequent association of memory, learning,
and mathematics.

Technology-supported spatial learning features prominently within the green
cluster, indicated by links among educational technology, spatial reasoning, and
students. Student-centred approaches and primary-school interventions also
appear consistently, with child, primary school, and learning co-occurring around
the central node students. Across both clusters, the recurring association between
spatial constructs and mathematics-related keywords reflects a broader focus on
the spatial reasoning-mathematics achievement relationship. Overall, these
focuses indicate a field transitioning from demonstrating the value of spatial
reasoning to exploring its systematic integration into mathematics education.

4.3.3 Emerging Gaps, Underrepresented Areas, and Research Opportunities

Beyond dominant themes, the keyword co-occurrence network reveals several
underrepresented areas through the absence of specific keywords. Secondary and
upper-secondary education contexts are absent from the network despite the
increasing spatial demands at higher grade levels. Keywords related to
non-geometric mathematical domains such as algebra, statistics, and
mathematical modelling are similarly absent, indicating a narrow disciplinary
focus. Teacher-related terms, including pedagogy, professional development, and
instructional design do not appear, suggesting limited attention to instructional
practice.

Keywords associated with longitudinal or long-term effects are also absent,

indicating that most studies address only immediate post-intervention outcomes.
Terms related to diverse learner populations, including low-achieving students,
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learners with special educational needs, and culturally diverse groups are not
represented. Emerging technologies such as AR, VR, and adaptive learning
systems are likewise absent despite the presence of educational technology.
Finally, connections between spatial reasoning and broader mathematical
processes such as problem solving, modelling, and reasoning are not reflected in
the network. Overall, the network indicates that the field has established a strong
foundation in cognitive training and primary-school mathematics but remains
characterised by notable thematic imbalances.

5. Discussion

5.1 Characteristics of Spatial Reasoning Intervention Studies

Three main patterns emerged from the reviewed studies. First, technology-based,
manipulative-based, and activity-orientated interventions generally improved
students” spatial abilities, including mental rotation, spatial visualisation, and
spatial orientation. Second, technology-mediated approaches, particularly those
involving GeoGebra, AR, and digital construction environments, were the most
frequently investigated and consistently reported positive effects on spatial
reasoning and geometric understanding. Third, although many interventions
enhanced spatial skills, evidence of transfer to broader mathematics achievement
remained limited and inconsistent.

These findings reinforce the view that spatial reasoning is a malleable component
of mathematical learning that can be strengthened through purposeful
instructional experiences (Fujita et al., 2022; Hasanah et al., 2024). The prominence
of technology-enhanced interventions highlights the value of dynamic
visualisation and interactive representations in supporting spatial cognition.
Consistent with previous research, digital tools appear most effective when their
representational features align with the cognitive demands of spatial tasks (Dung
et al., 2025; Ozcakir & Cakiroglu, 2022).

While technology-based approaches dominated the literature, manipulative and
activity-based interventions also produced meaningful improvements in spatial
reasoning. However, evidence of transfer to broader mathematical achievement
was generally modest, suggesting that explicit links between spatial activities and
mathematical concepts are required to maximise learning outcomes (Bower et al.,
2025; McDougal et al., 2024). The findings further indicate that intervention
effectiveness depends not only on instructional tools but also on pedagogical
practices. Teacher questioning, classroom discourse, and pedagogical scaffolding
play important roles in supporting spatial reasoning development (Mahmud et
al., 2020; Zhang et al, 2025). This highlights the need for professional
development that strengthens teachers’ capacity to integrate spatial reasoning
into mathematics instruction, particularly in technology-enhanced environments
(Saharuddin et al., 2025).

Although the reviewed studies spanned diverse educational levels and countries,
they were concentrated primarily in East Asian, European, and Anglophone
contexts. Greater representation of underexplored regions, including Southeast
Asia, is needed to understand better how contextual factors influence intervention
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effectiveness. Overall, the findings indicate that spatial reasoning can be
effectively developed through a range of instructional approaches. Future
research should employ more diverse and longitudinal designs to examine the
sustainability and transferability of intervention effects to broader mathematics
learning outcomes.

5.2 Effects of Educational Interventions on Students’ Spatial Reasoning
Abilities and Mathematics Learning Outcomes

The reviewed studies consistently demonstrated that educational interventions
improve students’ spatial reasoning, although their effects on mathematics
learning were more variable. Technology-mediated approaches, particularly
digital visualisation and geometry tools, produced the most consistent gains in
spatial visualisation and mental rotation, highlighting the value of dynamic
representations in supporting spatial cognition (Dung et al., 2025; Habeeb, 2025;
Scippo et al., 2025). A recurring finding was the stronger impact on near-transfer
outcomes than on broader mathematical achievement. While improvements were
commonly observed in geometry-related tasks and representational
understanding, evidence of transfer to more distal mathematical domains
remained limited (Bower et al., 2025; McDougal et al., 2024). This suggests that
spatial and mathematical reasoning are closely related but not fully equivalent,
requiring explicit instructional connections to facilitate transfer.

These findings support the integration of spatial reasoning within mathematics
curricula and underscore the importance of teacher preparedness and affective
factors in successful implementation (Gagnier et al., 2022; Mohring et al., 2024).
Although many studies were limited by small samples and short intervention
durations, the overall consistency of findings across diverse contexts indicates
that well-designed spatial reasoning interventions can contribute meaningfully to
mathematics learning. Future research should employ longitudinal designs,
standardised assessment measures, and instructional approaches that explicitly
connect spatial reasoning with mathematical concepts.

5.3 Thematic Trends, Research Focus, and Emerging Gaps in the Educational
Interventions for Developing Spatial Reasoning in School Mathematics

The keyword co-occurrence analysis identified two dominant themes in the
literature: a cognitive-developmental focus on spatial training, spatial skills, and
learning processes, and an educational focus on technology-supported instruction
and classroom implementation. The presence of bridging terms such as
mathematics, students, and primary school suggests increasing integration
between cognitive and pedagogical perspectives, although this connection
remains limited. These findings indicate that research is gradually shifting from
demonstrating the cognitive benefits of spatial reasoning to embedding spatial
reasoning within mathematics education (Sinclair & Bruce, 2015; Uttal et al., 2013).

The prominence of technology-related keywords reflects the growing role of
digital tools in supporting spatial learning, consistent with evidence highlighting
the effectiveness of dynamic geometry environments and other technology-
enhanced interventions (Dung et al., 2025; Ozcakir & Cakiroglu, 2022; Scippo et
al., 2025). At the same time, several important gaps emerged. Research remains
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concentrated in primary-level and geometry-focused contexts, with limited
attention given to secondary education, non-geometric mathematical domains,
teacher pedagogy, longitudinal outcomes, and diverse learner populations. The
absence of teacher-related themes is particularly notable, given the recognised
importance of teacher expertise and professional development in supporting
spatial reasoning instruction (Gagnier et al., 2022; Johari et al., 2022; Saharuddin
et al., 2025).

These findings suggest that the field has established a strong foundation
regarding the cognitive benefits of spatial reasoning interventions but requires
greater emphasis on pedagogical implementation and contextual diversity.
Future research should investigate secondary-level settings, teacher professional
development, emerging technologies, and the long-term impact of spatial
reasoning interventions across different educational contexts. Although keyword
co-occurrence analysis reflects associative rather than causal relationships, the
systematic application of VOSviewer and PRISMA 2020 procedures provides a
robust basis for identifying current research trends and priorities.

6. Conclusion

This SLR addressed a recognised gap in the evidence base by synthesising
empirical research published between 2021 and 2026 on educational interventions
for developing spatial reasoning in school mathematics. Twenty peer-reviewed
studies were analysed across three dimensions: intervention characteristics,
effects on spatial reasoning and mathematics learning outcomes, and thematic
trends emerging from keyword co-occurrence analysis. The findings demonstrate
that purposefully designed spatial interventions, particularly those employing
dynamic  digital environments, manipulative-based activities, and
inquiry-orientated pedagogies, consistently strengthen students’ spatial
visualisation, mental rotation, and spatial orientation. Transfer to mathematics
learning was most evident in domain-proximate outcomes such as
three-dimensional geometry and coordinate representation, although gains were
more limited for distal outcomes such as arithmetic.

These findings carry clear implications for practice, policy, and research.
Educators and curriculum developers should prioritise the deliberate integration
of spatial reasoning tasks into geometry instruction, particularly at secondary
level; this remains critically underrepresented in the literature. Teacher
professional development programmes addressing spatial self-efficacy warrant
urgent attention. Future research should employ longitudinal designs,
standardised spatial measures, and explicit instructional bridging to generate
more transferable evidence, particularly in non-Western contexts such as
Malaysia where localised, empirically grounded frameworks for spatial reasoning
instruction are still needed.
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