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Abstract 

Blended learning has grown well beyond a simple mixture of digital and face-to-face activities. It is 

increasingly becoming a design space in which findings from cognitive and educational neuroscience 

shape how content is sequenced, paced, and personalised for individual learners. This narrative review 

draws together evidence from ten recently published empirical and review studies, supplemented by 

additional peer-reviewed literature on adaptive and blended instruction, to examine how neuro-adaptive 

principles are being translated into classroom and online practice, and how well these translations actually 

work. Seven recurring design principles are identified across the literature: neuroscience-grounded content 

design, AI-driven real-time adaptivity, multimodal sensory integration, learner control and flexibility, 

retrieval practice paired with structured feedback, stakeholder co-design, and ethical governance. The 

quantitative evidence indicates that AI-mediated systems using electroencephalography (EEG) and 

functional near-infrared spectroscopy (fNIRS) can raise knowledge retention by roughly a quarter while 

reducing extraneous cognitive load, whereas simpler, principle-based blended designs also produce 

dependable, if more modest, improvements. Building on these findings, the review proposes a three-tier 

maturation pathway describing how institutions with different resource levels can begin adopting neuro-

adaptive practice, and closes with implications for instructional designers, teacher educators, and 

policymakers who must weigh technological sophistication against equity, privacy, and sound pedagogy. 
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Introduction 

Classrooms have rarely been purely physical or purely digital, but the balance between the two has shifted 

several times over the last decade — first with the rapid spread of learning-management platforms, then 

through the improvised experimentation forced by the pandemic, and now through artificial intelligence 

tools capable of responding to a learner in something close to real time (Nathaniel et al., 2021). What is 

comparatively new is the attempt to ground these shifts in findings from cognitive and educational 

neuroscience: how working memory fills up, how attention drifts, and how repeated practice reshapes 

neural pathways. The resulting hybrid is often described as neuro-adaptive blended learning — instruction 

that combines synchronous and asynchronous, digital and in-person elements, while adjusting content, 

pacing, or feedback in response to signals about a learner's cognitive or affective state (Gkintoni et al., 

2025a). 
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The promise of such systems is considerable. A system that can detect that a learner's working memory is 

close to saturation could simplify an explanation before frustration sets in; one that recognises a concept 

has been forgotten could schedule a retrieval prompt at the moment it will do the most good (Oubagine et 

al., 2025). Yet the supporting evidence is scattered across medical education, teacher training, vocational 

education, and computer science journals, and it uses methods ranging from randomised comparisons to 

purely conceptual proposals. Practitioners and journal reviewers are consequently left asking a practical 

question: which design principles are genuinely supported by evidence, and how strong is that evidence 

once study quality is taken into account? 

This review sets out to answer that question. It draws on ten studies published between 2016 and 2026 

that examined neuro-adaptive design principles in blended contexts, situated within a wider body of 

blended-learning effectiveness research, including meta-analytic and bibliometric work (Liu et al., 2016; 

Kang et al., 2025). Rather than repeating a systematic protocol reported elsewhere, the aim is to synthesise 

the design principles that recur across this literature, weigh the effectiveness evidence attached to each, 

and propose a practical model that institutions can use to decide where to begin. 

 

Theoretical Foundations 

Five neuroscience constructs recur across the reviewed literature and function as the conceptual backbone 

of neuro-adaptive design: cognitive load theory, neuroplasticity, working memory, attention, and 

executive function. Cognitive load theory frames working memory as a limited resource that instructional 

design should protect, distinguishing between the load intrinsic to a task, the load added by poor 

presentation (extraneous load), and the load that supports genuine schema-building (germane load). 

Gkintoni et al. (2025a) extended this framework by linking excessive extraneous load to reduced prefrontal 

cortex activation, giving the familiar theory a neural correlate and a plausible mechanism for why poorly 

designed multimedia actively harms learning rather than merely annoying learners. 

Neuroplasticity supplies the second pillar: the brain's capacity to reorganise itself in response to structured 

practice. Several reviewed studies reported an inverted-U relationship between cognitive challenge and 

neuroplastic response, meaning that moderate, well-calibrated difficulty — rather than either boredom or 

overload — appears to optimise the prefrontal-parietal networks associated with learning-related neural 

adaptation (Gkintoni et al., 2025b). This finding carries a direct design implication: adaptive systems 

should aim for a "just right" zone of challenge rather than simply minimising difficulty wherever possible. 

Working memory, attention, and executive function complete the theoretical picture, and together they 

explain why multimodal and self-paced design choices matter in practice. Presenting information through 

complementary sensory channels can reduce the load placed on any single channel, while attention and 

executive-function research explains why interruptions, poorly signposted transitions, and cognitively 

noisy interfaces disproportionately harm novice learners (Shiwlani et al., n.d.). None of these constructs 

is new to educational psychology; what the neuro-adaptive literature contributes is a mechanism for 

monitoring them, at least approximately, while learning is actually underway. 

 

Methodology 

This is a narrative and thematic literature review rather than a formal systematic review. The core evidence 

base comprises ten studies retrieved through a targeted literature search of academic databases, including 

Semantic Scholar and OpenAlex sources, screened against explicit criteria requiring an empirical or 

review focus on neuro-adaptive or neuroscience-informed learning technologies, a blended (digital plus 
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face-to-face) instructional context, and reported learning or engagement outcomes. These ten studies span 

systematic reviews, quasi-experimental trials, an Educational Design Research project, a comparative 

cohort study, and a conceptual model, and they cover K-12, higher education, teacher education, medical 

education, and vocational settings. To situate this core set within the broader field, the review was 

supplemented through targeted searches for recent meta-analyses and bibliometric analyses of blended 

and adaptive learning effectiveness (Abuejheisheh et al., 2023; Kang et al., 2025). Findings were organised 

thematically rather than study-by-study, following established practice for narrative synthesis of 

heterogeneous evidence, and are presented below as seven design principles followed by a synthesis of 

effectiveness evidence and implementation factors. 

 

Thematic Design Principles for Neuro-Adaptive Blended Learning 

Across the reviewed literature, seven design principles recur with enough consistency to function as a 

practical checklist for instructional designers. Figure 1 summarises them as an interconnected set rather 

than a strict linear sequence, since institutions in practice tend to combine several principles at once. 

Neuroscience-grounded content design. The starting point for most reviewed models is a deliberate 

alignment between instructional decisions and cognitive architecture: chunking content to respect 

working-memory limits, sequencing material to exploit spaced repetition, and using scaffolding that 

gradually withdraws support as competence grows. Gkintoni et al.'s (2025a) systematic review treated this 

alignment as the foundation on which more sophisticated adaptive features were layered, while 

Kochetkova's (2025) theoretical model for vocational education proposed cognitive ergonomics as one of 

four guiding principles for hybrid educational ecosystems. 

AI-driven real-time adaptivity. The most technologically advanced studies used machine-learning 

models trained on behavioural or physiological data to adjust content difficulty, pacing, or modality as a 

lesson progressed. These systems reportedly classified learners' cognitive states with high accuracy and 

used that classification to reduce unnecessary complexity before comprehension broke down (Oubagine 

et al., 2025). Less resource-intensive versions of the same principle appeared as adaptive branching within 

learning-management systems, where a quiz result rather than a biosignal triggered the adjustment. 

Multimodal sensory integration. Several studies combined more than one data stream — for instance, 

pairing electroencephalography with cardiac or skin-conductance measures — to make cognitive-state 

estimation more robust to noise, and several also argued for multimodal instructional delivery, presenting 

the same concept through text, diagram, and hands-on demonstration so that no single channel becomes a 

bottleneck. Kochetkova (2025) and Consuegra et al. (2025) both identified multisensory design as central 

to effective digital neuroeducation. 

Learner control and flexibility. Giving learners agency over pace, sequence, and modality appeared 

repeatedly as both a neuroscience-consistent and practically popular principle. Nathaniel et al.'s (2021) 

medical-education cohort allowed students to choose synchronous or asynchronous engagement and to 

build individualised schedules, an approach the authors linked to stronger outcomes among already high-

performing students and to earlier identification of students who were struggling. Lovell's (2016) earlier 

work on computer-based neuroscience modules identified learner control as one of a small set of design 

principles associated with favourable evaluation results. 

Retrieval practice and structured feedback. Rather than passive review, effective modules built in 

frequent low-stakes retrieval opportunities paired with immediate, specific feedback. This principle was 

among the most consistently supported across both technologically sophisticated and simple 
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implementations, suggesting it is one of the more transferable elements of neuro-adaptive design 

regardless of an institution's technical capacity. 

Stakeholder co-design and iteration. Where design processes involved teachers, administrators, 

developers, and external experts working iteratively — as in Srikoon et al.'s (2026) Educational Design 

Research project — the resulting improvements in teachers' design capacity were unusually large. 

Participatory design appears to function less as a procedural nicety and more as a substantive success 

factor, likely because it surfaces contextual constraints that purely technical teams would otherwise miss 

(Duangngern et al., 2025). 

Ethical governance and equitable access. Finally, the literature converges on data privacy, algorithmic 

bias, and unequal access to devices or connectivity as risks that must be designed against from the outset 

rather than patched afterward. Studies working with the most data-intensive systems were also the most 

emphatic about the need for transparent governance frameworks. 

 

 
Figure 1. Conceptual framework for neuro-adaptive blended learning in higher education, 

showing inputs, the design–delivery–evaluation cycle, cross-cutting enablers, and outcomes. 

 

Effectiveness Evidence 

The strength of evidence varies considerably by design sophistication and study type. At the most 

technologically advanced end, AI-driven adaptive systems using electroencephalography and functional 

near-infrared spectroscopy were associated with a 28 percent increase in knowledge retention and a 35 

percent reduction in extraneous cognitive load, alongside machine-learning models that classified 

cognitive states with roughly 91 percent accuracy (Gkintoni et al., 2025a). Professional-training contexts 

using comparable systems reported a 26 percent gain in skill-acquisition efficiency (Kochetkova, 2025). 
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Somewhat less intensive interventions produced effects that, while smaller in absolute terms, remained 

practically meaningful. A quasi-experimental study of pre-service teachers using adaptive feedback and 

virtual-classroom simulation reported large effect sizes for reflective and implementation competencies, 

alongside high completion rates (Duangngern et al., 2025). An Educational Design Research project with 

teachers across three iterative phases produced a very large effect on teachers' learning-design capacity, 

underscoring that participatory process, not only technology, can drive outcomes (Srikoon et al., 2026). 

Not every comparison favoured the adaptive blended condition outright. A cohort study of an adaptive 

blended medical-neuroscience course found that overall performance did not differ significantly from a 

traditional in-person comparison group, although the adaptive approach benefited high-performing 

students disproportionately and allowed earlier identification of struggling students — a distributional 

effect a simple mean comparison would miss (Nathaniel et al., 2021). This pattern echoes broader blended-

learning effectiveness research: a widely cited meta-analysis of health-professions education found a 

positive pooled effect of blended learning relative to no intervention, and a smaller but still positive effect 

relative to purely face-to-face or purely online instruction, while also flagging considerable heterogeneity 

and some evidence of publication bias (Liu et al., 2016). A more recent bibliometric analysis of adaptive-

learning research across 2014–2024 similarly found accelerating publication volume alongside a shift 

toward outcome-based, intelligent optimisation approaches, suggesting the field is still consolidating its 

evidence base (Kang et al., 2025). 

Neuroplasticity-focused work adds an equity dimension to this picture: brain-stimulation and 

neuroimaging studies suggested that adaptive, moderately challenging conditions disproportionately 

benefited learners with lower baseline abilities, hinting that well-designed neuro-adaptive systems could 

narrow rather than widen achievement gaps, provided they are deployed with that goal in mind rather than 

as a generic efficiency measure (Gkintoni et al., 2025b). 

 
Figure 2. A three-tier maturation pathway for institutional adoption of neuro-adaptive blended learning, 

moving from principle-based foundations to adaptive digital systems to AI-and-neurophysiology 

integration. 
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Implementation Challenges and Ethical Considerations 

Even well-evidenced design principles depend on conditions that are not always present. Instructor 

competence is a recurring bottleneck: several studies noted that faculty needed explicit preparation in 

digital platforms and basic neuroscience concepts before using adaptive tools as intended, and that this 

preparation was often under-resourced relative to the technology rollout itself. Infrastructure requirements 

scale sharply with technological sophistication — EEG and fNIRS systems demand hardware, technical 

support, and data-management capacity that few institutions outside research-intensive medical schools 

currently possess, while lighter-weight adaptive branching within existing learning-management systems 

is comparatively attainable (Strielkowski et al., 2025). 

Ethical risk scales in a similar direction. Systems that continuously monitor physiological or behavioural 

signals raise legitimate concerns about data privacy, consent (particularly for minors), and the possibility 

that algorithms trained on non-representative samples will misclassify the cognitive states of 

underrepresented learners, effectively encoding bias into an ostensibly neutral system. The literature is 

consistent in recommending that governance frameworks, data-protection protocols, and bias audits be 

built into the design process from the start, involving educators and, where feasible, learners themselves, 

rather than being retrofitted once a system is already in use. Cost is a related equity concern: without 

deliberate attention, neuro-adaptive tools risk becoming available primarily to well-resourced institutions, 

widening rather than narrowing existing gaps in educational opportunity. 

 

Toward an Integrated Model 

Read together, the reviewed studies suggest that neuro-adaptive blended learning is not a single technology 

to be adopted wholesale but a maturation pathway that institutions can enter at different points depending 

on their resources (Figure 2). A foundational tier applies established neuroscience principles — cognitive-

load-conscious sequencing, retrieval practice, structured feedback, and learner control — without 

specialised sensing hardware, and the evidence suggests this tier alone produces reliable benefits. An 

intermediate tier adds adaptive digital infrastructure, such as branching learning-management pathways 

and formative analytics, responding to behavioural rather than physiological signals. An advanced tier 

layers in real-time neurophysiological monitoring and machine-learning-driven adjustment, which the 

strongest quantitative results in this review are associated with, but which also carries the highest 

infrastructure, expertise, and ethical burden. 

Progress along this pathway appears to depend less on any single factor than on the interaction of three 

conditions identified repeatedly across the reviewed studies: instructor competence in both digital and 

neuroscience domains, organisational support in the form of infrastructure and governance, and genuine 

stakeholder collaboration during design rather than after deployment. Where all three were present, as in 

the Educational Design Research project involving teachers, administrators, developers, and external 

experts (Srikoon et al., 2026), outcomes were markedly stronger than technology alone would predict. 

This suggests that institutions considering neuro-adaptive blended learning may get more return from 

investing in participatory design processes and instructor development than from acquiring advanced 

sensing technology in isolation. 

 

Limitations 

This review has the limitations inherent to a narrative synthesis of a still-emerging and heterogeneous 

literature. Several of the core studies were available only as abstracts, which restricted the depth of 
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methodological appraisal possible, and the reported effect sizes come from a mixture of study designs 

whose comparability is limited. Publication bias is a plausible concern, particularly for the most striking 

quantitative claims, and the review's scope, while supplemented by additional blended-learning 

effectiveness literature, remains anchored in a relatively small core set of studies rather than an exhaustive 

systematic search. Findings should therefore be read as an indication of promising directions and 

consistent themes rather than as definitive causal evidence. 

 

Conclusion 

Neuro-adaptive blended learning brings together two well-established but historically separate traditions 

— blended instructional design and cognitive/educational neuroscience — into a coherent, if still 

maturing, design space. The evidence reviewed here indicates that both technologically advanced, sensor-

driven systems and simpler, principle-based approaches can improve learning outcomes, with the former 

showing the largest measured effects and the latter offering a more accessible entry point for resource-

constrained institutions. Seven design principles recur across contexts as diverse as medical education, 

teacher training, and vocational learning: grounding content in cognitive architecture, enabling real-time 

adaptivity, integrating multiple sensory modalities, preserving learner control, embedding retrieval 

practice and feedback, involving stakeholders in iterative co-design, and treating ethical governance as a 

design requirement rather than an afterthought. For instructional designers and policymakers, the practical 

implication is that neuro-adaptive blended learning need not begin with expensive neurotechnology; it can 

begin with neuroscience-informed pedagogy and grow in sophistication as institutional capacity allows, 

provided that equity and governance are addressed at every stage rather than only at the most advanced 

tier. 
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