
International Theory and Practice in Humanities
and Social Sciences

2025 Volume2,Issue11 ISSN 3078-4387

International Theory and Practice in Humanities and Social Sciences | www.wisvora.com62

Neuro–Pedagogical Alignment: A Theoretical Model for Learning

Efficiency, Integrating Cognitive Control, Emotional Regulation, and

Instructional Design

Zhaohui Hao1* ,YougHo Ha2

1Sehan University Business Administration Department, Korea
2 Sehan University Korea

Accepted Abstract
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meso-level theoretical framework integrating neuroscience and education.
Drawing on recent findings in developmental, emotional, and cognitive
neuroscience, NPAM explains learning effectiveness as the alignment
between neural mechanisms, instructional design, and contextual conditions.
The model identifies three core mechanisms—Match, Tuning, and
Consolidation—linking prefrontal executive control, emotional regulation,
and hippocampal memory processes to task structure, affective safety, and
learning rhythm. Through a critical synthesis, the paper challenges the
“pseudo-neuralization” of education, the empathic bias of teaching practice,
and equity issues arising from neural diversity. NPAM reframes pedagogy
from “what works” to “what aligns,” offering biologically feasible, ethically
responsible, and practically testable principles for future educational design
and research.
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1. Introduction
Over the past decades, educational research has been dominated by psychological, sociocultural,
and institutional perspectives, while the biological foundations of learning have often been treated
as peripheral. Teaching innovations such as flipped classrooms, inquiry-based learning, or
project-based collaboration are widely promoted in policy documents as universally
effective. Yet, beneath these reforms lies a fundamental oversight: learners’ brains do not
develop, respond, or regulate at the same pace, and teaching that disregards these neural
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differences may misfire despite its pedagogical appeal.

A growing number of educators assume that what works for one group—or what worked for
themselves—should apply broadly to all learners. This teacher-centered projection bias reflects a
deep epistemic gap in education: teaching is still designed on assumed cognition, not observed
neural evidence. Empirical validation is rare, and micro-level mechanisms linking brain function
to classroom behavior remain largely unexamined. In other words, many educational policies are
built on “macro success stories” rather than micro-cognitive realism.

Meanwhile, neuroscience has rapidly advanced our understanding of how the brain learns,
remembers, and regulates emotion. Findings on the prefrontal cortex, amygdala, hippocampus,
and insula reveal that learning involves dynamic coordination between executive control,
emotional regulation, motivation, and memory consolidation. These biological processes set real
boundaries for what educational design can achieve at different developmental stages. Ignoring
these boundaries risks cognitive overload, emotional disengagement, or premature
abstraction—symptoms often mislabeled as “student laziness” or “lack of effort.”

Bridging this gap requires a neuro–pedagogical dialogue: education must align with what is
biologically plausible in human learning. Neuroscience does not dictate pedagogy, but it can
provide constraints and mechanisms—showing when, why, and for whom certain teaching
designs succeed or fail. To this end, this article proposes the Neuro–Pedagogical Alignment
Model (NPAM), which integrates neural maturation, emotional balance, and cognitive control
into the design logic of teaching and learning.

The paper proceeds as follows. Section 2 reviews the evolution of educational neuroscience,
identifying the main paradigms and their limitations. Section 3 introduces the NPAM as a
mid-level theoretical framework linking brain mechanisms to instructional design. Section 4
explicates the neurophysiological logic of learning based on key brain regions. Section 5 offers a
critical reflection on current misuses of neuroscience in education. Sections 6 and 7 discuss
practical implications, ethical considerations, and future research directions. The paper concludes
by arguing that the future of education lies not in more innovation, but in deeper alignment—with
the brain itself.

2. Literature Review: The Evolution of Educational Neuroscience
2.1 Three principal strands
(1) Developmental neuroscience: prefrontal maturation, executive functions, and self-regulation.
Across the past two decades, work at the intersection of learning sciences and cognitive
neuroscience has converged on the prefrontal cortex (PFC) as the control hub for goal
maintenance, planning, inhibitory control, and strategic monitoring—capacities that underpin
self-regulated learning (SRL). Educational technologies and intelligent tutoring systems (ITS)
increasingly scaffold these functions through planning prompts, monitoring dashboards, and
reflective dialogues, effectively externalizing aspects of executive control (Azevedo & Aleven,
2013; Azevedo et al., 2022). Neurocomputational accounts further bridge cognitive models and
implementable system logic, showing how executive control can be represented and adapted in
educational AI while remaining consistent with cognitive and neural constraints (Thomas &
Porayska-Pomsta, 2022). At the classroom level, studies integrating neuroscience with
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instructional design have used the executive-function lens to reinterpret when and why certain
designs reduce extraneous load and strengthen germane processing (Gkintoni, Antonopoulou, &
Sortwell, 2025). More recently, neuroimaging-informed experiments indicate that feedback
framed to elicit metacognitive regulation is associated with stronger activation in frontal control
regions and better learning outcomes than content-only feedback (Xu, Pan, Yin, & Hu, 2025).
Taken together, this line of work ties instructional scaffolds to executive control and SRL,
aligning pedagogical moves with PFC-centric regulation mechanisms.

(2) Affective neuroscience: the amygdala and learning motivation.
Learning is not purely “cold” cognition. Studies distinguishing hot versus cold executive
functions indicate that affective salience and value signals modulate strategy selection,
persistence, and performance (Escolano-Perez & Losada, 2024). The amygdala—central to threat
detection, salience, and reward anticipation—interacts with prefrontal circuitry to bias attention
and decision-making toward emotionally tagged stimuli; educationally, this translates into the
need to stabilize classroom affect, structure uncertainty, and frame tasks with meaningful goals. In
parallel, emotion-aware designs and reflection systems show that identifying and labeling states
such as anxiety or frustration can help learners re-allocate attention and re-engage regulation
cycles (Chen, Cheng, & Huang, 2024). Broader affect-centric engagement architectures likewise
treat emotion as a first-class variable in adaptive learning, operationalized through signals that
drive timing, difficulty, and feedback (Sirisha, Mageswari, Raj, & Kumar, 2025). These studies
jointly argue that motivation and emotion are not add-ons but integral control parameters that gate
access to executive resources, with the amygdala–PFC interplay offering a mechanistic rationale
for affect-informed pedagogy.

(3) Cognitive neuroscience: the hippocampus and memory consolidation.
From an educational standpoint, durable learning depends on encoding, systems consolidation,
and retrieval; the hippocampus plays a central role in binding and reorganizing experiences into
long-term memory structures. SRL-oriented ITS such as MetaTutor have long leveraged
principles consistent with memory research—prompting generative strategies, spaced practice,
and metacognitive evaluation—to support knowledge integration (Azevedo et al., 2022).
Complementary reviews highlight how individualized cognitive training and carefully titrated
practice schedules can enhance transfer, consistent with consolidation-oriented mechanisms (Pech,
Sawayama, & Maurel, 2025). Emerging work also links physical activity and embodied tasks to
neuroplastic change detectable in educational contexts, with downstream benefits for action
recognition and learning performance, consistent with hippocampal-dependent consolidation and
broader network reconfiguration (Yuan, Li, Feng, & Sun, 2025). Together, these findings
strengthen the case for timing, spacing, and retrieval as design variables with a plausible neural
substrate.

2.2 The interdisciplinary predicament: over-interpretation and “neuromyths”

Despite this progress, the education–neuroscience interface has faced recurrent problems of
over-interpretation and category mistakes. Systematic reviews of AI in education framed by
neuroscience principles caution that enthusiasm for novel tools can outpace methodological rigor,
leading to inflated claims that are not anchored in validated neural constructs or effect sizes
(Shiwlani, Hasan, & Kumar, 2024). In parallel, policy discourse and commercial materials have
periodically recycled neuromyths—over-generalizations (e.g., “X method activates the right
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brain”) or simplistic mappings from brain terms to pedagogical prescriptions—without clear
operational definitions, appropriate measures, or boundary conditions. Critical scholarship
situates these tendencies within wider sociotechnical imaginaries of the “learning brain,” warning
that neurotechnology and datafication can skew governance and amplify inequalities if not
tempered by interpretability, consent, and accountability (Williamson, Pykett, & Kotouza, 2025).
Calls for explainable, neuro-informed design likewise emphasize the need to align educational AI
and measurement practices with theoretical clarity and ethical constraints, rather than treating
neural language as rhetorical validation (Karmakar & Das, 2024). In short, the field must resist
both reductionism (collapsing complex pedagogy to single brain regions) and romanticism (using
brain metaphors as de facto evidence).

2.3 Current trajectories: dynamic networks, plasticity and individuality, and
neuroethics

(1) Dynamic brain-network models.

A key shift is from localist “one region—one function” stories to network-level, dynamical
accounts of learning. Neurocomputational perspectives illustrate how cognitive processes emerge
from interacting components whose effective connectivity changes with task demands and
experience, a stance that invites mid-level constructs (strategies, scaffolds, load) to be linked to
measurable dynamics (Thomas & Porayska-Pomsta, 2022). This systems focus dovetails with
classroom analytics, where temporal patterns of engagement and regulation can be modeled as
evolving states rather than static traits (Azevedo et al., 2022).

(2) Neuroplasticity and individual differences.

A second trajectory foregrounds plasticity and the spectrum of individuality. Reviews on
individualized cognitive training synthesize evidence that learners vary meaningfully in
responsiveness to task structures, feedback regimes, and pacing, with durable benefits when
interventions respect these profiles (Pech et al., 2025). Theorists explicitly propose
neuroplasticity-informed approaches that treat adaptive learning as the alignment of instructional
parameters with an individual’s plasticity spectrum—effectively reframing personalization as
plasticity matching (Swargiary, 2025). Work on lifelong learning similarly argues that digital
tools can support plastic change across the lifespan, provided that designs respect learners’
cognitive–affective profiles and contexts (Palamarchuk, Danyliuk, & Yevstafieva, 2025).
Complementary findings link embodied activity to measurable neural change with educational
relevance (Yuan et al., 2025). Collectively, these strands move the field toward precision
education grounded in plasticity and diversity rather than average effects.

(3) The rise of neuroethics.
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A third trajectory is the consolidation of neuroethics in educational research and policy. As
affect-sensing, behavioral analytics, and (in some settings) neural proxies become more
accessible, scholars urge robust frameworks for transparency, consent, data minimization, and
cognitive liberty (Williamson et al., 2025). Explainability is not only a technical desideratum for
AI used in education; it is an ethical condition for responsible interpretation and action (Karmakar
& Das, 2024). This ethical turn reframes “what can be measured” as a subset of “what ought to be
measured and how it should be used,” pushing the field beyond performance gains to questions of
justice and autonomy.

2.4 Synthesis: why a mid-level theory is needed

The reviewed literature offers clear mechanistic anchors—executive control (PFC), affective
gating (amygdala), and consolidation (hippocampus)—and also exposes persistent translation
gaps: neural constructs are often too coarse or too fine to guide day-to-day instructional decisions;
pedagogical constructs, in turn, are too global to map onto plausible mechanisms. Recent
advances point to solutions: SRL-oriented designs that externalize regulation (Azevedo & Aleven,
2013; Azevedo et al., 2022), network-level and neurocomputational models that formalize
process dynamics (Thomas & Porayska-Pomsta, 2022), and plasticity-informed personalization
that respects individual differences (Pech et al., 2025; Swargiary, 2025; Palamarchuk et al., 2025).
Yet the field still lacks an integrative mid-level framework that (a) translates neural constraints
into designable variables (e.g., task structure, pacing/spacing, affective framing), (b) specifies
mechanisms linking these variables to outcomes (e.g., match, tuning, consolidation), and (c)
builds in ethical guardrails for interpretation and use.

This is precisely the space our Neuro–Pedagogical Alignment Model (NPAM) aims to occupy in
Section 3: a theory that respects neural plausibility while remaining actionable for teachers and
policy makers—aligning instructional design with brain maturity, affective stability, and
cognitive control, and doing so with explicit attention to individual variability and neuroethical
responsibilities.

3. Theoretical Integration: The Neuro–Pedagogical Alignment Model (NPAM)

3.1 Theoretical positioning
The Neuro–Pedagogical Alignment Model (NPAM) seeks to bridge developmental neuroscience
and instructional design theory to explain why teaching methods that appear equivalent in surface
form yield markedly different learning outcomes. Existing research has identified numerous
correlations between brain activity and academic performance, yet few frameworks translate
these findings into actionable pedagogical variables. NPAM posits that teaching effectiveness
depends on the degree of alignment between neural readiness, pedagogical structure, and
contextual motivation.
In this sense, it serves as a mid-level theory—not reducing education to neurobiology, but
locating the boundary conditions under which instructional design resonates with the learner’s
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neural state. The model thus redefines “effective teaching” as a state of dynamic alignment
between three domains: neural systems, pedagogical structures, and situational affordances.

Figure 1: Structure of the Neuro–Pedagogical Alignment Model.
The model shows how cognitive, emotional, and pedagogical variables interact to determine learning

efficiency through three alignment mechanisms.
Source: Author.

3.2 Core components and three mechanisms

(1) Neural domain

The neural layer represents the biological constraints and capacities of the learner’s brain. Two
systems are particularly central:

Prefrontal Cortex (PFC) — the substrate of executive functions, including planning, inhibition,
and self-monitoring. It determines the learner’s capacity for goal maintenance and adaptive
control.

Amygdala — the node of affective salience, regulating approach–avoidance tendencies and
emotional triggers that modulate cognitive engagement.

Together, these systems define a learner’s momentary readiness to learn—the oscillating interplay
between control and emotion.

(2) Pedagogical domain

The pedagogical layer concerns how instruction is structured and paced:
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Task Structuring — the clarity, hierarchy, and scaffolding of tasks determine how cognitive load
is distributed and whether PFC resources are efficiently allocated.

Learning Rhythm — the temporal pattern of learning (duration, spacing, and intensity) influences
consolidation cycles and memory integration.

When instruction aligns with the learner’s neural maturation level and attentional capacity,
cognitive resources are optimally deployed, reducing extraneous load.

(3) Contextual domain

The contextual layer situates learning within its motivational and evaluative ecosystem:

Motivational Type — intrinsic vs. extrinsic motivation shapes amygdala activation and
dopaminergic drive. Intrinsic goals generally foster more stable learning engagement.

Assessment Ecology — formative vs. summative evaluation structures condition the learner’s
emotional tone and self-efficacy; formative environments tend to promote reflection and
prefrontal re-engagement.

This layer determines why the learner invests cognitive energy, and how feedback loops sustain
or disrupt the alignment between effort and reward.

3.3 Three mechanisms of neuro–pedagogical alignment

(1) Match: Structural resonance between brain and task

The match mechanism refers to the degree of correspondence between the learner’s neural
maturity (particularly prefrontal development) and the structural complexity of instructional tasks.

When task demands exceed executive capacity, attention collapses or emotion dominates; when
demands fall below capacity, engagement declines. Optimal learning emerges when cognitive
challenge and neural readiness are in equilibrium, a dynamic akin to the “zone of proximal neural
development.”

Pedagogical implication: Design should calibrate cognitive load and scaffolding according to
developmental readiness rather than curriculum uniformity.

(2) Tuning: Emotional-cognitive synchronization

The tuning mechanism captures how emotional arousal, mediated by the amygdala and insular
circuits, modulates prefrontal control.
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Moderate emotional activation enhances motivation and focus, while excessive or suppressed
emotion disrupts regulation.

Learning contexts that elicit meaningful, self-relevant emotion—curiosity, mild stress, or social
resonance—strengthen fronto-limbic coupling and sustain engagement.

Pedagogical implication: Teachers should intentionally design emotionally resonant
experiences—stories, choices, or collaborative tension—that synchronize affect and cognition.

(3) Consolidation: Temporal integration of memory and reflection

The consolidation mechanism refers to the hippocampal process through which short-term neural
traces are reorganized into long-term memory networks.

Educationally, this process is enhanced when instructional pacing respects biological
consolidation rhythms—periods of rehearsal, rest, and retrieval.

Repeated exposure with spaced intervals, reflection prompts, and low-stakes testing facilitates
durable encoding and retrieval.

Pedagogical implication: Learning design should incorporate structured intervals and reflective
review to allow hippocampal integration, rather than compressing instruction into massed
sessions.

3.4 Theoretical propositions

From these three mechanisms, NPAM advances four testable propositions for future research:

P1 (Match Principle) – Learning effectiveness increases when the structural complexity of a task
is matched to the learner’s executive maturity, minimizing overload and disengagement.

P2 (Tuning Principle) – Emotional arousal within an optimal range enhances cognitive control
and motivation through amygdala–prefrontal coupling.

P3 (Resonance Principle) – Instructional designs that evoke empathic or socially shared emotion
amplify motivational resonance and sustain attentional focus.

P4 (Consolidation Principle) – Spaced repetition and reflective evaluation strengthen
hippocampal consolidation, improving transfer and long-term retention.
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Figure 2. Neural systems supporting learning and emotion regulation.
The figure depicts core structures—prefrontal cortex, amygdala, hippocampus, and insula—that
interact to support executive control, emotional regulation, and memory consolidation. Source:
Author.

3.5 Summary

In sum, NPAM redefines effective pedagogy as a neuro–pedagogical alignment process governed
by three interacting mechanisms.

Rather than prescribing “brain-based teaching” in the reductionist sense, it specifies how neural
systems and instructional structures can be coordinated to achieve biological feasibility,
emotional resonance, and cognitive durability.

This integrative model thereby offers a framework for translating neuroscience into educational
practice—anchored in evidence, sensitive to context, and open to ethical reflection.

4.Mechanistic Analysis: Neural Components Underpinning Learning (NPAM

Model)

Understanding how specific brain regions support learning is crucial for the Neuro–Pedagogical
Alignment Model (NPAM). This section examines four key neural components – the prefrontal
cortex, amygdala, insula, and hippocampus – and synthesizes recent evidence (2015–2025) on
their roles in learning across development. For each region, we highlight core neuroscience
findings (with EEG/fMRI evidence) and discuss implications for educational practice and
instructional timing.
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4.1Prefrontal Cortex and Executive Control

The prefrontal cortex (PFC) is central to executive functions such as planning, inhibitory control,
and cognitive flexibility – capacities that mature through childhood and adolescence. Notably, the
dorsolateral PFC (DLPFC) supports working memory and planning, while the ventrolateral PFC
(VLPFC) contributes to impulse inhibition and task-switching . Classic lesion studies in primates
found that removing DLPFC impairs spatial working memory, whereas damage to ventrolateral
areas (and orbitofrontal cortex) disrupts response inhibition and set-shifting (e.g. reversal learning,
Go/No-Go tasks) . These findings, reinforced by fMRI in humans, indicate a functional
specialization: DLPFC maintains and manipulates goal-relevant information, whereas inferior
PFC regions help suppress prepotent impulses and flexibly reconfigure behavior when rules
change . The anterior cingulate cortex (ACC), part of medial PFC, monitors performance – it
detects conflicts and errors, signaling when increased control is needed . For example, in Stroop
tasks the ACC activates upon stimulus conflict and engages lateral PFC to bias attention
appropriately . This circuit underlies self-regulation: the ACC’s error-related signals (evident in
the EEG as the error-related negativity) strengthen with age as children’s brains learn to detect
and correct mistakes .

Neuroimaging across ages shows that executive control networks in PFC undergo protracted
development. Functional connectivity between PFC subregions intensifies from childhood into
adulthood , supporting improvements in focus and flexibility. EEG studies have revealed that
mid-frontal theta oscillations – generated in ACC/midline PFC – increase in power and
consistency from infancy through adolescence, correlating with the emergence of cognitive
control . This mid-frontal theta is thought to signal the need for control, while strengthened
theta-band connectivity between mid-frontal (ACC) and lateral PFC reflects the instantiation of
control as children mature . fMRI evidence likewise indicates that older children and adults
recruit PFC more efficiently during tasks like response inhibition, whereas younger children show
more diffuse or weaker PFC activation and often rely on external support or simpler strategies.
These developmental findings align with behavioral observations that executive functions –
attention regulation, impulse restraint, working memory – improve markedly through school-age
years.

Relevance to learning design: A well-developed PFC enables students to plan, stay on task, and
adapt strategies. In the classroom, this suggests tailoring cognitive demands to students’
developmental stage. Younger learners with immature PFC control benefit from structured
routines and scaffolding to offload executive burden, whereas adolescents can handle more
self-directed projects. Strategies that exercise the PFC (e.g. working memory games,
task-switching challenges) might build students’ cognitive flexibility, but should be balanced with
mental breaks to avoid fatigue. Notably, stress and sleep deprivation weaken PFC networks –
high catecholamine states (as in acute stress) “take the PFC offline,” reducing its top-down
control . Thus, a calm, low-stress learning environment supports optimal PFC function.
Scheduling demanding analytical work earlier in the day when students are fresh, and
incorporating brief mindfulness or refocusing exercises, can leverage PFC capacity. Over the long
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term, classroom practices that reinforce goal-setting, metacognition, and self-monitoring
(mimicking ACC–PFC functions) may strengthen these neural circuits, aligning pedagogy with
the neurodevelopment of executive control.

4.2 Amygdala and Emotion-Driven Learning

Emotion is a powerful driver of learning, and the amygdala – an almond-shaped limbic structure
– plays a pivotal role in how affective significance is attached to experiences. The amygdala
indexes the salience of stimuli, especially those linked to threat or reward, and modulates memory
formation accordingly. Neuroimaging meta-analyses confirm that amygdala activation is
heightened during the encoding (and retrieval) of emotional stimuli relative to neutral stimuli . In
both fMRI and PET studies, items that evoke fear, joy, or surprise consistently engage the
amygdala and are later remembered better than mundane items, indicating that the amygdala
helps tag emotional experiences for enhanced consolidation . This affective boost involves
amygdala interactions with the hippocampus and other memory regions: upon arousal, the
amygdala triggers the release of neuromodulators (like norepinephrine) that strengthen synaptic
plasticity in memory circuits . For example, a startling or rewarding classroom event (such as a
dramatic demonstration or a personal story) might be encoded more deeply because the amygdala
flags it as important, leading to robust recall.

However, the amygdala’s impact on learning can be facilitative or detrimental depending on
context. Moderate activation (e.g. mild excitement, positive surprise) tends to enhance attention
and retention, whereas extreme or chronic activation (e.g. severe anxiety, fear) can impair
learning. Under acute stress, amygdala-centered “reflexive” circuits dominate while the PFC’s
reflective control is suppressed . Neurochemically, high stress unleashes catecholamines that
strengthen amygdala and habitual responses but weaken PFC functions, reducing working
memory and self-control . This shift, an evolutionary “fight-or-flight” mechanism, means a
frightened or highly anxious student will struggle with complex reasoning or flexible thinking.
Indeed, elevated amygdala reactivity (seen in fMRI or even pupil dilation) correlates with
reduced prefrontal activity during cognitively demanding tasks in anxious individuals. Over time,
repeated stress can rewire amygdala–PFC circuits, biasing the brain toward hyper-vigilance at the
expense of exploration and creativity . This underscores the pedagogical importance of emotional
safety: a classroom perceived as threatening may chronically engage students’ amygdalae,
hindering their higher-order learning.

On the positive side, the amygdala also processes reward and motivation, linking learning with
positive reinforcement. The basolateral amygdala (BLA) in particular interacts with orbitofrontal
cortex (OFC) and striatum to encode associations between cues, actions, and rewarding outcomes .
Recent circuit-level studies show BLA–OFC pathways help form detailed, outcome-specific
reward memories (e.g. remembering exactly which strategy led to a good grade), and BLA signals
back to cortex can drive decisions based on anticipated rewards . Thus, amygdala activity is not
only about fear – it underlies the pleasure and intrinsic reward of learning, releasing dopamine
when a student solves a problem or receives praise. In educational settings, leveraging this circuit
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might involve positive emotional framing of material, use of gamification or points (activating
reward pathways), and celebrating successes to reinforce learning.

Relevance to learning design: Emotionally charged learning experiences are often the ones that
“stick.” Teachers can harness the amygdala’s role in affective memory by incorporating
storytelling, real-life stakes, or enthusiasm to imbue content with meaning. A moderate level of
arousal or challenge (e.g. a suspenseful question or a fun competition) can focus attention and
signal to the brain that “this is important” . Conversely, educators should minimize excessive fear
or shame in the classroom – harsh criticism or high-stakes pressure may trip the amygdala into a
threat state, impeding memory encoding and narrowing the student’s attention to survival cues
rather than the lesson. A stable, supportive classroom climate that addresses student anxiety
(through reassurance, routines, or socio-emotional learning) will prevent amygdala overactivation.
Additionally, incorporating rewards and novelty can motivate learners: for instance, providing
positive feedback and reward-associated cues (like progress badges or enjoyable activities) taps
into amygdala–reward circuits to boost engagement . Aligning instructional timing with
emotional cycles is also wise – difficult or tedious tasks can be interspersed with emotionally
uplifting breaks (music, humor, movement) to avoid prolonged amygdala stress. Ultimately,
NPAM emphasizes that learning is not purely cognitive but deeply emotional, so aligning
pedagogical techniques with the amygdala’s functions can enhance both memory and motivation.

4.3 Insula and Interoception

The insular cortex, often called the “fifth lobe,” is a multisensory hub integrating signals from the
body’s interior with emotional and cognitive processes . It plays a key role in interoception – the
perception of internal bodily states – and in generating the subjective feelings that accompany
those states (e.g. feeling anxious butterflies, feeling energized). The posterior insula receives
primary interoceptive inputs (heart rate, gut sensations, pain, temperature), providing a
moment-to-moment readout of the body’s condition . The anterior insula (AIC) then integrates
this internal information with higher-order context to produce conscious emotional awareness and
self-related thoughts . This anterior region is densely connected to limbic and prefrontal structures,
including reciprocal links with the amygdala and ACC, forming a core of the “salience network”
that detects noteworthy internal or external events . In fMRI, the insula reliably activates during
tasks involving awareness of feelings (such as noticing one’s heartbeat, or experiencing empathy
pain) and during anxiety-provoking or emotionally intense tasks . In fact, meta-analyses highlight
the insula and ACC as two regions consistently hyperactive in anxiety disorders, reflecting
heightened interoceptive surveillance (racing heart, tense muscles) and emotional alarm . Thus,
the insula serves as the brain’s internal “monitor and mediator”: it senses our physiological state
and helps translate it into motivational urges or discomfort that influence behavior.

One important function of the insula is contributing to self-awareness and agency. By binding
internal states to subjective experience, the insula helps answer the question “How do I feel right
now?” . Developmentally, children’s interoceptive awareness (and by extension, self-regulation)
grows as insula networks mature. Young children often struggle to identify internal states (like
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differentiating fatigue vs. boredom), but with age and the maturation of AIC connections to
frontal regions, they become better at using bodily signals to guide behavior (e.g. “I’m nervous, I
should calm down”). Research indicates that by adolescence, the insula–ACC circuit is more
efficient at integrating bodily arousal with executive control, enabling more nuanced emotion
regulation . Insula activity is also implicated in empathy and social learning: when students
observe others’ emotions or pain, their anterior insula often mirrors those feelings, which can
facilitate understanding and social bonding . This suggests that classroom activities involving
social emotions (like group reflections or discussions of characters’ feelings in literature)
inherently engage insular processes, potentially deepening learning via emotional resonance.

Crucially, the insula links bodily states to engagement and motivation. A student’s level of
hunger, fatigue, or stress – all interoceptive signals – can heavily sway their focus in class. The
insula monitors these signals and generates the urge to address them (e.g. the distraction of
hunger, the restlessness of sitting too long). It also contributes to the intrinsic reward of bodily
and emotional comfort: for instance, the positive feeling of a deep breath or a stretch is partly
mediated by insula, reinforcing behaviors that restore homeostasis . In negative situations, an
overactive insula can amplify anxiety or pain signals. Neuroimaging shows that insular
hyperactivity correlates with higher subjective anxiety – essentially, the insula “turning up the
volume” on internal alarm signals. On the other hand, interventions like mindfulness and
interoceptive training (teaching individuals to observe their breath or heartbeat non-judgmentally)
can down-regulate insula reactivity, reducing anxiety and improving focus . Indeed, a recent
study found that practicing body-awareness exercises altered anterior insula activation and was
linked to lower somatic anxiety symptoms . This points to the insula’s plasticity: its activity
patterns can change with training, which might enhance a learner’s resilience and engagement.

Relevance to learning design: The insula reminds us that learning is embodied – physical and
emotional states directly impact cognitive performance. Educators can align with insular function
in several ways. First, promoting interoceptive awareness in students (e.g. asking them to notice
when they need a break, or teaching quick relaxation techniques) can help them self-regulate. A
student who recognizes their heart racing before a presentation can employ deep breathing to
calm down, effectively using insula-mediated awareness to manage anxiety. Classroom
mindfulness programs, which often include body scans or breath focus, have a neural basis in
training the insula to attend to internal signals without alarm, thereby reducing stress reactivity .
Second, practical needs must be met: scheduling regular short movement breaks, ensuring
students aren’t going too long without snacks or water, and maintaining a comfortable room
climate all prevent adverse interoceptive signals (hunger, discomfort) from hijacking attention.
Because the insula helps prioritize salient internal cues, an uncomfortable student will find it hard
to concentrate on a math problem over their own bodily distress. Lastly, leveraging the insula’s
role in empathy and social emotion can enrich learning – activities like role-playing, discussing
moral dilemmas, or reflecting on personal experiences engage the insula and can make lessons
more meaningful. By acknowledging the insula’s influence on motivation and engagement,
NPAM encourages educators to view students holistically: a calm body and a positive emotional
state lay the neural groundwork for attentive, motivated learning.
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4.4 Hippocampus and Memory Consolidation

The hippocampus is essential for forming and stabilizing declarative memories – the kind of
knowledge and experiences educators aim to impart. It functions as the brain’s “encoding center”
for new information and the hub of consolidation processes that convert fragile short-term
memories into durable long-term stores. In the classic two-stage model of memory, the
hippocampus rapidly encodes episodes and facts during experience, then repeatedly reactivates
those memory traces during rest and sleep to integrate them into widespread cortical networks .
For example, when students learn a history lesson or a vocabulary word, the hippocampi (one in
each temporal lobe) bind together the sights, sounds, and meanings into a cohesive memory.
fMRI studies show that the magnitude of hippocampal activation at encoding predicts which
items will be remembered later – a phenomenon known as the subsequent memory effect –
highlighting the hippocampus’s role in successful initial learning. Importantly, this ability is
present from early childhood (even infants use hippocampi to form simple associations), but
efficiency and strategy use improve with age. During development, ongoing neuroplasticity in the
hippocampus, including synaptic refinement and even adult neurogenesis, supports increasing
memory capacity and complexity. (Notably, the hippocampus is one of the few regions where
new neurons are generated in adulthood – a form of plasticity thought to aid learning and memory
flexibility .)

After encoding, consolidation ensures that what is learned isn’t lost. The hippocampus “replays”
memory patterns during periods of offline rest – especially during slow-wave sleep – to reinforce
those memories. In rodents, this replay is literally observed as place cells firing in the same
sequence during sleep as when the animal ran a maze earlier. In humans, indirect measures (EEG
and fMRI) indicate that recently learned hippocampal patterns are reactivated in sleep, in
coordination with neocortical oscillations (sleep spindles and slow waves) . These replay events
drive a gradual hippocampal–cortical transfer: initially, the hippocampus is the primary storage
site for details of the memory, but each replay strengthens connections in the cortex (particularly
in the medial prefrontal and parietal “default mode” network) that eventually can represent the
memory independently . Over days to weeks, this process leads to systems consolidation – the
memory becomes stabilized in distributed cortical circuits, and the learner can retrieve it with less
reliance on the hippocampus . Crucially, not all memories are consolidated equally; the brain
prioritizes salient or repeatedly accessed information for stronger consolidation . Studies find that
if a learning experience is emotionally significant, frequent, or expected to be needed in the future,
the hippocampus tends to replay it more during subsequent sleep, leading to superior retention .
For instance, if a student studies a core concept several times (spaced over days), the
hippocampus will likely rehearse that concept during sleep, solidifying it – whereas a trivial detail
encountered once may be pruned away.

The principle of spaced repetition directly leverages hippocampal physiology. Cognitive research
has long shown that spacing out study sessions yields better long-term memory than massed
practice (cramming). Neuroscience now illuminates why: spaced learning allows time-dependent
consolidation to occur between sessions, strengthening the memory trace each time it is
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reactivated. EEG and fMRI experiments demonstrate that with spaced repetitions, learners show
increased engagement of retrieval processes – essentially recalling the prior session’s memory –
which involves the hippocampus and associated networks . One EEG study found that spaced
trials elicited greater neural pattern similarity to earlier trials (a sign of memory reinstatement),
whereas massed trials led to “repetition suppression” where the brain treated the information as
already known and did not robustly re-encode it . In other words, spacing forces the hippocampus
to work a bit harder to retrieve the memory (because some forgetting has occurred), and this extra
effort – reflected in stronger hippocampal-cortical interactions – reinforces the memory more than
if it were simply still active from moments ago . Additionally, a recent fMRI study using a 3-day
spaced learning paradigm showed that spaced training led to greater integration of memories in
cortical (default-mode) networks by one month later, compared to massed training . Thus, spaced
learning aids hippocampal consolidation, yielding knowledge that is retained for longer (often
well beyond the test date) – a direct neuro-scientific validation of spaced study techniques.

Relevance to learning design: The hippocampus-centered findings strongly support educational
strategies like spaced review, sufficient sleep, and multimodal encoding. Teachers can improve
memory durability by revisiting key material over time – for example, weekly quizzes or spiraled
curricula that reintroduce concepts – rather than a one-off exposure. Such spacing gives the
hippocampus repeated opportunities to reactivate and strengthen memories . Scheduling in-class
practice on a topic a day after initial learning (and again after a week) aligns with the brain’s
natural consolidation window, turning short-term memories into stable knowledge. Ensuring
students get quality sleep is equally critical: since hippocampal replay during sleep is a major
consolidation mechanism, heavy homework loads or late-night study that curtail sleep can
sabotage learning. NPAM-inspired design might advocate for homework policies and school
schedules that respect adolescents’ sleep needs, knowing that memories require overnight
processing to fully form. Moreover, encouraging retrieval practice (like low-stakes quizzes or
having students teach back material) harnesses the hippocampus – every time a student actively
recalls information, the hippocampus is engaged and the memory trace is made more robust.
Finally, educational content can be made hippocampus-friendly by being rich and associative.
The hippocampus excels at linking pieces of information (context, visuals, narrative), so lessons
that connect facts to a story, use imagery, or involve hands-on experiences will encode more
deeply than rote lists. By designing curricula that incorporate spaced repetition, ample
consolidation time, and meaningful context, educators are in effect working with the
hippocampus’s known learning rules. This neuro-aligned approach helps ensure that what
students learn is not only acquired but retained, forming a strong foundation for cumulative
knowledge growth.

In summary, these four neural components – PFC, amygdala, insula, and hippocampus – provide
a scientific backbone for NPAM by linking brain architecture to effective learning design. The
PFC’s executive networks enable goal-directed learning and benefit from structure and
stress-management in the classroom . The amygdala imbues learning with emotion, suggesting
that positive engagement and psychological safety are prerequisites for memory formation . The
insula connects bodily states to attention and motivation, reminding us to consider students’
internal comfort and self-awareness as factors in engagement . The hippocampus drives encoding
and consolidation, directly validating spaced practice and sufficient sleep as keys to durable
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learning . By aligning pedagogical strategies with these neural mechanisms, NPAM aims to
optimize learning across age groups, ensuring that teaching practices are not only pedagogically
sound but also biologically informed.

5. Critical Discussion

5.1 The Pseudo-Neuralization of Education: Conceptual Drift and Neuromyths

The growing appeal of educational neuroscience has inspired ambitious interdisciplinary
dialogues, but it has also generated a proliferation of neuromyths—simplified or false
interpretations of brain research (Howard-Jones, 2014).

Popular notions such as “left-brain logic vs. right-brain creativity,” “brainwave reading,” or
“visual learners learn better” persist in teacher training and policy discourse despite little
neuroscientific support (Pashler et al., 2008; Nielsen et al., 2013).

This phenomenon—what we term pseudo-neuralization—reflects the rhetorical appropriation of
neuroscience as symbolic capital, where brain imagery becomes a legitimizing ornament rather
than an explanatory mechanism.

From a methodological standpoint, three recurrent fallacies underpin these misuses:

Reverse inference—inferring psychological states directly from localized brain activation
(Poldrack, 2006);

Construct overreach—extrapolating laboratory findings to complex classroom settings;

Context neglect—treating cognitive functions as culture-free.

Such distortions confer a deceptive aura of “scientific certainty” to policies, while masking
uncertainty and boundary conditions (Williamson, Pykett, & Kotouza, 2025).

To counter these tendencies, we propose the “Five Questions for Neuro-Evidence” as a minimal
quality protocol for policy and practice:

(1) Is the construct clearly defined?

(2) Is the measurement valid and reliable?

(3) Is causality identified, not merely correlated?

(4) Are boundary conditions specified?

(5) Are ethical standards—privacy, consent, interpretability—met? (Karmakar & Das, 2024).
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The NPAM framework is built precisely on this critical posture: to mediate between biological
plausibility and pedagogical applicability, preventing the symbolic over-extension of brain
science in education.

5.2 “Empathic Fallacy” in Teaching Practice: From Intuition to Neuro-Feasibility

Educational innovation often suffers from an empathic fallacy: teachers project their own
cognitive preferences and motivational structures onto students, assuming universality.

The “flipped classroom,” for instance, is widely celebrated as a creativity-enhancing reform, yet
for students with immature executive functions or low emotional regulation, it can increase
anxiety, cognitive overload, and superficial engagement (Crone & Steinbeis, 2017).

Similarly, high-intensity or open-ended project learning may ignore the neurodevelopmental
limits of attention and inhibitory control (Arnsten, 2017).

NPAM introduces the notion of a Neuro-Feasibility Audit for instructional design—requiring
educators to evaluate whether a given learning task aligns with the learner’s neurophysiological
readiness.

Effective teaching should therefore be assessed through three biologically grounded dimensions:

Matching – alignment between task load and prefrontal maturity;

Tuning – emotional resonance and affective safety to stabilize the PFC–amygdala loop;

Consolidation – rhythmic sequencing of repetition, rest, and sleep for hippocampal integration
(Murty & Adcock, 2017; Xue et al., 2022).

In this light, pedagogical innovation must evolve from experience validation toward
neuro-auditing, ensuring that novelty does not become a disguised cognitive burden.

5.3 Neurodiversity and Educational Equity: From Uniformity to Adaptive Fairness

Most educational systems valorize standardized curricula and synchronized pacing as symbols of
efficiency.

Yet developmental neuroscience reveals pronounced individual differences in neural maturation,
executive function, and emotional regulation (Azevedo et al., 2022; Swargiary, 2025).

When instruction disregards such neural asynchrony, it inadvertently produces implicit
discrimination: excessive challenge leads to prefrontal collapse and hyper-amygdala activation,
while insufficient challenge undermines motivation and self-efficacy (Liston et al., 2009).
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To address this, NPAM advances the principle of plasticity equity—educational fairness as load
matching rather than pace equality.

Curricula should be elastic in task structure, learning rhythm, and feedback timing, allowing each
learner’s neural trajectory to unfold within optimal challenge zones (Pech, Sawayama, & Maurel,
2025).

At the governance level, neuro-ethics must safeguard learners’ cognitive liberty and neural
privacy (Ienca & Andorno, 2017), preventing biometric or brain-data exploitation in assessment
systems.

True equity thus arises not from flattening differences, but from respecting the biology of
diversity.

5.4 Theoretical Balance: NPAM as a Meso-Level Framework

Educational neuroscience often oscillates between two reductionist poles: naïve empiricism,
which treats classroom experience as self-sufficient, and biological determinism, which collapses
human learning into neural activation patterns (Howard-Jones, 2014).

NPAM rejects both extremes by positioning itself as a meso-level theory that integrates neural
mechanisms, pedagogical structures, and situational dynamics into a single explanatory ecology.

Learning, within NPAM, is neither purely mental nor purely neural, but a co-regulated process
across brain, task, and context.

Methodologically, NPAM aligns with Marr’s tri-level analysis (Marr, 1982):

The computational level defines the learning goal and representational target;

The algorithmic level operationalizes instructional rhythm and feedback loops;

The implementation level maps these processes onto neural substrates and plasticity patterns.

This stratified approach prevents cross-level fallacies and provides testable mid-range hypotheses
for future empirical work.

Ethically and philosophically, NPAM calls for an epistemic humility in applying brain science to
education: acknowledging limits of measurement, variability across learners, and the moral stakes
of intervention.

By situating itself between abstraction and application, NPAM aspires not to “neuralize”
education but to offer a responsible neuro-pedagogical grammar—a framework grounded in
mechanisms, boundaries, and ethics.
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Conclusion

This article has argued that effective education is not a matter of multiplying innovations but of
achieving alignment between neural mechanisms, pedagogical structures, and contextual
affordances. Drawing on a decade of research across educational neuroscience and the learning
sciences, we proposed the Neuro–Pedagogical Alignment Model (NPAM) as a meso-level theory
that translates biological plausibility into designable variables. NPAM posits three interacting
mechanisms—Match (calibrating task structure to executive maturity), Tuning (sustaining
fronto-limbic balance through emotionally safe and meaningful contexts), and Consolidation
(sequencing time for spaced practice, retrieval, and sleep to support hippocampal integration). By
reframing “what works” as “what aligns,” NPAM offers a principled alternative to
one-size-fits-all reforms and intuition-driven practice.

Our mechanistic analysis anchored these claims in contemporary evidence. The prefrontal system
underwrites planning, inhibition, and monitoring; the amygdala gates attention and memory via
affective salience; the insula couples interoception to motivation and engagement; and the
hippocampus implements encoding and systems consolidation. These circuits mature
asynchronously across development and remain plastic throughout the lifespan, which explains
why identical methods yield divergent outcomes across learners and moments. On this basis, we
advanced testable propositions (P1–P4) linking neural readiness, emotional resonance, and
temporal rhythm to durable learning—propositions intended to guide both classroom design and
empirical evaluation.

Our critical discussion situated NPAM amid persistent distortions at the education–neuroscience
interface. We cautioned against pseudo-neuralization (neuromyths, reverse inference, construct
overreach), the empathic fallacy in teaching (projecting one’s own learning preferences onto
students), and equity risks when standardized pacing collides with neural diversity. NPAM
responds with a Neuro-Feasibility Audit for instructional decisions and with the principle of
plasticity equity: fairness as load matching, not pace uniformity. It also embeds neuroethical
guardrails—transparency, minimal data, consent, and cognitive liberty—so that measurement
serves learning rather than governance convenience.

Several limitations temper our claims. School settings typically rely on behavioral and contextual
proxies rather than direct neural measures; causal identification remains challenging outside
laboratories; and cultural variation may moderate the emotional and motivational levers we
highlight. Accordingly, we call for multi-method, developmentally sensitive studies that combine
classroom analytics with portable psychophysiology, prioritize pre-registration and replication,
and evaluate NPAM’s mechanisms through boundary-condition tests (who benefits, under what
tasks, and at which ages). Explainable models and privacy-preserving analytics are essential to
keep interpretation tractable and ethical.
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Practically, NPAM yields clear design heuristics: (i) scaffold to the minimum neural common
denominator of the group while providing challenge bands; (ii) engineer affective safety and
meaningful relevance to stabilize PFC–amygdala coupling; (iii) schedule spaced retrieval and
protect sleep windows to respect consolidation; (iv) cultivate metacognitive routines that
externalize executive control; and (v) adopt elastic assessment ecologies (formative first,
summative later) that incentivize reflection over performance signaling. These heuristics do not
“neuralize” pedagogy; they discipline it—making instruction more biologically feasible, ethically
responsible, and educationally durable.

In sum, NPAM re-centers educational improvement on a simple claim: alignment, not
acceleration, is the currency of learning. By treating neural mechanisms as constraints and
affordances rather than prescriptions, the model offers a common language for teachers,
researchers, and policy-makers to coordinate designs that are rigorous in theory, humane in
practice, and sustainable in outcome.
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