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Memory and the developing brain: are insights from
cognitive neuroscience applicable to education?
Noa Ofen1,2, Qijing Yu1,2 and Zhijian Chen1
In this paper we present a succinct overview of the current
knowledge about the neural correlates of memory
development. Behavioral evidence strongly supports the view
that developmental effects are specific to memory that is
complex, and rich in contextual details. Neuroimaging
evidence supports an emerging view that stability and change
in memory functioning across age reflects the structural and
functional maturation of the brain regions that support memory,
particularly regions in the prefrontal cortex and the medial
temporal lobe. Recent research efforts using functional
neuroimaging have been directed to test hypotheses about the
neural basis of age-related difference in memory capacities,
prior knowledge, and effective use of strategies and
metacognitive abilities. Additionally, we review recent evidence
about how the development of the brain may set specific limits
on, and present certain opportunities for, memory functioning.
Finally, we discuss the challenges in applying insights from
investigations into the neural basis of memory development to
educational practices. We conclude that even though we have
learned a great deal about the neural correlates of memory
development, there are still several critical limitations in
applying this knowledge to educational practices.
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their manifestation. Advances in neuroimaging methods
and their growing application in cognitive neuroscience
research have generated excitement that knowledge
gained through these methods will be meaningful for
education and perhaps be able to inform and improve
classroom practices. Indeed, identifying the neural correlates supporting memory development is an area of
significant current research efforts, propelled by the desire to seek a mechanistic understanding of memory
development and the hope to empower education by
such understanding. Below we review recent studies that
contribute to the identification of the neural correlates of
memory development. We show how these efforts align
with decades-long investigations into the elements that
govern memory development, and we further discuss how
brain development may impose endogenous constraints
on the development of human memory. We end with
consideration of the current challenges, and future potential, of applying the knowledge gained from investigations into the neural basis of memory development to
inform educational practices.

The cognitive neuroscience of memory
development
A growing body of research in cognitive neuroscience is
devoted to characterizing the trends of memory development. In this section, we highlight some important trends
first from a cognitive perspective and then from a brainbased perspective.
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Introduction
Designing effective pedagogical methods depends upon
teachers’ scientific understanding of students’ cognitive
capacities in acquiring, maintaining and retrieving information at different ages. These capacities are contingent
upon the students’ young brains, as the development of
the brain may set the limits and provide opportunities for
www.sciencedirect.com

Cognitive perspective

Converging evidence suggests there exists little difference between children and adults when recognition is
dependent primarily on the familiarity with studied materials; in contrast, there are large differences between
children and adults for memories that depend on recollection of rich contextual details [1]. This notion has been
further corroborated by recent studies using a wide range
of experimental paradigms [2–6]. For example, Yim et al.
[3] demonstrated that the ability to form memory with an
increasingly complex relational context starts between
the ages of 4 and 7 and continuously develops well into
adulthood. The specific type of relational context may
also determine the magnitude of developmental effects in
the measured memory [4,6]. Finally, in a recent study
Koenig et al. [5] used the process dissociation paradigm, to
test developmental difference in familiarity and recollection processes. Participants studied a series of pictures
with either one or two objects presented (e.g., two alligators, one glass) and tested for their recognition of the
Current Opinion in Behavioral Sciences 2016, 10:81–88
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objects and for whether it was one or two objects that were
presented during study. The combination of these testing
conditions and an additional manipulation of the speed of
response was used to show that although both familiarity
and recollection processes are evident in children as
young as 5 years, recollection is less robust in 5-year-olds
compared to older children and adults. Overall, the recent
behavioral evidence is consistent with the notion that age
effects are found when the demanding aspects of memory
are tested, and that children may rely more on a memory
representations that retain less detailed information about
the configuration and context in which the information
was studied (see Figure 1a for an example).

Brain perspective

Developmental researchers in cognitive neuroscience
aim to map the cognitive processes that constitute the
developmental change in behavior to the brain. Among
the multiple brain regions that support memory functioning, two key regions have been the focus of developmental studies: the prefrontal cortex (PFC) and the medial
temporal lobe (MTL). A protracted structural development in the PFC is a consistent finding and is thought to
underlie the well-documented increase in the recruitment of the PFC by children during memory encoding
and retrieval [1,7–9]. In contrast, there are more modest
changes in the MTL [10], and age effects in MTL

Figure 1
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Toward a mechanistic understanding of memory development. (a) Behavioral evidence suggests that certain aspects of memory functioning are
stable from middle childhood to adulthood, whereas others, which require detailed and flexible memory such as the ability to correctly recall
specific associations, show protracted maturation. Memory sensitivity for item recognition (black) does not differ by age, whereas memory
sensitivity for associative recognition (red) increases by age (adapted from [2]). (b) Memory development is linked to age difference in activation in
key regions known to support memory, including the prefrontal cortex schematically shown on rendition of the lateral view of the brain and the
medial temporal lobe shown on a partial rendition of a medial view of the brain. Additional evidence links memory development to age-related
increase in the functional connectivity between these regions, represented by the line connecting the two regions. Original art by Julian Wong. (c)
Decades-long answers to the question ‘what is memory development the development of?’ highlight the net effects of age differences in basic
memory capacities, growth in the individual’s knowledge base, and increase in the effective use of mnemonic strategies. (d) The development of
the brain can be measured by comparing indices of regional volume. Because of the crucial role of the hippocampus in memory, recent advances
in high-resolution structural imaging of the hippocampus and reliable methods of estimating regional hippocampal volumes constitute promising
directions toward constructing a mechanistic understanding of how brain development supports the development of memory. Shown are example
tracings of the hippocampal subfields on high resolution in vivo brain images obtained from a child, an adolescent, and a young adult.
Adapted from [38].
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activation that support memory formation or retrieval
seem to depend on specific task or stimuli characteristics.
For example, Chai et al. [11] observed an age-related
activation increase during memory formation in the MTL
scene-selective regions only when the to-be-remembered
scenes are complex. Ghetti et al. [12] showed an agerelated difference in MTL activation patterns during
memory formation when the task involved detailed recollection. Similarly, for memory retrieval, some find no
age-related differences in MTL activation profiles [1,9],
whereas others find an age-related increase in MTL
activation with certain tasks or stimuli [13,14]. Altogether,
the recent evidence supports the view that age-related
improvement in memory ability are linked to functional
maturation of the PFC, differential recruitment of the
MTL, and increased functional connectivity between
these two key brain regions [15–17].

Beyond the general trends: ‘what is memory
development the development of’?
The general trends reviewed above were drawn from
observations of age-related differences in brain activation
profiles in response to fairly simple memory tasks. In
recent years, investigation of general trends has been
making way for a more careful investigation of specific
factors that may propel developmental changes. Below
we review several current lines of investigation that
intend to answer a decades-old question: ‘what is memory
development the development of?’[18,19] The answers
available then and updated now with data from neuroimaging studies are very much alike: basic memory capacities, growth in knowledge base, and metacognitive skills
in carrying out mnemonic strategies [20]. Below we
highlight some recent progress and novel insights from
applying a cognitive neuroscience approach to this ‘old’
question about the factors that contribute to the development of memory.
Basic memory capacities

The concept of capacity when applied to memory is
typically considered as referring to working memory
capacity. Working memory capacity is the limited amount
of information that can be kept in mind for further
processing over a short period of time [21]. Despite an
apparent developmental increase in performance of working memory tasks, it is still debatable whether all aspects
of working memory develop past early childhood [22].
Some propose that a basic storage component could be
fixed after age 3–5, and that a processing component
continues to develop. However, other empirical data
seem to be in favor of a general age-related increase
prevailing across modalities [23]. Using a cognitive neuroscience approach may shed new light on the question of
whether the development of working memory reflects
development in storage or in processing efficiency. Indeed, findings from neuroimaging studies with adult
participants suggest that regions in the parietal cortex
www.sciencedirect.com

support the storage component [24], whereas regions in
the PFC support the processing component and are
involved in maintenance, updating and inhibition [25].
Another basic memory capacity is the ability to generate
rich associations, that is, binding together disparate
details and maintaining associative representations to
allow successful retrieval of events [26]. There is some
behavioral and brain-based evidence that an associative
component in memory is fairly mature in children [27].
One exciting development in this line of investigation is
the use of more sophisticated and realistic tasks to probe
the naturalistic reliance on memory for daily functions. In
one recent study, Picard et al. [6] used a naturalistic
virtual environment to investigate three aspects of episodic memory — what, where, and when. They found
that the ability to recall spatiotemporal context increases
steadily from the age of 8 to young adulthood. Thus,
developmental effects are likely different across different aspects such as what, when or where experiences
occur [4,6]. Lee et al. [4] assessed the ability of children
(ages 8–11) and adults to form associations between two
items, between an item and a specific spatial location, or
between an item and the time when it was presented.
Overall, memory of the item-location association was
high and relatively stable across age. In contrast, memory
of the item-item and item-time associations improves
from childhood to adulthood. An interesting notion proposed by Edgin et al. is that young children and individuals with Down syndrome, a population with MTL
dysfunction, generate rigid associations of items embedded in context [28]. In line with this notion, DeMaster
et al. [29] observed an increase in MTL activation during
memory retrieval when comparing 8-year, 10-year olds,
and adults. The increase in MTL activation was related
to older participants’ ability to correctly detect minor
changes in the presentations of studied pairs during
retrieval, such as a switch in the relative locations of
the individual items between the presentations during
study and test. Collectively, these new findings highlight
that the basic memory capacity of forming, maintaining
and retrieving detailed associations among studied material continues to improve with age, and that the maturation of the MTL likely plays a key role in these
developmental effects.
Knowledge

Two important roles of prior knowledge for learning and
memory — the assimilation of new information and accommodation to new environments — had been seminally recognized by Jean Piaget [30] in the early days of
developmental psychology. At the dawn of cognitive
revolution, George Miller documented another significant role of prior knowledge, that is, organizing information into chunks to effectively enhance immediate
memory [31]. Individuals with more world knowledge
are able to form more extensive associations among a long
Current Opinion in Behavioral Sciences 2016, 10:81–88
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list of items to be remembered and thus reduce them into
fewer independent units. Thus, prior knowledge can
enhance chunking and lead to a vast increase in memory
performance. Equipped with advanced neural imaging
techniques and sophisticated analytical tools, recent work
in cognitive neuroscience has rekindled the interest in
understanding how such processes are carried out by the
brain. In adults, evidence suggests that the integration of
new information to form lasting schemas may be supported by an interplay between the anterior MTL and the
medial PFC [32,33]. Influence of prior knowledge on
learning and memory is likely of high importance for
education in both theory and practice, and an avenue
for future research. Studies of the effect of schooling and
the gains in knowledge associated with schooling on the
neural mechanisms of learning and memory will be of
great interest to the field of education.
Strategies and metamemory

As we have argued in the past [1], perhaps the most
documented contribution to the development of memory
is the increase in flexible use of deliberate mnemonic
strategies such as rehearsal, elaboration and organization
[34]. Here we refer to strategy as the cognitive operations
over and above the processes that are natural consequences of carrying out the task, and are meant to achieve
cognitive purposes that are potentially conscious and
controllable. Strategy use begins before schooling and
continues to mature through adulthood [20]. Neuroimaging and neuropsychological evidence strongly suggests
that the PFC supports effortful execution of specific task
demands and implementation of mnemonic strategies.
Therefore, the PFC is likely a key player in the processes
that govern mnemonic strategy use. Given what we
reviewed above regarding contributions of the PFC to
developmental effects in encoding and retrieval of rich
associative memories, it is possible that an age-related
increase in PFC activation reflects an age-related increase
in flexible and effective utilization of mnemonic strategies. Strategy use can be influenced by metacognitive
awareness of strategies (knowing that certain strategy
exists or that a certain strategy is more or less effective
than another) as well as by the individual’s ability and
motivation to execute the strategy. Teaching to use a
strategy is an important and effective lever in improving
children’s cognitive performance [20]. The cognitive and
neural mechanisms with which the utilization and effectiveness of children’s strategy use manifest are still not
well understood. Interestingly, in a recent study Brehmer
et al. [35] demonstrated that when providing strategy
training to groups of children and adults, the traininginduced changes in the neural correlates of subsequent
memory do not differ between the groups. Future
investigation that includes longitudinal characterization of brain changes as a result of mastering flexible
use of mnemonic strategies would help elucidate
the role of strategy in memory development.
Current Opinion in Behavioral Sciences 2016, 10:81–88

Brain development provides ‘endogenous’
constraints on the development of memory
The evidence reviewed above highlights functional MRI
studies of the neural underpinnings of memory development and the factors that contribute to the development
of memory. We show that age-related improvement in
memory functioning often entails an increase in functional activation of the PFC, differential recruitment of the
MTL and increase in the functional connectivity between regions in the PFC and the MTL. We reviewed
factors that were suggested by decades-long behavioral
research into the development of memory. In this short
section, we highlight a complementary perspective for
examining contributions of cognitive neuroscience to the
understanding the development of memory — the development of the brain. We suggest considering brain development, assessed by measurements of brain structural
and functional maturation, as providing ‘endogenous’
factors that influence the development of memory. This
focus of investigation is complementary to investigations
of specific hypotheses about the functional underpinnings
of memory development, because it is in a way suggesting
that brain provides limiting factors on the expression of
certain behaviors. Mechanistic understanding of memory
development will be facilitated by the identification of
endogenous factors that modulate developmental
changes in memory abilities. This notion is similar to
the maturation view as described by Johnson [36], although we assert it as a complement to investigations
focusing on developmental effects as reflecting mechanisms of functional network interactions [37]. Future
investigations of brain–behavior associations may focus
on identifying biological and environmental modifiers of
brain development and investigate the effects of those
modifiers on cognitive development. A few of the exciting
lines of investigation into the endogenous factors that
may promote developmental change are investigating the
individual differences in regional hippocampal volumes
[38,39,40,41,42], white matter organization and structural connectivity [43,44], and the brain’s resting-state
functional connectivity, which was recently shown to be
of relevance for memory development [45–47].

Implications for education
In a fundamental way, the study of learning unites
education and cognitive neuroscience, with the latter
revealing how the brain processes and stores the information one learns [48]. There is, however, a striking difference between the goals of the two disciplines. Cognitive
neuroscientists aim to gain knowledge about how the
brain supports learning and memory. For such knowledge
to be applicable in educational settings, it should become
a mean to improve pedagogical practices. Two main
obstacles stand in the way for successful implementation.
First, our understanding of the neuroscience of memory
and the developmental effects within this domain
remains, at this time, greatly limited. Second, even if
www.sciencedirect.com
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our efforts lead to a complete understanding of the way
the brain learns and remembers, there is no guarantee that
such knowledge can be applied to and benefit classroom
instruction. Below we expand on these two obstacles and
highlight avenues for future efforts to mitigate their
damning effects.

reading and math has enabled early detection of those
who later struggle at school, as recent studies have identified a correlation between precursor abilities (e.g. phonological awareness, number sense) and future abilities
[53]. Yet, even in those cases there is limited evidence
that interventions actually work in the long run (Box 1).

We begin with listing the major challenges for application
of the growing knowledge about the neural basis of
memory development to education. One is the lack of
a strong theoretical background against which one can
build a mechanistic framework of the neuroscience of
memory development. Despite tremendous efforts, cognitive neuroscience researchers are still far from agreement about a descriptive brain-based model of memory
systems. Moreover, there are frequent and interesting
offerings of new conceptualizations that challenge longstanding models [49]. The other major challenge is a more
practical one and pertains to the limited generalizability
of findings obtained in the lab due to several methodological considerations. First, studies in cognitive neuroscience typically use lab-based experimental tasks that
carefully assess specific cognitive domains. This practice
is crucial for identifying neural correlates of cognition, yet
it presents a problem for translating findings to a more
complex environment such as the classroom. Second,
studies typically use a small sample. This can be justified
when testing hypotheses for which the investigators
assume little individual differences, but it becomes a
problem when one attempts to capture individual differences such as those carried by age or those related to
classroom performance [50]. Third, there is relatively
little effort to statistically model existing individual differences in developmental experiments. Because there
are multiple sources of individual differences, conventional statistical approaches have limited power to tease
apart the contribution of these sources and the possible
interactions among them. One approach to address this
issue is to use advanced statistical modeling such as
structural equation modeling. Finally, and perhaps the
most significant challenge is that currently the majority of
our knowledge is based on results of cross-sectional
studies. Future research should fully embrace longitudinal designs that are critical for drawing inferences about
development. It is only with longitudinal data that one
can estimate intra-individual change and the inter-individual difference in intra-individual change [50,51].

One may still remain optimistic with the potential translational value of cognitive neuroscience research for education. First, with a larger arsenal of experimental tools,
researchers may be able to model the neural basis of more
complex and ecologically valid aspects of human memory
such as self-directed learning, multimedia learning and
collaborative learning in which content is embedded in a
realistic context [54,55]. Second, advances in analytic
techniques with big data sets may also provide opportunities for the translation of research into the classroom.
Nowadays, cognitive neuroscience researchers are striving to take advantage of ‘big data’ to accommodate the
highly complex environments they encounter in testing
their research hypotheses.

Translating knowledge to the classroom would entail
making inferences from individual brain mechanisms that
govern learning and memory to their operation in a
complex, dynamic, social learning environment. Such
an endeavor forces one to be bridging not only between
disciplines but also between different levels of description and organization [52]. Admittedly, cases of a successful translation from cognitive neuroscience to education
do exist. For example, knowledge of the neural basis of
www.sciencedirect.com

Both theoretical and empirical work is needed to begin
bridging between investigations of the cognitive neuroscience of memory development and education. A good
starting point would be to increase the cross talk between
the two disciplines. If the questions asked by educators
and parents become the initiating forces of cognitive
neuroscience research programs, these programs would
Box 1 Can findings from the developmental neuroscience
laboratory directly transfer to educational settings?
Findings in developmental neuroscience have led to a number of
consensuses. It is generally accepted that brain development
maintains a very rapid rate during the first couple years of life and
thereafter subsides to a much lower rate, the human brain can be
modified and shaped by experience through life, and the plasticity of
the brain dramatically declines when it passes certain periods.
However, disagreement exists when it comes to the implication of
these findings on education. Some researchers and many policy
makers consider such findings as evidence for early childhood
intervention which may put young children on a positive developmental trajectory early on and maximize the return of educational
investment in terms of both intellectual and financial outcomes for
either individuals or the public. In contrast, other researchers argue
against the direct generalization of findings in the developmental
neuroscience laboratory to classroom applications, citing methodological boundaries such as small sample size and sample selectivity
as well as social constraints with empirical studies in basic research
[58]. Early childhood intervention programs offer a revealing example
for the controversial views about bridging neuroscience and
education. Some intervention programs have been shown to
produce a short-term effect on school readiness and a long-term
effect in reducing crime and improving earnings, whereas the largest
U.S. preschool program, Head Start, suffers from a fade-out effect of
losing the short-term learning gains in the first grade and a negative
effect of emotional harm that persists into the later grades [59,60]. In
the relative infancy of cognitive neuroscience, attempts to transfer
findings from the developmental neuroscience laboratory directly to
educational settings are not always fruitful and not without risk.
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Box 2 Open questions

1. How does communication between the MTL and PFC support
memory development? So far, not much is known about the
nature of the interaction between these regions and the dynamic
role of such interaction, especially the timing of neuronal events
that coordinate the interaction, in contributing to developmental
effects. With the technique of functional MRI alone, researchers
are limited in their ability to answer the question. Further
methodological advances are needed to explore the nature of
information flow between the MTL and PFC that support memory
development.
2. How does the structural maturation of the PFC and the MTL
contribute to memory development? More research and
advancement in technology may enable reliable measurements of
change in the volume or shape of these structures. With such
measures we may be able to develop a deeper understanding of
how individual differences in brain structures and individual
differences in the change in those brain structures relate to
individual change in memory abilities.
3. Are there unique periods for memory development that
correspond to unique periods in brain development? Certainly
there are robust changes in early childhood, but some researchers
suggest that during adolescence there may be additional changes
unique to this developmental stage.
4. What about the cohort effects? No doubt that children today
grow up in a different world than even a decade or two ago. How
can studies enhance interpretations of changes across age as
reflecting ‘true’ development rather than the role of technology in
the life of children growing up in today’s world?
Many other similar factors that may modify brain and cognition
remain to be investigated, such as environmental factors, life-style
factors (e.g. exercise and sleep), the role of instruction versus
unsupervised play, and individual differences in motivation and
personality. All these factors are important avenues for future
investigation, as building a solid understanding of their contribution
will definitely help bridge the gap between our understanding of the
neural basis of memory development and the implication of such
knowledge in education.

likely be able to provide insights relevant for the classroom. The effects and value of testing seem to be an
example of one such question on the minds of educators
and parents for which cognitive neuroscience approach
may provide useful insights. Recent studies begin to map
the mechanisms by which testing rather than simply restudying information improves the long term retention of
the information [56,57].
Can there be a solid bridge between neuroscience of memory development and education? The jury is still out. There is
certainly great interest in such endeavor coming both from
academics and the private sector. Based on the evidence we
review here, we argue that more research is needed in
charting the terrain of memory development in the brain
(Box 2). Better understanding of the terrain is necessary
before lasting and useful bridges can be set.
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