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Abstract

Schooling is an essential and distinctive feature of human beings. Advances in
neuroimaging have helped us to understand the peculiarities of the human brain
and how those relate to our human interest in sharing knowledge. The human
brain is an organ that evolved to enable cognitive skills that allow social learning.
In turn, education and experience have a major impact on the development of the
human brain. The emerging field of Neuroeducation aims to combine information
about the brain processes related to cognitive skills involved in learning with the
efforts of the education community to optimise the transmission and assimilation
of knowledge.

Keywords: Neuroeducation, Human Evolution, Cognitive Neuroscience, Brain De-
velopment

Homo sapiens and schools

Schools are one of the most extraordinary features of Homo sapiens. This species
is the only known species to be so concerned about the learning of their progeny
that they developed an institution for teaching and created a wide range of tools
(e.g. writing, technology) and spaces (e.g. libraries, classrooms) to facilitate the
transmission of knowledge from generation to generation.

Homo sapiens are about 200.000 years old, which is a very short period com-
pared to the age of the Earth. The evolutionary process that gave rise to our spe-
cies is much longer. This process started more than 3500 million years ago when
the first life forms (bacteria) appeared on the Earth. Homo sapiens had acommon
ancestor with fish approximately 450 million years ago, with all mammals about
200 million years ago, and with chimpanzees nearly 6 million years ago. Our brain,
as well as all other organs of the body and the body itself, is the result of this
long-extended evolution process.
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What is so special about our brain that turn us in-
to such an extraordinary animal so concerned about
teaching and learning? It is certainly not a matter
of the brain size because some other animals have
larger brains than us (e.g. elephants, blue whales),
although in relative terms the human brain in rela-
tion to the human body is the largest of all species.
There are two other important aspects of the human
brain that stand out when compared to that of other
species. First is the increased proportion of the pre-
frontal cortex, this anterior part of the brain is the last
one to evolve both in phylogeny (i.e. the development
of the species) and ontogeny (i.e. the development of
the individual). Second is the increased surface area
of the cortex due to greater gyrification of the brain.
These two changes in biology coexist with remark-
able changes in cognition and behaviour that made
Homo Sapiens particularly skilled at exchanging
knowledge in cultural groups. Some of the most im-
portant human skills are related to the social domain
and have to do with our ability to communicate with
others and theorizing about what are their intentions
and thoughts. Young humans that have not yet been
exposed to literacy and schooling (children below
2.5 years) have been proven to be strikingly similar
to chimpanzees when it comes to understanding
certain aspects of the physical world such as space
(spatial memory, mental rotation, etc.), quantities
(differentiating amounts, adding small numbers)
or causality (“this causes that” type of knowledge,
tool use, etc.). But even these young humans excel
chimpanzees in their capacity to learn from others
(i.e. social learning), a capacity nurtured by commu-
nication, theory of mind and attention skills2. Along
its evolutionary journey, our brain has been shaped
by the pressure to be good at learning from others.
This has resulted in the fact that Homo sapiens are
born with the potential of developing a brain that is
particularly well fit to carry out this duty.

Furthermore, in the most recent past, humans
have extended their inherent cognitive capacities
through the creation of new tools. The earliest writ-
ing systems emerged about 5000 years ago®. Sym-
bols (e.g. letters or numbers) and ways of using them
have exponentially increased our capacity for techni-
cal and cultural exchange and cooperation. Learning
these new tools is essential for the successful devel-
opment of children in most of current human societ-
ies and imposes new challenges to calculations that

the brain needs to learn. By using the extraordinary
capacity to reflect upon themselves, communicating
and cooperating with others, humans have realised
how important the exchange of knowledge is for the
progress and survival chance of the human kind. As
a consequence, they have created an excellent insti-
tution to foster and preserve social learning: schools.
Itis alogical conclusion that knowing more about the
brain as our learning tool will help us bring the social
teaching/learning endeavour a step further.

The organ of learning

The fact that the human brain is inherited by all mem-
bers of the species at the time of conception does
not mean that the complete process of constructing
that brain is written in the genes. Certainly, genes will
guide the development of this organ towards a Homo
sapiens brain, as they do with all other organs in our
body. However, the conception of development has
moved from predetermined (by genes) to probabi-
listic*. We now know that the structure of the brain
and the expression of genes can be influenced by
experience and education and not only the other way
around. Impressive technical advances in the past
few decades have exponentially increased our knowl-
edge about the developmental process of the brain,
as well as its structural and functional architecture
with regard to the cognitive skills that emerge from
the function of this organ (see Table 1). This tech-
nology has provided evidence that we are born with
a potential brain, but the environment in which we
grow up, our learning opportunities, and a wide range
of social and cultural factors interact with biology to
build an idiosyncratic Homo sapiens brain for every
single one of us. This shows that education matters a
great deal in the process of building the human brain.

Brain plasticity refers to the changes in structure
and function that occur as a result of experience. All
brains are plastic to a certain degree. However, one
thing that makes the human brain unique is the pro-
longed period of postnatal cortical development. The
cortical grey matter of the brain, composed of neu-
ronal cell bodies and dendrites, follows an inverted U
shape curve of development. An initial period of cell
proliferation and increase of synapses is followed by
a process of synaptic pruning (see Figure 1). These
processes of dendritic arborisation and formation of
synapses as well as the subsequent synaptic pruning
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Table 1. Advances in neuroimaging

Brain information Technology

High-resolution 3D images of brain structure MRI

Metabolic changes in blood-oxygen levels linked to task

performance fMRI/ NIRS

Imaging of directionality and integrity of white-matter fibers

(Diffusion Tensor Imaging, DTI) MRI

Functional circuits (synchronized functional activation) either

at rest or task-related fMRI

Fast changes (in the order of milliseconds) of brain activation

either at rest of task-related EEG:ERPs)/ MEG-ERES

Functional organization (using graph theory with brain

KX
activation data) fMRI/ EEG BCA

Oscillatory activity related to the firing rate of neurons EEG

MRI: Magnetic Resonance Imaging; fMRI: Functional MRI; NIRS: Near InfraRed Spectroscopy; EEG: Electroencephalography; ERPs: Event-
Related Potentials; MEG ERFs: lated Fields

are experience-dependent. This means that the final
neural configuration of the cortex heavily depends on
what is required of the brain in the interaction with the
physical, social, and cultural environment of the indi-
vidual. The prefrontal cortex (PFC), the region of the
brain that hosts superior cognitive functions such as
executive functions, complex reasoning, and social
cognition, is the last one to complete this process of
maturation. In fact, synaptic pruning in the prefrontal
cortex is not completed until early adulthood®.
Humans have a very long-lasting childhood com-
pared to primates and all other species®. Given the
cost in terms of time, energy and resources that is
needed for childcare, one could ask how is this of
any advantage to humans. This extended develop-
ment brings about several advantages, the most
important one being the disproportionately large
growth of late-evolving regions of the brain such as
the prefrontal cortex” which closely relates to the
extended window for possible brain plasticity. This
idea is illustrated with data from a study in which the
development of the cortex was compared between
groups of children who differed in general intelli-
gence. Contrary to what we might intuitively think,
researchers found that most intelligent children were
the ones who reached the peak of cortical thickness
in many areas of the PFC last. Hence, compared to
average-intelligence children, those with superior in-
telligence showed showed the most delayed period
of synaptogenesis, followed by the most pronounced
pruning process during adolescence®. This provides
an extended period of opportunity to incorporate ex-

Synaptic proliferation

Synaptic pruning

age
Figure 1. lllustration of processes of synaptic proliferation and
pruning during brain development

perience and education to the configuration of this
part of the brain, maximising the flexibility for learn-
ing and adaptation.

Optimal learning builds the brain for
optimal learning

Two fundamental questions that lie beneath the
emerging field of Neuroeducation are whether we
can improve how the brain works through education
and whether knowing about the brain will help to en-
hance teaching and learning. The mere emergence of
the field is an affirmative response to both questions.

At the beginning of the past century, Santiago
Ramén y Cajal was using a microscope to see neu-
rons in slices of brain tissue of dead animals or hu-
mans. A century later, we are able to look inside the
human brain while it thinks or carries out tasks (see
Table 1). Neuroimaging technology in combination
with cognitive science is providing knowledge about
the anatomy and brain computations that underlies
many human cognitive skills, including attention,
perception, language, memory, reasoning, etc. The
level of understanding cognition and cognitive devel-
opment that we have currently access to was never
before available to educators. To benefit from this
knowledge, it is important to carry out multidisci-
plinary investigations that bring relevant questions
forward, understanding the rigour of scientific inquiry
and the limitations of the methods.

The concept of brain plasticity that was discussed
above is part of the response to the first fundamental
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question in Neuroeducation. In the past decades, an
increasing number of studies using brain measures
have shown many of the functional and structural
changes that occur in the brain as a result of prac-
tice or cognitive intervention. Compelling research
has shown that particular cognitive domains such as
memory can be considerably improved with practice.
However, the transfer of this type of specific practice
to other domains or even other types of information
(e.g. from memorising digits to memorising letters)
was found to be disappointingly low®. Nevertheless,
cognitive neuroscience has shown that while spe-
cific brain networks underlie different skills, some
brain networks have the property of modifying the
activity of other networks. Such is the case of atten-
tion. Attentional networks interact with other brain
regions to establish priorities in perception and ac-
tion™'". Because of the central role attention plays
in children and adults’ ability to regulate their emo-
tions and behaviour, it is considered a key aspect of
executive control™. This factor makes attention rel-
evant to all learning domains. Evidence has shown
that training attention and executive control changes
the efficiency of the underlying brain networks and
produces transfer to other cognitive domains such
as reasoning, language or other executive functions
in both children™" and adults™. Some of this re-
search shows that the benefits of training are boost-
ed by social interaction, particularly when educators
guide learning using metacognitive scaffolding (i.e.
making the pupils think about what and how they are
learning™). The transfer of attention training to fluid
reasoning, for example, comes with no surprise given
their substantial anatomical overlap and the central
role of attention for the conscious and deliberated
processing of information’.

Also, measures of brain function and changes in
function and structure in the direction of maturation
may serve as a direct form of testing the impact of
different educational strategies. This is an issue that
concerns parents, teachers and educators equally.
At home, specific caregiving styles and education
strategies may promote cognitive development more
than others. Increasing research is examining this
topic from different angles. On the one hand, compel-

ling evidence shows a detrimental effect of poverty
and low parental education in the brain development
of children, with larger impact in systems underly-
ing language, attention, and executive functions in
general™?, On the other hand, some authors have
looked at the effect of parenting styles on cognitive
and brain development. Robust evidence shows the
importance of maternal® sensitivity toward the child
from the very first weeks of life, as well as positive
affect, autonomy-support and the use of scaffolding
as the parental strategies that most contribute to
children’s brain development?'22.

We can also look at the brain for understanding the
impact of different pedagogies on learning. It is well
known that trying to recall information taking memo-
ry tests improves the retention of information in the
long-term memory more than just studying?. Brain
imaging has shown that testing facilitates learning
because the practice of retrieval promotes the activa-
tion of areas of the parietal cortex involved in retrieval
during subsequent study opportunities?. Likewise,
evidence shows beneficial effects of scaffolding (i.e.
structured assistance offered by educators during
learning) on the development of executive functions
of children either at homes? or in schools®. Like-
ly, scaffolding during learning episodes promotes
the activation of prefrontal structures dealing with
goal-directed attention and executive control™.

There is an optimal learning —> optimal brain func-
tion —> optimal learning loop, by which adequate
learning opportunities from very early on have an
extraordinary impact on the brain development and
the cognitive skills that are supported by it. These
skills are in turn essential for children to face the
learning challenges that they will have to tackle ei-
ther in formal schooling or in society. This suggests
that it is crucial to increase our understanding of the
most efficient methods to help children develop the
necessary skills, to give every child the best possible
chances to enter this loop.

Facing learning disabilities

Another important area of interest for Neuroeduca-
tion is to get scientifically-grounded insights as to

* Most studies show the key importance of mothers, because in most cultures they are the parental figure with the main role in
caregiving, and also because of processes of biological synchronization between their brains during mother-infant interactions (e.g.

breastfeeding) (see?).
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how to teach children with learning disabilities. A
wide range of conditions that affect neurocognitive
development is likely to impact children’s learning
capacity. Neurodevelopmental disorders such as
autism, attention-deficit/hyperactivity disorder
(ADHD) or other syndromes of genetic origin have
important consequences in brain organisation and
function. Something similar happens with children
suffering from learning disabilities such as dyslexia
or dyscalculia, although in these cases, neural defi-
cits may be more constraint to specific networks
and cognitive mechanisms. The cognitive neuro-
science approach is providing valuable knowledge
about the brain abnormalities that accompany
these conditions. For instance, children diagnosed
with ADHD appear to have smaller total cerebral vol-
umes as well as smaller total white matter volumes
(particularly for unmedicated children) compared
to typically-developing age-matched peers?’. This
might explain the less efficient processing of infor-
mation and delayed response times often observed
in ADHD. In addition, abnormalities in the function
of reward-related circuits mainly modulated by do-
pamine, are likely to explain delay aversion and mo-
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