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The 1990s has been the decade of the brain.  Scientific understanding of our most complex organ has increased multifold.  The question which this brief article addresses is: Should brain science matter to educators?  The answer advanced here is ‘Yes’; this newly expanded field of brain science, known generally as cognitive neuroscience, should be of professional interest to principals, teachers and education academics because cognitive neuroscience involves studies of learning, memory, language, literacy, numeracy - especially in young children - areas in which education has always claimed experiential and conceptual supremacy.  Interestingly, many of the findings of cognitive neuroscience underscore what has long been regarded as best teaching practice.

Cognitive neuroscience is a wide field embracing a rich variety of experimental paradigms and approaches, from the biomolecular to the behavioural.  The overarching aim of cognitive neuroscience is to chart mappings of neural functions which correlate with cognitive behaviours, especially learning.

Data is gathered by a wide range of experimental techniques, such as: 

· biochemical assay;

· autopsy;

· recordings of the electrical activity of single brain cells (neurones);

· positron emission tomography (PET) scans;

· functional magnetic resonance imaging (fMRI); and 

· electroencephalograph (EEG) recording.

Historically, this research has been driven by the more immediate concerns of neuropathology, where 'deficit-functioning' has informed various models of cognition.  Recent improvements in the temporal and spatial resolution of non-invasive techniques, particularly fMRI, have been able to image 'normal-functioning' subjects.  Nevertheless, a valid map of neural correlates still remains largely elusive.  The more that is found out about the brain, the more it becomes apparent that there is so much more to understand.  It is only with this note of caution firmly in mind that we can consider what relevance and implications this scientific work might hold for education.

With an estimated 50,000 neuroscience researchers in Europe, and a similar number in the USA, perhaps it is little wonder that a plethora of populist brain science books covering topics from memory to consciousness to perceptions of reality have been the decade's top sellers in 'good' bookshops.  A sample of these is listed at the end of the article.  It is a rather sobering experience, then, as an educationist, to consult the indexes of these books.  There are multiple references to learning, knowledge, memory, motivation, cognitive development and so on, but none whatsoever to education, schooling, children as pupils or pedagogy.  (A recent and welcome exception is Ann and Richard Barnet (1998) The Youngest Minds, at least with respect to cognitive neuroscience and pre-schooling.)

Should we care?  After all, there is more than enough change to manage in education without taking on an area as challenging as brain science.  The brain lab seems a long way from the educational bottom line.  However, apparent distances can be deceiving.  If learning is the core concept of education, then some of the discoveries of cognitive neuroscience may well help us to better understand the learning processes of our students, and hence, to teach them more appropriately and effectively. As psychologist John Bruer (1994, p. 273) argues:

We send our children to school to learn things they might not learn without formal instruction so that they can function more intelligently outside school.  If so, recommendations for school reform should explicitly appeal to and implement our best, current understanding of what learning and intelligence are.  In the public debate on school reform, this is seldom the case.  Common recommendations - raising standards, increasing accountability, testing more, creating markets in educational services - are psychologically atheoretical, based at best on common sense and at worst on naive or dated conceptions of learning.
That said, any search for a brain research-based conceptualisation of learning must take into account that brain functioning itself is a multi-level phenomenon, describable at molecular, cellular, cerebral organisational, psychological and/or social levels.  A challenge for the application of laboratory descriptions of brain functioning, typically at the molecular, cellular or cerebral levels, to the psychological and social levels observable in the classroom is that it is not well understood exactly how behaviour at any one level affects the behaviour at the levels above and below.  In fact, the sheer size and complexity of the human brain may mean there is a limit to its understanding by other human brains.  

Nevertheless, some progress in multi-level descriptions of intelligence has been made.  For example, PET and EEG studies of exceptionally mathematically gifted young adolescent students, who behaviourally can already solve college-level mathematics problems, have revealed that the brain organisation of these teenagers is different to that of their age peers - several areas of the cortex, especially the frontal areas, are more differentiated in the gifted adolescents’ brains.  Genetic studies have also shown that intelligence as a predisposition to learning is largely inherited, i.e., genetically based.  Presumably, a multitude of genes are involved.  Interestingly, Robert Plomin at the London Institute of Pyschiatry has found positive correlations between general intelligence and two genes on chromosomes 4 and 6, both genes governing biochemical reactions that occur in the brain cells (neurones) that mediate the functioning of memory.  The implication for education is clear - due to their different neural wiring, gifted students have different learning needs, and require an appropriately advanced curriculum, delivered with an appropriately higher-order pedagogy.

The case for gifted students can be generalised: humans are biological entities - at an appropriate level, all human behaviour is biological.  Human brains are biological entities - at an appropriate level, all brain behaviour is neurobiological.  As brain behaviour includes learning, memorisation, epistemology, literacy, numeracy, creativity, reasoning, intelligence(s), emotion ... the stuff of education is essentially neurobiological.  Until recently, we have been able to largely ignore this in-principle position and treat our students’ brains as a black boxes.  This is no longer possible.  Of course a cognitive neuroscience account of learning may not always be the most appropriate level for classroom application.  And of course, at any time, not all of the data will be in, and new theories will replace the old.  Nevertheless, that the lid of the black box has been prised open means that education has little choice but to embrace cognitive neuroscience into its commonwealth.

For example, at the level of education policy, there are questions which might one day be profitably asked of cognitive neuroscience.  

•
What is the ‘best’ age to begin formal schooling? 

•
What is the ‘best’ age for early education? 

•
What are the 'right' things for a parent to be doing at home before their child commences school? 

•
Is there a natural order of intellectual development for verbal and non-verbal reasoning? 

•
Is there a critical age beyond which the foundations for adolescent literacy and numeracy is passed?  

•
For children who suffer an educational disadvantage of some kind, e.g. socio-economic and/or genetic, what sorts of specific interventions will be effective? 

Clearly, any light shed on these difficult but important issues could have an impact on school organisation, especially at the parent-school interface.

Whereas answers to these particular questions may be unlikely until the longer term, if ever, there is already considerable media interest in the educational applications of brain functioning research.  The topics of many recent teacher professional development presentations suggest that teachers are very interested in being informed about brain functioning which is relevant to learning and development in children.  Unfortunately, much of this well intentioned interest is predicated on an over-simplification of brain research, e.g. that you can teach half of a brain in isolation.  To divide a curriculum between so-called left-brain and right-brain activities is a complete nonsense, and a gross over-simplification and misunderstanding of what has been learned about cerebral modular organisation and its hemispheric distribution.  The lesson from the lab for school pedagogy is that while the brain is certainly composed of specialist information processors, some of which are located in either the right hemisphere or the left, it is the coordinated integration of these numerous specialist functions that constitutes practical cognition, i.e., intelligence in action.  Consequently, complex classroom activities which promote integrated brain functioning should be promoted over those which misguidedly aim to limit cerebral activity.

At the level of brain cellular (neuronal) functioning, the fundamental question for cognitive neuroscience is: When we learn, what changes in the brain so that later we can recall an item of knowledge, or perform a rehearsed behaviour?  An answer was postulated some 50 years ago by Canadian neuroscientist Donald Hebb, and recently confirmed experimentally by Nobel Laureate Bert Sackmann: the strength of inter-neuronal communication, i.e., the electro-chemical reactions between brain cells, changes as a result of repeated coincident firings of pairs of neurones.  Learning through repetition produces a permanent neurophysiological change in the circuitry of clusters of neurones - the circuitry which is repeatedly used gets more efficient.  This account of the biological basis of memory explains why memory can be both rich and dynamic, yet elusive and fragmentary if under-rehearsed.

An important pedagogic implication of Hebb’s account of learning is that repetition is necessary for reliability.  Of course this is not new news for educators - to say the least!  But one could take the argument further.  In curriculum development, depth might deserve some privilege over breadth.  The over-crowded curriculum could mitigate against high general levels of basic skills, or frustrate permanent change in children's naive concepts.  Moreover, the Hebbian account explains why erroneous learning is so hard to eliminate or counter-act.  For example, in music education, music teachers have long observed that what a student practises is what that student plays, regardless of its musical correctness; hence, the importance of performing new pieces slowly and carefully.  Similar reasons explain why naive science concepts learned in childhood can be so resilient to change later in school.

Hebbian learning is more efficient if the same neural circuits are stimulated for each learning experience.  Before reinforcement has stabilised, distractions, wild guesses, misleading concepts and so on can all be threats to learning efficiency as they are likely to affect other neural circuits to the one required for learning the item of content or skill at hand.  All this supports the use of clear and explicit targets during the initial stages of learning a new topic, so that neuronal reinforcement can be well focused.  For example, with a new topic in mathematics, say, simultaneous equations, the teacher or the text book could provide solutions to the initial problems as learning targets, rather than let students get wrong answers, since wrong answers will also reinforce neuronal circuits just as well as right answers, rather like the music student learning wrong notes.

Lest the preceding paragraphs sound alarmingly like narrow behaviourism writ large, it needs to be kept in mind that brain functioning is typically nonlinear, or to use the more popular term, chaotic (but in the mathematical sense).  Even the resting state of the brain is chaotic.  From an evolutionary perspective, it has to be.  The brain has evolved as an organ which doesn’t know what is going to happen next, but nevertheless has to respond quickly to (sometimes quite complex) unanticipated stimuli.

Consequently, the probability that all of the children in a class will be on-task at any moment in time, much less for all of the time, even during the most engaging lesson, is vanishingly small.  In certain circumstances, brain states will be hyper-sensitive to fluctuations in conditions (the much maligned butterfly-effect in chaos theory), e.g. a dropped ruler, an uncontrolled fart or a slip of the tongue made while answering a teacher's question, and the class dissolves into uncontrolled laughter.  More importantly, however, nonlinearity of brain functioning means that the same classroom conditions and teacher input can produce quite different learning responses from the individual students experiencing the same lesson.  Again, this is not new news.  However, French neuroscientist Jean-Jaques Changeux (1985) points out that "different learning inputs may produce different connective organisations and neuronal functioning abilities but the same behavioural capacity" (p. 249, emphasis in original).  That is, much human behaviour can be predicted, and much learning usefully directed.  

To put this into more familiar terms, true learning can be demonstrated by automaticity, the proverbial not forgetting how to ride a bicycle.  The automaticity or independence of reliable learning is a result of the enhanced efficiency of the firing of the relevant neuronal circuits.  But, and it’s a big but, human automaticity is not like the behaviour of a mindless automaton; just the opposite, human automaticity is adaptive to ever changing novel contexts, e.g., driving a car in a new city, or on the ‘other’ side of the road.  That is, remembering is an act of reconstruction, not an act of retrieval.  Memory is affected by contextual cues, including feelings and various perceptual stimuli, as well as life experiences which have occurred since the remembered event and which affect some of the same neuronal circuitry.  This raises an issue for educational assessment.  Given that most tests and examinations are based on pupils' memory recall, to what extent should (or can) school assessment focus on the reconstruction of memory as opposed to its veridical ideal?  

Memory recall takes a finite time.  The time period between stimulus and response involving memory has been measured; it typically peaks around one-third of a second, but can last up to one whole second depending on the difficulty of the task, and of the nature of the task, e.g., free recall takes much longer than primed recall.  This supports the sound pedagogic practice of deliberate teacher wait-time.  The reason for this necessary time for memory recall has been revealed from neuroanatomical evidence that whereas many areas of the brain may be involved in memory, one module in the centre of the brain, the hippocampus, is critical.  The hippocampus seems to act as a memory gateway which encodes our selected experiences for later recall.  Furthermore, to deal with what could be an overwhelming amount of detailed input, the hippocampus encodes more for relationship than specificity.  That is, we usually remember the gist of things, and fill in the detail as required.  

This account is consistent with those models of intelligent behaviour in which analogy and metaphor are central.  Certainly metaphor and analogy are prominent in the work of more able students who seem to have less compartmentalised memories, and thus need to make their own connections from primary source material, rather than have it spoon fed to them.  In contrast, lower achieving students seem to have greater compartmentalisation of memory storage.  Consequently, lower achieving students allocate greater mental resources to the local level of the task at hand, e.g. calculation, rather than to a more global or metacognitive level of task-monitoring, e.g. estimation of the answer, checking the correctness of algorithm.  This creates a vicious circle where 'basic' skills remain non-automatic yet cannot be readily self-corrected.  One type of consequent intervention, soon to be employed for brain-damaged stroke patients, is that of biofeedback whereby the patient will be able to see his/her brain working on a scanner while performing a particular learning task.  Could such an intervention have a place in education for those students with diagnosed learning difficulties?

Another aspect of memory with which teachers are familiar is that all memories are laid down and activated within an affective or emotional context.  The memory gateway, the hippocampus, lies adjacent to the brain modules responsible for the generation of emotions, the limbic system.  Not surprisingly then, we learn best what we care about, and avoid what we fear most; hence, mathematical passion, or mathematics negativity.  It is this affective component in the memory circuitry that determines motivation and the competence-confidence nexus.  There are educational implications here for the measurement of school success as a function of pupils’ perceived individual successes, regardless of their level of achievement.  This is not a call for dumbing-down - in fact, quite the opposite.  It is a call for school organisation to even further recognise neurobiologically-driven individual differences in responses to school learning, in order to break the cycle of low competence generating low confidence generating low competence ..., as well as to minimise underachivement by academically gifted children through boredom with an under-challenging age-normed curriculum.  One such secondary school organisation which has met with some success in maximising motivation across the full range of learning abilities is that of vertical class organisation, or multi-age classes grouped by ability and interest.  Whatever organisational solution is adopted, there is little support for the convenience of age-lock-step from cognitive neuroscience.

Finally, taking a step back from the classroom and the school, another reason that educators should embrace cognitive neuroscience is that of professional status.  Cognitive neuroscientists have for some time been active in researching learning, memory in general, and literacy and numeracy in particular.  These same scientists have also for some time been nominating education as a long-term social application of their work in their submissions for research funding.  Educationists, however, have not thus far been consulted.  This situation requires urgent attention - educators need to engage in dialogue with cognitive neuroscientists to enable educational applications to be realised.  Moreover, could the development of pedagogics from the present heuristic-base to a scientific evidence-base strengthen the argument for improvements in teachers' social regard and salary, just as happened to medical doctors earlier this century?
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