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Adapting Middle Level Educational Practices To Current Research on Brain Functioning 

The 1990’s were labelled, “The decade of the brain” by a U.S. Presidential Committee (Rennie, 2002).  Certainly more has been learned about brain functioning in this past decade than in the entire history of human enquiry.  However, unfortunately for those hoping for immediate research outcomes, which could be used for political solutions to social problems, the more that is understood about the brain, the more of its mystery is revealed.

Are there new insights about brain functioning, which can be applied to education?  Does a better understanding of how our students’ brains function help us in our classroom work as teachers?  This article outlines a positive response to these questions by considering how some vexatious educational issues could be informed by viewing the research evidence including studies at Oxford University in Great Britain, on how brains manage intelligence.

Teachers As Brain Scientists

Scientists in this field should actively involve classroom teachers in brain research.  There is an ulterior motive for this proposal beyond simply to educate teachers themselves. Educators should be actively engaged in debate over the direction of future brain research.  Cognitive neuroscientists are very interested in questions of learning and children’s cognitive development.  But, who better than practising teachers to bring to the table their wealth of experience in helping to determine which research questions about human learning might be worthwhile pursuing?  While scientists may frame important research questions, educators are the ones who should be applying the research and thus should assist in identifying the questions, which need to be studied.

Cognitive neuroscience, that aspect of brain research that is concerned with learning and intellectual functioning, is a far from simple subject.  This point does not simply refer to the myriad of neuro-anatomical and technical terms and concepts that characterise the literature, but more to the different levels of description employed.  As teachers we observe children’s brains functioning at a behavioural level.  We can posit an underlying psychology to explain this behaviour, referring to models of learning by such notables as Piaget or Vygotsky. Cognitive neuroscience goes another level deeper in exploring what neural functioning correlates with these observed and posited cognitive behaviours.  The problem is that such transference between levels of description is not straightforward, there often appears to be no simple one-to-one correspondence.  Thus we have to be very wary of oversimplifications of the neuro-level of description in seeking applications at the behavioural level.

Thinking as Neural Connectiveness

A pervasive example has been the over-simplified interpretation of laterality studies to produce the nonsensical advocacy of “left and right-brained thinking.”  Certainly there is good evidence that much of brain functioning is modular, and that many cognitive functions are critically reliant on modules, which are usually found in one or other hemisphere.  But, thinking, especially the sort of thinking we encourage children to do in our classrooms, typically requires the concerted effort of numerous modules located in many different parts of the brain across both hemispheres.  For example, brain imaging research by Belgium neuroscientist Stanislaw Dehaene, shows that doing simple arithmetic requires the synchronised contributions of about eight functional modules (Dehaene, 1997). This requires ordered communication of information between left and right visual cortices for identifying written digits, left and right parietal cortices for understanding the quantities represented, left temporal cortex for verbalising the problem, and left and right frontal areas for deciding what strategies to employ in solving the problem, and planning and monitoring the solution processes.  

The lesson here is that modular brain architecture does not map onto the curriculum divisions, which we might make as educators.  Moreover, evidence from studies of infant brain functioning suggests that it is the growth of inter-module connections, which underpins cognitive development.  The behavioural stages, which Piaget described, are manifestations of inter-module connectivity achieving a level of sufficiency.  In other words, rather than vainly trying to isolate modular thinking in the brains of our students, we should be doing just the opposite, and promoting integrated thinking, modelled on adult cognition, just as Vygotsky prescribed (Vygotsky, 1978). 
Brain Development Through Learning

Such a recommendation obviously assumes that education matters, and that teaching has a positive effect on the brain development of children.  This leads us to consider the interrelationship of nature and nurture.  Esther Thelen and Linda Smith at Indiana University have studied how infants learn to walk. Clearly as babies we have a genetic predisposition to develop our push-down reflex, evident at birth, into fully-fledged walking.  But as Thelen and Smith point out, it is through the multiple instances of actual attempts and then practices at walking that we accomplish this.  In more formal terms, the global phenomenon of walking is learned through the repeated experience of actual instances of trying to walk (Thelen & Smith, 1995). 

This account makes sense at the descriptive level of brain cells, neurons, and how they are modified through experience. Each neuron communicates with thousands of others via multiple branches: dendrites for receiving information; axons for transmitting information. The branches of each neuron’s axon terminate very close to the dendrites of neighbouring neurons. The gap or synapse between axon and dendrite plays a critical role in the transmission of information between neurons. Electrical impulses in axons trigger the release of chemicals, neurotransmitters such as dopamine or serotonin, into the synapse.  These are detected by the dendrite across the gap, which in turn trigger electrical impulses in the ‘downstream’ neuron.  In the 1940s, Canadian neuroscientist Donald Hebb was concerned about how, at the brain cell level of description, learning could become permanent in the brain.  He proposed that wherever a pair of neurons were repeatedly stimulated together, this synaptic functioning of information transfer becomes more efficient.  That is, repetition produces recall with less effort and more accuracy.  More recently, studies of neuron physiology, and of the electrical activity of brain modules, have supported Hebb’s model (Changeux, 1985).

Of course, this is hardly news for teachers. All of us need repetition to master a new language, or a new mathematical technique. Even the most gifted young musical prodigy needs to regularly practice to achieve a professional standard of proficiency.  In general, curriculum as a series of one-off learning experiences is unlikely to be very effective for many students.  A better approach would be a spiral-type curriculum where important concepts are met over and over again, but in different contexts to maintain interest.  

At the brain level of description, we could say that the purpose of formal education is to maximize the reinforcement of connections between relevant functional modules. There might even be different sets of inter-module pathways that are characteristic of different subject disciplines, although this is just a conjecture.  All cognitive tasks, especially those we expect of our students, involve the memory areas of the brain acting together with the emotional systems.  Most educational endeavors also involve the various language areas of the brain.  Furthermore, all educational competencies involve the several sensori-input areas, all involve at some stage the motor areas (e.g., writing and speaking), and all areas of education require the executive areas of the front of the brain to evaluate choices and make decisions by current information with that stored in long-term memory. Consequently, the idea that there could be separate areas of the brain devoted to separate areas of the curriculum is most unlikely.

In other words, as suggested above, it is integration with depth rather than separateness that should be the guiding principle for teachers when deciding about curriculum content.  An example relevant for the instruction of 12 and 13 year-olds is the International Pendulum Project of science educationalist Michael Matthews (Matthews, 2000).  Here, the properties and characteristics of the simple pendulum are studied, not just from the scientific and mathematical points of view, but also from historical, philosophic and social perspectives.  The beauty of this topic is that the range of concepts falls within the cognitive capabilities of middle school students, and the practical experiments are inexpensive and do-able within a middle school classroom.  

The executive functioning of the frontal cortex of 12 year-olds is of special interest developmentally.  At about this age, children’s frontal cortices undergo a growth spurt of new neurons, and new connections (Giedd et al, 1999).  Some practical applications of this information for classroom teachers might be found in promoting classroom practices that engage frontal brain functioning.  These include activities involving sustained attention, such as solving maze puzzles, integrating and organising information, such as cross-word puzzles, planning, such as organising a school excursion or fund-raising, meta-analysis, such as reading a play or novel for sub-text, and meta-cognition, such as keeping a reflective diary.

Individual Brains Are Different

For education, individual differences in neuro-anatomy and neurophysiology may well be more important than the way in which the majority or “average” brain undertakes particular school subjects. Certainly, the functional magnetic resonance images of brains display noticeable individual differences in their shape and structure, in particular in the convolutions (the valleys or sulci, and the hills or gyri) of the cortex (the thin outermost layer which is responsible for our intellectual functioning).  And differences in preferred cognitive or learning styles, not to mention differences in school performance in class and on formal assessment tasks, supports the contention that our brains are as individual as our faces or our fingerprints.  In fact, as teachers are well aware, the normal ability range found in our classrooms increases with age, and can be as much as 8 years (Clark, 1997).  Certainly, IQ scores are age-normed to reflect 12 months additional spread between top and bottom levels of intellectual ability at any one age for each year of schooling. That is, normal children improve their intellectual functioning as they grow older, but the range of measured abilities also increases.  For example, conservatively assuming that the ability spread of a normal completely heterogeneous kindergarten class (5 year-olds) is about 18 months, this means that by the time these children grow into a class of 12 year olds, the ability spread would be about 8 years from top to bottom.

This observation of increasing ability spread with age and experience is supported by evidence from EEG studies, which compared the electrical output of brains of music students vs. non-music students listening to music of varying degrees of complexity.  The most complex brain activity was seen in the music students listening to the most complex music; the simplest brain activity was recorded in the brains of the non-music students listening to the simplest music (Birbaumer et al, 1996).  This is an example of how the spread of abilities is an outcome of individual differences in brain function, either being advantaged by complex stimuli to make further advances, or being disadvantaged by the same stimuli and this falling further behind.  As teachers, we are very aware of how the same lesson can be received quite differently by individuals in our classes.  

Multi-Age Classes

Consequently, there seems to be a good case for class groupings in middle and secondary schools to be organised on the basis of ability, experience and interest rather than chronological age.  Such a vertical curriculum has been used in schools in Australia, especially in the Middle School years, with considerable success.  The idea here is that many classes in the one subject are offered on the same timetable line. The classes which are offered vary in level and focus. For example, in math, there might be classes ranging from basic arithmetic to introductory algebra, together with classes on math around the home, math in DiskWorld, math for PlayStation, and so on.  Advanced classes may require challenge testing for entry.   

Each student chooses an individual timetable, often with guidance from teachers, to suit their levels of ability in their various subjects.  While each student does the required amount of math, ideally, very few will fail or get turned off to math because their chosen classes are at the right level of challenge.  A young student gifted in math would take the advanced classes along with many older students.  A student whose strength lies in English and not in math might take classes on Shakespeare’s tragedies, while preferring classes on math around the home.

Teachers in schools which have adopted such a vertical organisation speak highly of the improved behaviour and motivation of quasi-voluntary classes more than off-setting the additional counselling and screening necessary to determine class placements.  Interestingly, it is the less able academic students who seem to benefit the most from having classes pitched at their level, although academically gifted students can be readily catered for by attending classes advanced for their age.  A big advantage of a vertical class organisation is that the resulting classes are still heterogeneous – perhaps less in basic abilities but more so in age and experience.  No group of learners is singled out for special treatment.  It is a matter of maximising student learning by setting an engaging level of challenge – not too tough, but not too easy.  In Vygotskian terms, students need to be operating within their Zone of Proximal Development (Vygotsky, 1978), i.e., where the teacher can support learning which is achievable but not trivial.  This is not to say that individual differences in cognitive styles or strengths can or should be minimised.  But at least class organisation on the basis of individual learning needs, rather than by age group, focuses learning outcomes.  Furthermore, transition between levels can then be made in response to learning achieved, rather than the next inevitable birthday.

Depth Over Breadth 

It could be noted that a curriculum which aims to encourage neural inter-connectiveness may find itself at odds with the current political pre-occupation with standardised testing and nationally prescriptive curricular guidelines.  A connectiveness curriculum would focus very much on depth of understanding, with analogical and metaphorical integration, where appropriate, with other subject disciplines.  As such, it is reliant on the specialized knowledge of each teacher, as well as the latent interests of each student.  Consequently, a student’s education at Middle School A would be somewhat different from that of a similar ability student at Middle School B.  So what?  This is exactly the outcome from attempting to standardize the curricula at Schools A and B in any case, due to the un-standardized individual differences of our students.  That both students can pass some minimum standard at a certain point in their educational careers seems a rather disappointingly low expectation of our children’s intelligence.

Of course it is not just in formal settings that learning occurs. Hebbian synaptic reinforcement occurs whenever there is a repeated stimulus.  The developing brain of a young child is particularly sensitive to environmental stimuli. Consequently, ‘concepts’ learned while young can be very resilient to modification. The source of some of education’s disappointing outcomes might lie in under-reinforcement in later years, such as during middle schooling.  A particularly telling example of under-reinforcement in education is the high proportion of adults who, despite a high school science education, still retain childish concepts of common phenomena, such as the Sun circulating the Earth each day, or the Moon changing shape during its phases.  Here, the one or two lessons on the solar system were inadequately reinforcing for the young adolescent learner compared with the daily self-reinforcement of a non-scientific account of the Sun and Moon of the young child. To generalize, the dumbing down which is of concern to all educators might well be a result of too much breadth in an over-crowded curriculum at the expense of some well-focused depth.  

Learning With Feeling

This observation highlights two further implications of Hebb’s model for school teaching.  The first is about the correction of errors.  Reinforced neural pathways tend to stay that way.  A well rehearsed mis-concept is unlikely to be altered by a simple red cross on a homework assignment.  What is required is the reinforcement of an entirely new neural pathway to represent the correct concept.  The music student who has conscientiously practised the wrong note needs much more practice to be put right than just a teacher’s passing comment.

The second implication has to do with affect.  Studies of the brain’s emotional modules, the sub-cortical limbic system, show that simultaneously with learning a new behaviour or concept, we also ‘learn’ an attached emotion, usually related to our feelings about the context.  Again, this is not news for teachers.  We work hard at establishing classroom environments which are conducive to learning for most of our students.  Importantly, Edmond Rolls at Oxford has shown that recall of concepts is facilitated by contexts which replicate the emotional climate in which the learning took place (Rolls, 1999). This may have implications for assessment, particularly for testing under examination conditions where stress can produce emotional climates quite different from those in which the learning to be tested occurred.  

We know from experience that many of the important lessons of life are learned from just one experience, but one where the emotional context was negative, often involved fear. Not touching the hot plate on the stove is one such lesson, not to step out into the traffic without looking is another.  The evolutionary survival value in fear-associated learning is very high.  Whereas some notorious teachers in Dickensian times exploited this by enforcing a reign of terror in their classrooms, today we take the morally preferable but time-consuming route of multiple trial reinforcement with as positive an affect as we can manage.  This seems to be especially important for young adolescent students, where emotional change is such an evident correlate with physical maturation.  The emotional context of a concept encountered at age 14 could be quite different from that at age 11. Consequently, multiple presentations of concepts through a spiral curriculum may help address some of the emotional vicissitudes of the pubescent hormonal surge.

As a concrete example to illustrate this point, consider teaching an economic concept in different developmentally appropriate ways. A Year 5 class of 10 year-olds might study supply and demand through a simulation involving the use of a classroom system of currency, used to purchase play groceries.  As 12 year-olds they might deal with a hypothetical family budget, while as 14 year olds they could discuss a reading on Adam Smith’s original Wealth of Nations, thus spiralling the concept at different levels while reinforcing earlier positive emotional responses.

Brain Imaging of Intelligence

The preceding sections have argued that the important implications of brain functioning for education are that curriculum should be organised for integration of knowledge, pedagogy should enhance depth of understanding, and that school organisation should cater for individual differences in learning needs.  However, it must be acknowledged that cognitive neuroscience is a young science, and a complete understanding of human brain functioning is a very long way off, if ever achievable.  From an educational perspective, then, the results of much ongoing research into brain functioning are of great interest.  The overall aim is to find applications for the classroom, but conjectures about applications at this beginning stage would be putting the cart well before the horse. The following sections describe some ongoing education-driven brain functioning research.  As the results are preliminary, these sections are included for interest as an illustrative example of education-driven neuroscience research in process.  

Some cognitive neuroscientists have expressed interest in educational issues which might be informed by scientific experiment (e.g., Byrnes & Fox, 1998).  One such area is that of creative thinking.  It is a given that teachers want to foster and encourage creative thinking in their students.  The related scientific question is: What brain processes contribute to creative thinking?  If teachers had a better understanding of this they might be able to design new curriculum activities which could be particularly effective in enhancing creative thinking in their classrooms.  To this end, research has begun at Oxford University, England, to gain a better understanding of how our brains are intelligent, particularly when engaged in creative problem solving (Geake & Hansen, 2002).  This research involves brain imaging while people are making creative analogies – the basis of creative thinking, especially in learning situations.  

The research uses functional magnetic resonance imaging (fMRI) to map what parts of the frontal cortex are active while people are processing fluid analogies.  The reason for using fMRI is that the technique is safe and non-invasive, and so is suitable to use with young adolescents.  In fMRI, the image is created by pulsed radio waves passing through the brain while the subject lies still within a strong magnetic field.  The frequency of these radio waves matches the resonant energy in the hydrogen atoms in the water molecules in the blood in the capillaries adjacent to the neurons.  The hydrogen atoms are temporarily aligned by the strong magnetic field to produce a detectable signal.  Fortuitously, the haemoglobin in our blood becomes slightly magnetic after it loses some oxygen during metabolism.  As the radio signal is very sensitive to changes in chemical context, this property of haemoglobin allows us to highlight which areas of the brain have been actively metabolising by plotting which areas produce a changed radio signal.

Analogy Making

The reason for studying brain functioning associated with analogies is that making fluid analogies is a fundamental aspect of the creative application of intelligence.  As the American father of psychology, William James, wrote in The Principles of Psychology (1890/1950, p. 530): “A native talent for perceiving analogies is … the leading fact in genius of every order”.  Or as Melanie Mitchell (1993) puts it: “The human analogy-making capacity is far more than a mere tool used in the context of problem-solving, or a servant to a “reasoning engine.”  It is a central mechanism of cognition; it pervades thought at all levels, both conscious and unconscious, and cannot be turned on and off at will” (p. 8).  As a basis to cognition, analogising underpins creative thinking because “the possibility of novel variations of the underlying analogical theme keeps the potential for creativity alive” (Holyoak & Thagard, 1996, p. 9).

Education, also, is concerned with creative thinking: how students can come up with new ideas, find creative solutions to difficult problems, compose new works of art, and make humorous and insightful commentaries on current events.  The challenge for proposing education-driven experiments in neuroscience is that science requires exactitude or convergence, whereas educators usually want to encourage openness or divergence. Interestingly, computer scientists working on artificial intelligence, trying to make robots which behave like people, have a similar problem.  So, adapting some AI work of Mitchell (1993), subjects in the Oxford fMRI experiments are asked to make best responses to fluid analogies made up of pairs of strings of letters in which there are several possible analogous completions.  What is novel here is that there is no “right” answer, but some answers are better than others.

For example, to   abc ( abd, ijk ( ?  most people respond  “ijl” (increase the last letter by one), although “ijd” (change the last letter to “d”) and other responses are possible.  But what about   abc ( abd,   pqqrrr ( ?   Here the analogy about the last letter being d could seem more attractive, so pqqrrd.  But some people see that the last letter should be increased, then how about pqqrrs?  And then perhaps the three rs are analogous to the c, in which case pqqsss would be preferred.  However, if it is noticed that the number of letters is increasing in the second string, then there is a parallel analogy with p to 1, q to 2, r to 3, so that a deeper analogy drives s to 4, and pqqssss.  In that there is no one correct answer, but that some answers are deeper than others, it is argued that this task captures some of the essence of modern education (Geake & Hansen, 2002).  

Experimental results

To date, the results have been quite interesting.  Significant activations were found in the left superior frontal gyri, that is, on protuberances on the left side of the front part of the brain high up on the forehead.  Pervious researchers have found that this area on the left has specific responsibility for the processing of inductive reasoning. Activations were also found bilaterally in the inferior frontal gyri, that is, lower down on both sides of the forehead.  These areas have been previously associated with syntactic and hierarchical organization of language.  Putting these findings together, it was concluded that, from the brain’s perspective, being creatively intelligent involves re-organising the information at hand in order to relate it to previous experience. In other words, creative intelligence involves organising to make analogies.  From an educational perspective, these results support a curriculum which exploits in-depth knowledge to construct analogical and metaphoric interconnectedness or integration between the various subject areas.

Conclusion

It is still very early days of applying research findings from brain science to education.  Nevertheless, the evidence to date seems to support many good practices in Middle School education.  These include emphasising depth over breadth through a contextualized spiral curriculum which supports the strengthening of inter-module connections in the brain, and acknowledging individual differences in brain development through stage/ability-appropriate learning experiences and class groupings.  Importantly, success or failure at school learning will produce emotional associations in the brain, which will affect future attitudes to education. Ideally, a young adolescent’s school experience should be associated with the positive emotions that come from meeting intellectual challenges with success.  Assisting and encouraging students to make creative analogies wherever possible in their schoolwork may be a way of supporting Middle School students to positively embrace an integrative and exploratory Middle School curriculum, through enhancing the connectiveness in our students’ brains.
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