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What is Educational Neuroscience?

• Education - the process of receiving or giving systematic 
instruction, especially at a school or university

• Psychology - the scientific study of the human mind and its 
functions, especially those affecting behaviour 

• Neuroscience - a branch of the life sciences that deals with 
the anatomy, physiology, biochemistry, or molecular biology 
of nerves and nervous tissue and especially with their relation 
to behaviour and learning

• Educational neuroscience is an emerging scientific field that 
brings together researchers … to explore the interactions 
between biological processes and education 
(http://www.educationalneuroscience.org.uk/about-us/what-
is-educational-neuroscience/)



Outline of Talk -1

• Research on how children learn, and on the nature of children’s 

learning difficulties specifically, is relevant to education.

• Educational interventions are specialised teaching programmes 

designed to remediate specific forms of learning difficulty

• Such interventions should preferably: 

1) Be based on a sound theoretical foundation - What form of theory?  

• A Cognitive Theory that specifies the nature of problems in learning that typically 

occur, and therefore what needs to be learned and how it is learned 

2) Have rigorous evidence for their effectiveness- What form of evidence?  

• Preferably evidence from experimental (Randomised Control Trials) or robust 

quasi-experimental studies



Outline of Talk -2

• I will argue that much recent work labelled as “Educational 

Neuroscience” 

– fails to distinguish between different levels of explanation

– lacks a clear Cognitive theory 

– fails to provide adequate evidence for the effectiveness of 

interventions

– uses the term “Neuroscience” as a form of aggrandizement – this 

work should more properly be called Psychology or Educational 

Psychology

• Bruer (1997) famously argued that linking studies of the 

Brain directly to Education was a “Bridge too Far” – my 

arguments are an extension of those made by Bruer



Theories and levels of explanation –

Path Diagrams as representations of causal theories
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Brain development depends 

upon genetic and 
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The Brain embodies the 

cognitive mechanisms that 
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processes that control 

behaviour (proximal causes)



Causal Model of 
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How can theories inform educational interventions 

– an example from Reading Research



The Causes of Reading Development

• It is well established that phonological (speech sound) skills are 

critical for learning to read (decode print)

• A more specific question is whether different phonological skills play 

a differential role

• Learning to read in an alphabetic script requires the child to 

understand the alphabetic principle – that letters map onto phonemes 

“cat” /k/ /ae/ /t/

• Our view has been that children’s early letter knowledge and phonemic

skills are causally related to the development of their reading skills



A Causal Model of Early Reading Development
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Muter, Hulme, Snowling & Stevenson, 2004 -English

Letters t2

Word 

recognition t2

Phoneme 

awareness t2

Grammatical

awareness  t2

Receptive 

vocabulary t1

Word 

recognition t3

.66

.54

.36

.58

.48

.40

.33

.32

.49

.22

.52

.20

.58

.34

c2 (2, N = 90) = 0.64, ns, CFI = 1.00, GFI = 0.998, RMSEA = 0.000 (CI.90 = 0.000 to 0.149)

• Letters, phonemes and 

reading at t1/t2 account 

for 88% variance in 

reading at t3



Lervåg, Bråten & Hulme, 2009 – Norwegian

Grade 1 (Before reading instruction) Grade 2 (after 3 months reading instruction) 



Testing Causal Theories using Mediators in 

Intervention Studies

• Our causal theory of decoding

– Development of decoding (reading accuracy) depends on 
phoneme awareness and letter knowledge (amongst other 
skills, return to RAN later…..)

– Deficits in either of these skills are likely to cause decoding 
difficulties (dyslexia)

• Therefore, training phonemic skills and letter knowledge 
should improve decoding

• Further, decoding should improve to the extent that 
these underlying skills improve (a mediated relationship)



How should we evaluate the effectiveness of 

educational interventions?



Establishing Causal Effects

• The simplest method (with fewest assumptions) is to 

randomly assign participants to conditions (RCT)

• Random assignment controls for unknown differences 

between people that might produce differences in scores 

(counterfactual reasoning – what else can account for effects 

of the two Interventions on Reading?)
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Contrasting Interventions for Reading and Oral 

Language Skills

• Nuffield Language for Reading Project aims:

– To develop two theoretically motivated programmes of 

intervention for children who enter school with poor speech 

and language development

• To be delivered by trained teaching assistants (TAs) in mainstream 

schools

– To compare the relative effects of a programme promoting 

reading and phonological skills (P+R) with one promoting 

oral language (OL)

Bowyer-Crane et al. (2008). Journal of Child Psychology and Psychiatry



Programme Content

• Oral Language

- Vocabulary development

- Listening Comprehension

- Expressive language 

(grammar and narrative 

production)

- Inferencing

- Question generation

• Reading with Phonology

- Training in letter sound 
knowledge (Jolly 
Phonics)

- Oral phonological 
awareness

- Reading books at 
instructional levels

- Sight word vocabulary 
development

- Letter formation



Contrasting Interventions for Reading and Oral 

Language Skills
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Contrasting Interventions for Reading and Oral 

Language Skills

• What accounts for the improvements in literacy skills seen 
in the P+R programme?

• Causal theory: Letter knowledge and phoneme awareness 
should be critical determinants of how well children will 
learn to decode (and encode)

• Mediation analyses: Explore to what extent improvements 
in a composite word level literacy outcome (single word 
reading, nonword reading, spelling) are accounted for by 
improvements in letter knowledge and phoneme awareness
– Move from describing to explaining



Contrasting Interventions for Reading and Oral 

Language Skills

Word reading

NVIQ

Intervention 

group 

Phoneme 

awareness

Letter 

knowledge

Literacy

outcome

Time 1 Time 4Time 3

.33

.09

.09

.05

.03

.04

.66

.05
.47

.27

.81

.70

.22

.33

Hulme et al. (2012), Psychological Science

χ2= .86 df = 1, NS; CFI 1.0; RMSEA  0.00 (0-.19).  Parameter estimates for model standardized on outcome variable.

Literacy outcome is entirely mediated by these two variables.  Dropping direct effect of group has no effect on fit indices of model.

Total Indirect Effects  0.4 SD units (.31 via Phoneme Awareness; .09 via Letter Knowledge)



Contrasting Interventions for Reading and Oral 

Language Skills

• Two programmes emphasizing early literacy versus oral 

language skills have differential effects 

• Conservative design (an RCT with an active comparison group)

– Effect sizes are generally moderate in size

– Yields good evidence for making causal claims

• Phoneme awareness and letter knowledge mediated the effect of 

the P+R programme – supporting the theory that these two 

factors are causal influences on the development of word-level 

literacy



Standing Back: Theory, methods and evidence-

based practice

• The study just described has the following 

characteristics:

– A simple, cognitive theory about the proximal causal risk 

factors for reading (decoding) problems

– The Intervention targets two proximal causes of the disorder 

(phoneme awareness, letter-sound knowledge)

– The Intervention is evaluated in a randomized experiment, 

with adequate power, and with an emphasis on reporting 

effect sizes and CIs  (“The New Statistics” – Cumming, 

2012)



Educational Neuroscience Interventions – Two 

Examples



Interventions based on “Educational 

Neuroscience”

• These typically differ from what I have presented in a 

number of ways

– Often the interventions are claimed to be effective 

for diverse disorders (theoretically implausible?)

– By definition such theories do not address the 

proximal causes of a given disorder

– The quality of evidence for the effectiveness of 

many of these interventions is very poor -

commercial interests here may make things worse



Interventions based on “Educational 

Neuroscience”

• I will consider two examples:

– Fast ForWord (FFW) training for language and 

reading disorders 

– Working Memory training which is claimed to be 

suitable as a treatment for “ADHD, Dyslexia and 

Language Impairments, Dyspraxia and Sensory 

Integration Difficulties and Autism Spectrum 

Disorders and children with “poor grades””



Fast ForWord Training programme

• Tallal and others have put forward a causal theory of Language and 
Reading Impairments as being a consequence of a basic deficit in the 
processing of rapidly changing auditory patterns – a plausible theory?

• Based on this theory, Scientific Learning Corporation have marketed 
Fast ForWord – a suite of computer-based interventions that use 
acoustically modified (slowed down or “stretched”) speech as 
treatments for language and reading disorders (and for autism!) “The 
Fast ForWord program is a learning acceleration program based on 
over 30 years of neuroscience research”….

• Arguably the most directly relevant research is Psychology and not 
Neuroscience

Speech Perc. 
Deficit

Lang/Reading 
Problems

Rapid Aud.
Proc. Deficit 



Auditory Processing as a cause of Language and 

Reading Impairments

• According to the What Works Clearing House (2007) FFW had 
been used by some 570,000 children in 3,700 schools in US

• We decided (Strong, Torgerson, Torgerson & Hulme, 2011) to 
conduct a meta-analytic review of the evidence for FFW

• We only considered published RCTs or quasi-experimental studies 
with baseline equivalence

• From 79 papers identified only 6 met our quality criteria.  All were 
RCTs (sample sizes ranged from 60-454)

• We computed 8 effect sizes for Single Word Reading, Reading 
comprehension, Expressive Language, and Receptive Language 
(FFW vs untreated or treated controls)



Given et al (2008)

Cohen et al (2005)

Gillam et al (2008)

Pooled effect size = 0.0224 (95% CI = -0.271 to 0.3158)

Pooled effect size = -0.0261 (95% CI = -0.3976 to 0.3454)

Given et al (2008)

Cohen et al (2005)

Pokorni et al (2004)

Pooled effect size = -0.0981 (95% CI = -0.4015 to 0.2054)

Given et al (2008)

Gillam et al (2008)

Pokorni et al (2004)

A - Single Word Reading B – Passage Reading Comprehension

D – Expressive LanguageC – Receptive Language

Pooled effect size = -0.0645 (95% CI = -0.3317 to 0.2028)

Given et al (2008)

Cohen et al (2005)

Gillam et al (2008)

Pokorni et al (2004)

Active Controls





Working Memory Training

• It has been suggested that Working Memory training is effective as a  
means of remediating a wide variety of learning disorders in 
children, including ADHD, RD and MD (e.g Klingberg, 2010; 
Holmes, Gathercole & Dunning, 2009). 

• There are now a number of commercially available computerized 
working memory training programmes (CogMed, Jungle Memory, 
and Cognifit) - the most widely used of which is CogMed

• The “theory” behind these programmes is that WM capacity reflects 
a general attentional resource limitation that can be increased 
through suitable training

• According to their WebSite:  “Cogmed Working Memory Training is 
a computer-based solution for improving attention by increasing 
working memory capacity … combining cognitive neuroscience with 
innovative computer game design … Cogmed delivers substantial 
and lasting benefits to its users”



Melby-Lervag & Hulme, 2013

• Conducted a meta-analysis of all working memory training 
studies that were available (an updated meta-analysis is 
underway now)

• The majority of these studies were of Cogmed

• Inclusion Criteria:

– Randomised and nonrandomized experiments with a control group 
and a training group

– The groups must be pre- and posttested on measures of working 
memory and either attention, nonverbal reasoning, verbal reasoning, 
verbal short-term memory, decoding or arithmetic

– Studies with both treated and untreated control groups were included 

– The studies must use a computerized working memory training 
program 



Is WM training effective? – Immediate Gains on 

memory tasks but no evidence for maintenance…

Variable

Pre-posttest group difference

Total N

E (C)

Number of 

effect sizes

(k)

Effect size 

(d)
95% CI

Hetero-

geneity

(I²)

Verbal WM 464 (432) 13 0.68** 0.32, 1.05 83.31**

Visuo-spatial WM 393 (346) 12 0.40** 0.21, 0.60 38.28

There are moderate to large effects of Computerized WM training on computer 

based tests of Verbal or Visual WM immediately after training is completed.  

However, there were very few studies that re-assessed these skills after a delay, 

and there was no convincing evidence for maintenance of these effects



No Evidence that WM Training Transfers to other 

Skills

• No reliable transfer effects were found to measures of 

attention, nonverbal reasoning, verbal reasoning, word 

decoding or arithmetic - WM training doesn’t increase IQ, 

Reading or Arithmetic Skills

• It is not clear what the immediate improvements on WM tasks 

reflect – these may be very specific (e.g. familiarity with the 

tasks, or even familiarity with being tested on the computer?)

• Theoretically, the lack of transfer effects may question the 

role of WM as a “mental workspace” that is critical for all 

other aspects of cognition....







Standing Back: Theory, methods and evidence in 

Educational Neuroscience

• I have considered two of the most heralded examples of interventions 

that claim to be Educational Neuroscience

• In both cases one might dispute the claim that these interventions arise 

from Neuroscience – their origins are in Cognitive Psychology

• Both of these interventions are based on broad (vague?) theoretical 

claims (there is a unitary faculty for speed of auditory processing; there 

is a limit to attentional capacity – and that both can be trained using 

computer games)

• Troublingly, both interventions have been claimed to have beneficial 

effects on outcomes that theoretically are very different (FFW -

Reading, Oral Language Skills, Autism:  Cogmed – Attention, 

Reasoning, Mathematics).  Such claims are theoretically implausible…

• The evidence indicates that neither of these interventions work but 

commercial enterprises continue to market them based on false claims



Standing Back Further: A future for Educational 

Neuroscience?

• Nothing I have said should 
be taken to indicate that I 
do not value Neuroscience

• I do believe however, that 
there is confusion about 
levels of explanation in this 
field (Brain -> Cognition- > 
Behaviour)

• Human Neuroscience 
(Brain Imaging) is 
generating a lot of 
information about the 
localisation of brain 
functions

Genes Environment

Brain

Behaviour

Cognition

(Mind)



Standing Back Further: A future for Educational 

Neuroscience?

• People differ in their views about what Imaging has told us so far:

• Such studies directly assess the localization of brain functions 

(where things are happening) – but this does not necessarily improve 

our understanding of mechanisms (what is happening)

– “If the mind happens in space at all, it happens somewhere north 

of the neck. What exactly turns on knowing how far north?” 

Fodor (1999)

• I believe that combining imaging and behavioural data will 

ultimately result in improved understanding of cognitive phenomena 

(imaging data will constrain and help to refine cognitive models)  

BUT the level of explanation relevant to intervention will always be 

the Cognitive level….Consider studies of Reading



Brain Imaging and Reading

• Human brain imaging studies show that reading words depends 

upon a left-hemisphere network of brain regions - particularly 

regions concerned with vision and language

Reading Aloud >

fixation

Object Naming >

fixation

Object Naming >

Reading Aloud

Price & Michelli, 2005

Note that the 

brain areas 

activated when 

naming objects 

are almost 

entirely the 

same as those 

activated when 

naming the 

corresponding 

words 



A standard view of the left hemisphere “Reading 

Network” (Vandermosten et al., 2012)
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Speech motor 
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Principal White Matter tracts (axons) responsible for communication between areas



Neurobiology of Reading

• Areas in the LH Reading Network are quite far apart in the 

brain

• Communication between these areas depends upon white 

matter Fasicles (tracts of nerve fibres)

• Myers…Hulme, Hoeft , (Psychological Science, 2014) 

investigated the idea that the development of these white 

matter tracts may be  related to children’s reading ability

• A longitudinal study of 38 children beginning at age 5/6 years 

( 18/38 children had a family history of reading difficulties)

• Reading, cognitive and MRI data (structural scans) were 

collected at time 1 (age 5/6 years) and time 2 (3 years later)



Diffusion MRI: 
Left arcuate fasciculus (AF) known to be involved in 
speech, language and phonological processing present 
in these whole-brain clusters

Longitudinal and Arcuate Fasiculus/ 
Superior corona radiata

Posterior Arcuate Fasiculus



ROI-based analysis:
Bias free a priori analysis based on previous studies 
also identified left temporo-parietal white matter 
development to predict reading

Preliteracy Measures- Phonology, 
Letter ID, Vocabulary

34.2% variance 
predicted 

Lt TP WM development (Saygin et al., 

2013)

Overlapped with Cluster 2 from 
whole-brain analysis

6.6%

Lt TP WM development (Deutsch et al., 

2005; Beaulieu et al., 2005; Niogi & McCandliss 2006)

Overlapped with Cluster 1 from 
whole-brain analysis

15% Grade 3

Reading

56% Variance in 

Reading Accounted For 



Myers et al. (2014)  Summary

• Increases in volume of left hemisphere white matter tracts 
measured between Time 1 (5-6 years) and Time 2 (8-9 years) 
predict reading ability at Time 2

• These effects are independent of a range of known non-brain 
based predictors including home literacy environment, early 
reading skills, cognitive, linguistic, and family history measures

• How should this be interpreted?

– A Cause? Differences in the rate of development of fibre tracts place 
constraints on how well children learn to read

– A Consequence? Changes in white matter volume may reflect changes in 
the amount of myelin present, which in turn reflect the level of electrical 
activity in an axon.  Learning to read may cause structural changes in the 
brain…

– Of course it is possible that there are bi-directional effects:  Brain -> 
Learning to read  … and …  Learning to read -> Brain.



Myers et al. (2014)  Relationship to Cognition

• The Arcuate Fasiculus connects a large posterior temporal 
region (that includes the Visual Word Form Area) and more 
frontal areas (including the Inferior Frontal Gyrus which 
contains Broca’s area)

• Such a fibre tract is almost certainly critical for naming 
(linking visual inputs to spoken outputs) as well as reading

• We know from a great deal of evidence (eg. Lervag & 
Hulme, 2009) that the speed with which children can name 
objects letters and colours (Rapid Automatized Naming) is a 
critical predictor of reading ability

• Speculatively, variations in brain connectivity (via the AF 
specifically) may constrain naming skills and our ability to 
learn to read…



Conclusions - How Neuroscience and Education will meet

• I have argued that making direct links between the Brain and Education is, and 

always will be, “A Bridge Too Far” (Bruer)

• Making direct links potentially ignores the central role for a Cognitive level of 

explanation when considering children’s learning and learning difficulties

• Cognitive theories are critical for devising Educational Interventions 

• Interventions need to be rigorously evaluated using RCTs (and such RCTs are 

critical for refining our theories, which are always incomplete and subject to 

refinement)

• Work on human brain imaging is being combined with cognitive theory, to 

flesh out the causal chain that we seek to understand….and so Neuroscience 

will contribute to Education!

Cognition BehaviourBrain





Pooled effect size = 0.1728 (95% CI = -0.1733 to 0.5189)

Given et al (2008)

Gillam et al(2008)

Given et al(2008)

Cohen et al(2005)

Rouse & Krueger(2004)

Pooled effect size = 0.0786 (95% CI = -0.0923 to 0.2494)

A  Single Word Reading B Passage Reading Comprehension 

C Receptive Language D Expressive Language

Pooled effect size = -0.039 (95% CI = -0.3329 to 0.2548)

Given et al (2008)

Cohen et al (2005)

Gillam et al (2008)

Pooled effect size = 0.0122 (95% CI = -0.2549 to 0.2792)

Pokorni et al (2004)

Given et al (2008)

Cohen et al (2005)

Gillam et al (2008)

Passive Controls




