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The problem



The real strugglers

• ‘Lukie’: “After getting 4% for my mock GCE I was allowed to drop it, 
but felt humiliated and a dunce.” 

• Samantha Abeel, a prize-winning author of My Thirteenth Winter. “I 
am twenty-five years old and I can’t tell the time. I struggle with 
dialing phone numbers, counting money, balancing my checkbook, 
tipping at restaurants, following directions, understanding distances,  
and applying basic math to everyday life.” 

• Paul Moorcraft, an accomplished journalist and novelist, said 
arithmetic “was like being asked to speak in an unknown foreign 
language” 

• The singer, Cher, wrote about a similar feeling in her autobiography, 
“Math was like trying to understand Sanskrit.”

• Without a diagnosis sufferers and their carers and teachers believe 
that they are just stupid. It usually helps to get a diagnosis.



BD

• Student at a leading US university with very rigorous 
entry requirements to read English. I quote verbatim 
from a study Beth Losiewicz and Elena Rusconi from my 
lab, carried out with her:
– Experimenter: Can you please tell me the result of nine times four?
– BD: Yes, well, looks difficult. Now, I am very uncertain between fifty-two 

and forty-five… I really cannot decide: it could be the first but could be 
the second as well.

– Experimenter: Make a guess then.
– BD: Okay… uhm… I’ll say forty-seven.
– Experimenter: Good, I’ll write down forty-seven. But you can still change 

your answer, if you want. For example, how about changing it with 
thirty-six?

– BD: Bah, no… it does not seem a better guess than forty-seven, does 
it? I’ll keep forty-seven.



JB

• 9years 7 months old, Right Handed male. Normal in all 
school subjects except maths, which he finds impossible. 
Not dyslexic. Counts up to 20 slowly. Can read and write 
numbers up to 3 digits.

• Failed Britsh Abilities Scale arithmetic questions
• Knows that 4 is the next number after 3 (has a sense of 

ordinality)
• Believes that 3+1 is 5
• Dot enumeration: 1-3 accurate. Guesses larger numbers
• Cannot say which of two numbers is bigger



So, why haven’t these people been able 
to learn arithmetic?

Understanding the possible causes



Back to basics

The cognitive basis of arithmetic



Arithmetic is about sets



Arithmetic is about sets and their numerosities

• Sets
– A set has definite number of members (“numerosity”)

– Adding or taking away a member changes the numerosity

– Other transformations conserve numerosity

– Numerical order can be defined in terms of sets and subsets

– Arithmetical operations can be defined in terms of operations on sets

• We learn about counting and arithmetic using sets
– And about the meaning of number terms
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“Number sense”

One, two, three, four, five, six…

1, 2, 3, 4, 5, 6 …

Arithmetic requires good mental representations of sets and symbols



Number sense includes understanding 
operations on sets
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Levels of explanation

From Butterworth & Kovas 2013 Science





Number sense

Very simple tests of individual differences



Test 1

How many dots are there? Shout 
out the answer as quickly as 

possible











Enumerating sets: the ‘size effect’
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Test 2

Shout out the larger number as 
quickly as possible



2       9



6       5
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Shout out the which side has more 
squares: Left or Right









We can do the same with numerical 
symbols

Shout out the larger number as 
quickly as possible



2       9



6       5
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Comparing numerosities: the ‘distance effect’

Data from Butterworth et al, 1999
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Testing capacity for numbers and sets: 
First London study

• 9 year old with severe mathematical disabilities (MD) 
– 3 SD worse than age-group on timed arithmetic

– Identified by teachers as having particular problems with learning 
arithmetic

– Normal or superior IQ

– Normal reading, language, short-term memory

• Matched controls

• Reading disabiliities (RD)
– Are they worse than controls on any of the number tasks?

• Double deficit group
– Does the additional deficit make you worse than the single deficit 

dyscalculic group?

Landerl, Bevan, & Butterworth, Cognition, 2004



Performance on tests of basic numerical capacities

MD and RD/MD worse on basic numerical abilities

3   7

RTs: Control = RD < MD and MD/RD 

RTs: Control = RD < MD and MD/RD 



Dot comparison 

Landerl et al, 2009, J Exp Child Psychology



Differences in dot enumeration efficiency 
are associated with very poor arithmetic, 

but what is the causal link?



The Melbourne longitudinal study

159 children from 5½ to 11, tested 7 times, over 20 
cognitive tests per time; 

item-timed calculation, dot enumeration &  number 
comparison (adjusted for simple RT) at each time, 

Raven’s Coloured Progressive Matrices (IQ)

Reeve, Humberstone, Reynolds & Butterworth, 2012, J Experimental Psychology: General
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Cluster at K predicts age-appropriate arithmetic 
to age 10 yrs
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This very simple test, selective for number 
sense, and independent of ‘domain-general’ 
cognitive factors, identifies children likely to 

have trouble learning arithmetic



We also know that being inefficient at dot 
enumeration itself almost guarantees that 

poor arithmetic

We know this from the Havana study



The Havana study

• 11562 children in Havana Centro

• 1966 tested individually

• Computerised testing
– Item-timed arithmetic

– Item-timed Dot enumeration

– Item-timed Number comparison

– Adjusted for basic reaction time

Reigosa-Crespo, Valdés Sosa, Butterworth et al 2012 Developmental Psychology



Results

• Arithmetical dysfluency – 9.4%

• Prevalence of dyscalculia – inefficient dot enumeration 
and poor arithmetical fluency – 3.5%

• Predictive value for the Gold Standard of arithmetical 
fluency 

• Sensitivity: true positive rate is 27% (many other 
reasons for poor arithmetic)

• Specificity: true negative rate is 98% (few learners have 
core deficit and good arithmetic)

• a negative result was very good at reassuring that a child 
does not have DD (negative predicted value was 86%).



The 3.5% are a special type of low 
numeracy we call ‘dyscalculics’



Ladislav Kosc 1924-2016

• Dyscalculia is
– “a genetic or congenital disorder of those parts of the brain that are the 

direct anatomico-physiological substrate of the maturation of the 
mathematical abilities” 

– “If a person has had inadequate instruction, or if a child because of 
neurosis, objective illness, or fatigue is not able to demonstrate his 
potential abilities or directly acquired knowledge or skills adequately, 
this is not a disorder of these abilities as such but merely a deficit which 
is called … pseudo-dyscalculia.” 

Kosc 1974 J Learning Disabilities



Dyscalculia and dyslexia

• Developmental dyscalculia – because of its low profile but 
high impacts, its priority should be raised. Dyscalculia relates 
to numeracy and affects between 4-7% of children. It has a 
much lower profile than dyslexia but can also have substantial 
impacts: 
– it can reduce lifetime earnings by £114,000 and reduce the probability of 

achieving five or more GCSEs (A*-C) by 7–20 percentage points.

– Home and school interventions have again been identified by the Project. 
Also, technological interventions are extremely promising, offering 
individualised instruction and help, although these need more development

• Developmental dyslexia. This affects the literacy skills of 
between 4-8% of children:
– it can reduce lifetime earnings by £81,000, and reduce the probability of 

achieving five or more GCSEs (A*-C) by 3-12 percentage points.

Beddington et al 2008 Mental Capital and Wellbeing. Government Office of Science report 



A practical way of identifying the core 
deficit

The Dyscalculia Screener

Butterworth for GL-Assessment



Butterworth, 2003, Dyscalculia Screener



Bad at arithmetic but not dyscalculic
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Dyscalculic learner
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The dyscalculic brain



IPS processes NUMEROSITIES

Task: more green or more blue?

Castelli, Glaser, & Butterworth, 2006, PNAS

Discrete                Analogue

Discrete (how many) 
activations minus analogue 
(how much) activations 
Numerosity sensitive 
activations

Activation in the 
INTRAPARIETAL SULCI
depends on the ratio of 
green and blue rectangles: 
closer > farther (e.g. 11vs 9 
>14 vs 6)



Numerosity processing part of calculation network

Neurotypical brain 
processes numerosities in 
Intraparietal Sulcus

Castelli et al 2006 PNAS

The calculation network

Zago et al 2001 
Neuroimage



The calculating brain

The calculation network
Zago et al, Neuroimage, 2001

Left hemisphere:
INTRAPARIETAL SULCUS 
ANGULAR GYRUS

Right hemisphere
INTRAPARIETAL SULCUS)

Left hemisphere:
FRONTAL LOBE



Rotzer et al 2008 
NeuroImage

Abnormal structure in numerosity network in dyscalculics

Isaacs et al, 2001, Brain Butterworth et al, in prep

Castelli et al, 2006, PNAS



Abnormal activations in the IPS

NSC – close NSF - far

12 year olds: dyscalculics
and matched controls

Price et al, 2007, Current Biology



Intervention based on the science, but 
knowing the science isn’t enough. You 

need the best pedagogy.

• More of the same doesn’t work
• Target the ‘core capacity’ - numerosity processing -

using best pedagogical principles
• Specialised intervention is needed, just as it is in 

dyslexia
• This can be augmented with digital tools



Practical guide for teachers

59

Dorian Yeo was an 
outstanding SEN 
teacher specializing 
in dyscalculia
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Digital tools to aid the teacher



Pedagogic principles for intervention

Create a task environment that affords learning:

– Prediction-error learning – the way the brain 

learns

– makes task goal meaningful to the learner

– lets them make a relevant action to achieve 

that goal 

– feeds back the result in relation to the goal



Principles for digital support

• Strengthen the core capacity – numerosity of sets -
through digital games with intrinsic and informative 
feedback. 

• Everything on the screen is relevant to the task.

• In NumberBeads the  actions involve only composing 
and decomposing sets. 



Effectiveness of one-to-one intervention not 
specifically designed for dyscalculic learners

80 Year 2 learners selected by teachers as 
being in the lowest 10% attainers to be part of 
the intervention program developed by Every 

Child a Chance Trust

The idea is that one-to-one intervention at 5-7 
yrs will get children ‘back on track’



Method 

• All the children were very bad at maths as identified by 
their teachers

• Screened by Dyscalculia Screener

• Dyscalculia = standardized score of ≤ 81 on estimation 
or number comparison capacity subscales (N=13)

• Low Numeracy = standardized score of ≤ 81 on the 
achievement subscale, but > 81 on both capacity 
subscales (N=67)

Iuculano, Dowrick & Butterworth, in prep



Numbers Count

• Intervention design to fill ‘gaps in understanding’ (like Wave 3). 

• the intervention uses special (and often concrete) material and activities 
designed to specifically bridge each child’s learning gap. Activities usually 
include counting of concrete objects, manipulation of concrete material with 
numbers, number lines, number bounds, stressing the link between 
numerosities and numerals, basic arithmetic principles and rules and fact 
retrieval.



Results

• Dyscalculic (DD) and low numeracy (LN) learners were 
selected to be  at exactly the same attainment level. That 
is, their Numerical Age was 15 months below their 
chronological age. 

• Three months intervention leads to improvement in both 
groups, but LN improved much more than DD, though 
neither to their chronological age level.

• Both slipped back after the intervention was stopped



Practice and rehearsal

• With Dots2Track, a digital game, SEN Yr 4 learners 
managed 8 (4-15) trials per minute compared with 2 per 
minute one-to-one with teacher 
– Butterworth & Laurillard 2010 ZDM Mathematics Education



NumberBeads

Our latest game being trialled in London, 
Italy, and Singapore



NumberBeads: 
Constructing and deconstructing numbers





Levels from concrete to numerals only

http://bit.ly/2hT4N6e



NumberBeads: some results

• Italy, run by Dr Silvia Benavides-Varela, Padua U. Home trial. 
Standardized curriculum-based transfer test, AC-MT

– 140 children. 80 NumberBeads, 60 NumberChoice
– 15 mins a day for 3-4 weeks
– Improvement in NumberBeads group correlated with progress in game. 

• London, run by Inés Zerboni, UCL. Cross-over design. 15 minutes a 
day for three weeks in class. Curriculum-based transfer test 
administered three times, accruacy and speed measured. 26 typical 
low attainers and 11 dyscalculics.Three groups: 

– 13 NumberBeads first. Improved only with NumberBeads
– 14 NumberChoice first. Improved most with NumberBeads
– 10 Usual teaching only. Got worse.
– Biggest effect for dyscalculics
– Improvement in NumberBeads group correlated with progress in game

• Singapore, run by Dr Azi Jamaludin, NIE. 141 Grade 1 from 7 
schools. Computerised timed test of single-digit addition. 

– Improved fluency: 11.7 secs per item before, 8.7 secs per item after. 



Conclusions

• Neuroscience can identify brain networks involved in numbers 
and arithmetic

• Dyscalculia
– a deficit in the core capacity to process numerosity of sets, the basis of 

arithmetical learning

• Identifying the core deficit in contrast to other types of 
arithmetical learning difficulties
– Using simple timed tests of numerosity processing

• The neural basis of dyscalculia
– Abnormalities in numerosity-processing parts of the brain

• Educational implications
– Focus on strengthening basic numerosity processing

• Why dyscalculia is important for all of us
– Improving calculation skills will improve the life chances of sufferers and 

reduce the burden on the rest of us
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The End

www.mathematicalbrain.com
For my papers on dyscalculia 
and useful links
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What it’s like for the dyscalculic learner (9yr olds)

Moderator: How does it make people feel in a maths 
lesson when they lose track?

Child 1: Horrible.
Moderator: Horrible? Why’s that?
Child 1: I don‘t know.
Child 3 (whispers): He does know.
Moderator: Just a guess.
Child 1: You feel stupid.

Focus group study (lowest ability group)
Bevan & Butterworth, 2007



What it’s like for the dyscalculic learner

Child 5: It makes me feel left out, sometimes.
Child 2: Yeah.
Child 5: When I like - when I don’t know 

something, I wish that I was like a 
clever person and I blame it on myself 
–

Child 4: I would cry and I wish I was at home 
with my mum and it would be - I won’t 
have to do any maths -



What it’s like for their teacher
• KP: … they kind of have a block up, as soon as we get to starting to do it. 

Then they seem to just kind of phase out.
• ML1: In a class of thirty I’ve got six. You’ve got a lot of problems. And 

when I’m on my own, I don’t – I really feel very guilty that I’m not giving 
them the attention they need.

• JL: …lots of times they’re trying to cover it up ...  they’d rather be 
told off for being naughty than being told off that they’re thick.


