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What is maths disability? 

•  Norm-referenced 
–  Badian 1983 US: lowest 20% 
–  Mazzocco & Mayers 2003 US: lowest 10% 
–  Lewis et al 1994 UK: one standard deviation below sample mean 
–  (~16%) 
–  Etc. 

•  Why norms don’t help 
–  Norms depend on which country you were raised 
–  Norms depend on your family  



Living in the wrong country 
Mean 	   % ≤ level 2	   Level 5 & 6	  

OECD average	   494	   23.0	   12.6	  
Shanghai	   613	   3.8	   55.4	  
Japan	   536	   11.1	   23.7	  
Switzerland	   531	   12.4	   21.4	  

Canada	   518	   13.8	   16.4	  
Poland	   518	   14.4	   16.7	  

UK	   494	   21.8	   11.8	  

USA	   481	   25.8	   8.8	  

Peru	   368	   74.6	   0.6	  



Living in the wrong state 

Mean 	  
OECD 
average	   494	  
Massachusetts	   514	  
Connecticut	   506	  
Florida	   467	  

PISA 2013 



Low numeracy in UK adults 

•  5823 individuals tested 
•  49% at or below ‘Entry Level 3’  

–  expected level for 11 year olds 
–  14.9% at or below Entry Level 3 for  literacy 

Skills for Life survey of 16 to 65 yr olds (UK govt 2011) 



Living in the wrong home 

•  We tested 100 Italian children aged 5;5 to 6;5 
•  We interviewed the children and their parents about what 

numerical activities parents and children shared 
•  Tasks: Counting, one-to-one correspondence, and 

shopping  
•  Biggest factor in performance: numerical activities in the 

home 
–  Even taking account of SES and parental education, and verbal memory 

Benavides-Varela et al, 2013 



Norm-referencing depends on exogenous 
factors 

What about endogenous factors? 
Here we will need criterion-referencing: what 

children and adults are able to do and not able to 
do 



The British Cohort Study 

•  Study of all babies, about 17 000, born in a particular week in 
Britain and tested at age 30. Assessed ‘functional numeracy’, 
i.e. their ability to perform everyday tasks that involved using 
number or interpreting written communications such as 
everyday operations in shops and in the home, e.g. how to set 
a video to record a programme using the 24-hour clock, 
through to extracting information from graphs and timetables. 

•  Poor numeracy was 26%  
•  Poor literacy was 22%  
•  People with both 14% 



Consequences of poor maths ability 

•  More of a handicap in the workplace than poor literacy  
•  Men and women with poor numeracy, have poorer 

educational prospects, earn less, and are more likely to 
be unemployed, in trouble with the law, more likely to 
be depressed and to be sick 



These are large sections of the population 

What about those who are really bad at 
maths, but don’t seem to suffer from 

exogenous handicaps?  
Can this be a separate, specific condition?  



International Classification of Diseases 10 

•  Specific disorder of arithmetical skills. Involves a specific 
impairment in arithmetical skills that is not solely explicable on the 
basis of general mental retardation or of inadequate schooling. The 
deficit concerns mastery of basic computational skills of addition, 
subtraction, multiplication, and division rather than of the more 
abstract mathematical skills involved in algebra, trigonometry, 
geometry, or calculus.  



The ‘psychiatrist’s bible’ – new testament 

•  DSM-5 315.1 Learning disabilities 
•  In the section on neurodevelopmental disorders 

–  A persistent difficulty learning academic skills for at least 6 months 
despite intervention targeting the area(s) of difficulty. 

•  In number sense, fact and calculation, and in mathematical reasoning 
–  The academic and learning difficulties occur in the absence of: 

1.      Intellectual Disabilities 
2.      Visual or hearing impairments 
3.      Mental disorders (e.g. depression, anxiety, etc.) 
4.      Neurological disorders 
5.      Psycho-social difficulty 
6.      Language differences 
7.      Lack of access to adequate instruction 

–  DSM IV used an IQ discrepancy criterion. DSM 5 does not.  



What is dyscalculia?   

•  It’s not just being very bad at maths? 
•  In the same way that dyslexia is not just being very bad 

at reading.  
•  It can be quite specific – that is, the dyscalculic can be 

average or very good at every other school subject 



Neither ICD 10 nor DSM 5 tell us which 
criteria to reference to decide if someone 

is dyscalculic 

So we need research to identify the specific 
deficits that lead to dyscalculia 



I’ll return to what dyscalculia really is  

•  But first we need to understand the 
cognitive basis of arithmetic 

•  And then the neural basis of arithmetic 



Cognitive basis of arithmetic 

Back to basics 



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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Arithmetical development depends on 
numerosity processing capacity 

For which there are very simple tests 



Enumerating sets: the ‘size effect’ 
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Data from Butterworth et al, 1999	




Comparing numerosities: the ‘distance effect’ 

Data from Butterworth et al, 1999	
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We can use these tests child to assess 
individual difference in the ability to 

process numerosities 

These are not tests of arithmetic, and so will 
not be so sensitive to exogenous factors, 

such as education, SES, etc 



Not norms but cluster analysis 

•  Children improve with age. How to assess whether they 
improve relative to peers? 

•  Is a learner always in the same cluster? 
–  A cluster is not defined by an arbitrary criterion (e.g. ≤5%, 10%  ≤1 SD, 

2SD, etc) but what the data actually looks like 

•  We used clusters based on parameters of the dot 
enumeration measure, adjusted for basic Reaction Time 

•  Can this simple measure predict which children will have 
trouble learning arithmetic? 

•  If so, it will mean that the capacity to enumerate sets is 
essential to learning arithmetic 



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 



Enumeration times by age & cluster 
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Cluster at K predicts age-appropriate arithmetic  
to age 10 yrs 
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Conclusion   

•  There’s a small cluster (about 7% in this sample) with 
poor ability to enumerate sets: a core deficit in 
numerosity processing 

•  This core deficit persists from kindergarten to 11 years 
•  It predicts who will and who will not have trouble learning 

arithmetic at least to the age of 11 years 
•  Implication: use this test in kindergarten or year 1 so that 

you know which children are likely to have difficulty 



The neural basis of arithmetic and 
numerosity processing 

Areas active in calculation 



Arithmetical brain 

Read 
Retrieve 
Compute 

RETRIEVE+RECRUIT VS READ 
 
Zago et al, 2001, Neuroimage 

SUBTRACTION+MULTIPLICATION VS READ 
 
Andres et al, 2011, Neuroimage 



The arithmetical brain 

The calculation network 
Zago et al, Neuroimage, 2001 

Left hemisphere: 
INTRAPARIETAL SULCUS  
ANGULAR GYRUS   

Right hemisphere 
INTRAPARIETAL SULCUS) 

Left hemisphere: 
FRONTAL LOBE   



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 à 
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) 



Case 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 



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."



Identifying dyscalculia in the classroom 

This is very easy given the core deficit 
account 



Butterworth, 2003, Dyscalculia Screener 



Dyscalculic learner 
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Bad at arithmetic but not dyscalculic 
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xxxxxxxxxxx	


9 yr old female	
 15 yr old male	




Neural basis of dyscalculia 



Back to the future 

•  Ladislav Kosc (1970) 
–  Developmental dyscalculia is a structural disorder of mathematical 

abilities which has its origin in a genetic or congenital disorder of those 
parts of the brain that are the direct anatomico-physiological substrate 
of the maturation of mathematical abilities adequate to age, without a 
simultaneous disorder of general mental functions  



So, if there a deficit in numerosity 
processing is at the core of dyscalculia 

Then there should be abnormalities in the 
INTRAPARIETAL SULCI 



Isaacs et al, 2001 

Rotzer et al 2008 
NeuroImage 

Abnormal structure in numerosity network in dyscalculics 

Isaacs et al, 2001, Brain Ranpura 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 
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Prevalence of dyscalculia 

This is important for policy: how much 
additional support will society need to 

provide? 



Prevalence of children who very bad at arithmetic 

Study Sample Age M:F % 
Kosc 1970 

Study Sample Age Criterion M:F % 
Kosc 1970 375 10;8 <10% arithmetic 6.4 
Badian 1983 1476 Gds 1-8 <20% arithmetic 2.2:1 6.4 
Lewis et al 1994 1056 9-10 < 1SD, IQ≥90 4.6 
Gross-Tsur et al 
1996 

600 Gd 5 > 2 gds behind, IQ≥80 1.1:1 6.5 

R 



Numerosity processing in a prevalence 
study of arithmetical disorders and 

dyscalculia 

Havana study: 11562 children in Havana 
Centro. 

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



Prevalence of dyscalculia:Testing for core deficit 

•  Calculation disorder based on timed arithmetic – 9.4%  
–  No gender difference 

•  Dyscalculic (calculation disorder PLUS poor numerosity 
processing as measured by timed dot enumeration) – 
3.4% 
–  Male:Female numerosity processing 2.4:1 



One of the key signs of dyscalculia is in 
slower response to intervention 

Here’s one of the very few studies to explore 
this 



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 20 
months behind their expected 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 



Why is dyscalculia important since it only 
affects 3.4 – 6.4%  



It affects the life chances of individuals 



It affects society 

It’s very costly 



(Long-term costs of low numeracy,  KPMG, 2010) 

Cost of the lowest 6% at maths 



The annual cost to UK  
of those with only primary school maths 

•  £20 billion (= $30 bn)  
•  (Pro Bono Economics 2014 Report for National Numeracy Cost of 

outcomes associated with low levels of adult numeracy in the UK) 

•  from lower direct and indirect taxes from lower earnings 
–  Less profit for employers from lower productivity of less skilled workers 
–  Unemployment benefit 
–  BUT this does not take into account costs difficult to quantify, including 

costs to the health service and to the criminal justice system, or 
additional educational support.  

•  US equivalent will be at least 6 times that  
–  i.e. $180 billion 



Why it’s worth investing in the lowest attaining 

•  Let’s look at the 
lowest attaining - 
below PISA level 1 at 
15 years 
–  In the UK, 11.8%  
–  In USA, 19.4% 
–  In Sweden, 13.4%  
–  In Finland, 4.7% 

•  Raise lowest attaining 
to Level 1, then long-
run increase in GDP 
growth would be 
–  UK, 0.44% 
–  USA, 0.74% 
–  Sweden, 0.51% 
–  Finland, 0.18% 

OECD (2010) The High Cost of Low Educational Performance. The Long-run economic impact of improving 
educational outcomes.	




We need new and better ways of helping 
dyscalculics  

But we do now know that the target for 
intervention is numerosity processing 



The End

www.mathematicalbrain.com
For my papers on dyscalculia 
and useful links





