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I will talk mostly about the normal brain when it reads and then stress 
what a novel invention this is. 
 



Chauvet Cave, Ardèche, France
~32,000 years ago

Lascaux cave
~18,000 years ago

Early art forms

 

 
About 32000 years ago men entered the cave in Chauvet, in the 
South of France and made these beautiful drawings with horses, 
tigers and lions, but also symbolic forms, such as the hands that you 
can see in the top right. Also, a little bit later in Lascaux, symbols 
were first seen, such as this cross here, bottom left. 
 

 



Emergence of symbolic writing

Egyptian hieroglyphs

Maya

Chinese

Cuneiform

 

 

About 5400 years ago, writing was invented. It quickly took several 
forms. Today we all know that from writing in Egyptian hieroglyphs 
they had indeed invented their own writing systems. The Maya also 
invented their writing systems. This was of course a completely 
radical invention that had not been anticipated by anything in our 
evolution. 
 



Two simple hypotheses
about how brain development

supports cognitive learning and education
• Idea 1. Our brain is highly structured, right from birth, to quickly

acquire sophisticated representations inherited from evolution:

Concepts of objects, space, time, number, linguistic structures, social 
relations…

But of course no specific evolution for reading, writing, arithmetic…

• Idea 2. We « recycle » some of these brain systems for new cultural 
uses

- Any new cultural object must find its « cerebral niche » by modifying
pre-existing brain circuitry, exploiting the fringe of variability made 
possible by brain plasticity

- We gain novel competences, but we may also lose some of our
evolutionarily older ones.

 

 
The clue for understanding the reading system is to understand that 
the brain did not really evolve for tasks such as reading. I would like 
to propose two very simple hypotheses about how brain development 
supports cognitive learning and education in the case of reading. A 
key idea is that our brain is highly structured, right from birth, to 
quickly acquire sophisticated representations inherited from our 
evolution. We developed the concept of number but also concepts of 
objects, of space, of time, of number, of linguistic structures and of 
social relations. But, of course, we cannot have undergone a specific 
evolution for reading or writing or arithmetic, which are human 
inventions.   
 
The second idea is what I have called ‘neuronal-recycling’: the idea 
that some of these brain systems are recycled for novel cultural uses. 
My claim is that, when it comes to reading for instance, any new 
cultural object must find its “cerebral niche”, which involves modifying 
pre-existing brain circuitry to exploit the fringe of variability made 
possible by brain plasticity. This will become clearer in a second 



when I illustrate the specific circuits that are involved in reading. But I 
would like to stress immediately that according to this view that when 
we gain novel competences, for instance by acquiring reading, we 
may also lose some evolutionarily older ones. I shall come back to 
this. 
 



Reproducible localization of the 
« visual word form area »

Left occipito-
temporal region
= « visual word
form system »
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The neuro-imaging of reading now dates back almost twenty years. 
With tools like fMRI (functional Magnetic Resonance Imaging) for 
instance, we can, in just a few minutes look at the brain of a reader 
learning to read and see what is involved in reading. There is a 
specific brain area, which we can see here, a visual word form 
system which is involved in recognising the orthography. I would like 
to stress immediately a circuit is involved and the visual part is just a 
small subset of these areas. It is quite striking that this area is 
reproducibly localised - in a single individual we can find this area 
within a space of a few millimetres –  and it also reproducibly 
localised with respect to other brain responses or domains such as 
responses to faces, responses to houses (here at the bottom), or 
responses to objects. It is a complete mystery how it is possible that 
the brain has a localised system like this when it did not evolve for 
reading.   
 



Converging evidence from lesion data 
and from fMRI in normals
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We don’t really understand this mystery but we can confirm these 
localised areas from converging data for lesions. At the bottom you 
can see activation when the subject is reading and at the top you can 
see the lesions that will overlap in several patients that develop full 
alexia after a brain lesion (following an accident). The very same 
lesions that lead the subject to lose the ability to learn to read involve 
the same visual word form directory that is activated when normal 
subjects read.   
 

 



Visual inputs

Top-down attention
and serial reading

Visual word form area
(the brain’s letterbox)

Access to meaning

Access to pronunciation
and articulation

Learning to read consists in:
- creating an invariant visual representation of  written words
- connecting it to brain areas coding for sound and meaning

The brain architecture for reading

 

 

So how can we summarise these data? I propose this overview which 
is a little bit coarse, but I think it can serve us. A word in the brain 
starts as a visual object which is encoded at the back of the brain in 
visual areas that are generic and are involved in recognising faces 
and objects as well as words. But learning to read consists in 
specialising in another area, a little bit more in front, in the fusiform 
gyrus, which is the visual word form area which has become attuned 
to the shapes of letters and strings of letters that constitute our words 
in a given orthographic system. The information from there travels to 
other areas that are involved in pronunciation and articulation, as well 
as access to meaning of the words. All of the areas shown on this 
slide are attested brain areas that are known to be activated in all the 
different methods of imaging.  
 
All the paths of activation, however, are not completely known at the 
moment. What we do know is that all of the areas shown in green can 
be activated by spoken language and they are probably already in 



place in the child before learning to read. We can see them being 
activated in many cases even in a baby a few months old. What is 
special about reading is the area in red, as an interface between the 
visual system and the existing system for language. In other words, 
learning to read consists of creating a bridge between vision and 
language – the visual representation of written words and text 
corresponding to the sounds and meaning of language. 
 



Infero-temporal neurons recognize objects and faces 
by a « neuronal pyramid » of nested features

Size and structure
of receptive fields

Sample preferred stimuli

En

vraiment
COMMENT

+- -

E

Model of object or face recognition Model of word recognition

Shimon Ullman

 

If we think about what is being done in this area – according to this 
recycling model that I have developed - we start with a brain that is a 
little bit similar to the monkey brain which we see on the left, already 
organised to recognise objects and in particular to recognise faces. 
This model of face recognition has been developed by Shimon 
Ullman and it is, I think, an increasingly accurate model of how the 
visual system works. We can recognise faces because we have a 
hierarchy of neurons that are able to recognise parts of faces, such 
as the eye region or a bit of the eye. Each of these neurons 
themselves rely on a pyramid of earlier neurons, all the way back to 
the early visual cortex which codes for segments of the visual image. 
 
We think that a very similar architecture underlies word recognition, in 
other words we recycle the architecture shown on the left for faces to 
something for word recognition shown on the right. What we have, we 
think, is a hierarchy of neurons in the fusiform area that are involved 
in recognising segments of letters, letters, letters independently of the 
particular font in which they are presented, pairs of letters that form 



bigrams and finally, at the higher level, bits of words or higher words, 
like ‘vraiment’ [French for ‘really’]. So this hierarchy must be laid 
down in the course of learning to read. 
 



Percent activation relative to words in the occipitotemporal cortex
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Testing the model with fMRI:
hierarchical organization of occipito-temporal cortex for reading

Vinckier et al., Neuron 2007

 

 

I will just show you one experiment which was done with fMRI in adult 
subjects, when we looked for this six-fold hierarchy for visual objects 
– non-letters, letters, frequent letters, frequent bigrams (pairs of 
letters), quadrigrams (almost words) and finally, real words. 
According to our model, they should activate increasingly higher 
areas of the brain, and this is what you can see in the slide. There is 
a whole hierarchy of areas in the ventral part of the brain, moving 
from the back to the front, as we provide increasingly higher 
approximations to words. The blue area is for the maximum activity 
when reading words and pseudo-words, whereas you can see the 
back of the brain in red is responsive essentially to all of the stimuli. 
Then there are all of the intermediate responses. [‘Mouton’ is French 
for ‘sheep’] 
 



A hierarchical organization in left occipito-temporal cortex
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… you can see that in the left hemisphere in the ventral stream for 
visual recognition, we move from an area that responds equally well 
to all of the six stimuli to the area that has become specialised and 
responds especially to the approximations of words or to the real 
words. There is a range of intermediate responses at intermediate 
locations. 
 
Basically, this type of activation seems mostly to be laid down in the 
left hemisphere. This region forms the basic alphabetic script for 
learning to read.   
 



How does this circuit develop?
It development seems to closely track the emergence of an expertise for 
visual words.

Activation progressively focalizes
towards the left occipito-temporal 
region between 6 and 10 years, 
although further refinements take
place during adolescence.

The amount of left
occipito-temporal 
activation predicts
reading scores in both
normal and reading-
impaired subjects.

Activation is abnormally low in 
dyslexic children.

Bennett and Sally Shaywitz

Eraldo Paulesu, Jean-François Demonet, Chris and Uta Frith

Elise Temple

Activation recovers following
specific rehabilitation.

Normal children
Dyslexics

before training

Difference
before and 
after training

 

So how does this circuit develop? The area for form connects to 
many other areas. We look at how activation changes in a child’s 
brain in the course of learning to read. The area which correlates 
most with reading scores is once again the left inferior ventral 
occipital-temporal area – the visual word form area - and its 
surrounding cortex, as shown in the nice work of Bennett and Sally 
Shaywitz and collaborators. If you look at children who have trouble 
learning to read, such as dyslexic children, or in this beautiful study, 
adults who have partially recovered from their dyslexia but are 
dyslexic in France, Italy or Great Britain, you can see that the main 
site of activation is once again the same area but slightly higher in a 
comparable region. One possibility which I think will be developed is 
that the cause of dyslexia lies in phonological deficits in many 
children because there is a disorganisation in the more superior 
aspects of the temporal lobe. The consequence is that they won’t 
develop this type of visual representation of strings of words in the 
inferior part of the temporal lobe. There are interesting studies which 



involve rehabilitation of dyslexia and in some of these you can see a 
restoration of part of the area needed for reading.   
 
It is very important to stress the plasticity of the brain. This plasticity 
can compensate for deficits in children who lack the normal structures 
for reading. For example … 
 

 



Brain plasticity of the reading system at a young age
Cohen, L., Lehericy, S., Henry, C., Bourgeois, M., Larroque, C., Sainte-Rose, C., et al. (2004). Learning to read without a 

left occipital lobe: right-hemispheric shift of visual word form area. Ann Neurol, 56(6), 890-894.

Displacement of 
the visual word form area

Normal volunteers

Patient

Z=0

Sturger-Weber disease and 
surgical intervention at the age of 4

Reading network observed at the age of 11

left hemisphere right hemisphere

 

 
… here is a child that was suffering from Sturge-Weber disease, 
which is a severe disorganisation of the brain with epilepsy. The child 
was operated on at the age of four and you can see that large lesions 
were made in order to alleviate this very severe disease.  Now this 
lesion impacts on the normal location of the visual word form area, 
but the child learned to read without too much difficulty, maybe a bit 
later than normal. We were able to scan this person at the age of 
eleven. The striking finding is that all of the language areas were still 
in the left hemisphere but you can see that the location of the visual 
word form area – the visual responses to words – has completely 
shifted to the right hemisphere. What is striking is that this location in 
the right hemisphere of the patient is the exact mirror symmetrical 
location to that of the normal volunteers who have this left activation 
for the visual word form. 
 
So it looks as if there is a bias for this left region to acquire the ability 
to connect vision with speech. But if this region is missing, as in the 
case of this patient, then the equivalent right hemisphere is able to 



take over. This is of course a case of wonderful plasticity which would 
not be seen in adult patients. An adult patient with this type of lesion 
would almost certainly develop pure alexia. 
 
I would just like to finish by discussing once again this notion of 
neuronal-recycling and describe to you how we recycle this left 
ventral visual area and specialise part of it for learning to read - for 
learning to recognise strings of letters. But, if the story is correct, we 
might also lose some of our abilities that were initially present in this 
area.  One of these abilities may be the ability to recognise mirror 
images, which might explain some of the interesting patterns of 
change that occur during the course of learning to read in young 
children. When you look at these stimuli here – these faces – you 
immediately see that it is the same face in mirror image, although of 
course the pattern of retinal projection on your retina is completely 
different.  
 
 

 



• We have evolved a symmetry mechanism that helps to recognize
faces and objects regardless of their orientation

• Infero-temporal neurons spontaneously generalize to mirror images

•This « symmetry generalization » may have to be un-learned
when we learn to read

Preferred view Mirror-image generalization

-72°-108°-144° -36° 0° +36° +72° +108° +144° +180°

Logothetis, 1995

A trace of neuronal recycling?
A « mirror stage » in learning to read

 

 

We may have evolved a mechanism for symmetry that helps us 
recognise faces and objects regardless of their orientation and this is 
very useful because in nature many objects should be seen to be she 
same things regardless of whether they are mirror images. Neurons 
in the visual area recognise mirror images and respond in exactly the 
same way to mirror images of arbitrary objects. So we speculate that 
this generalisation of symmetry is already present in a young child – 
in fact there are many experiments that show that babies recognise 
mirror images and it may have to be unlearned . In other words, a 
property of the tissue before learning to read causes a problem that 
needs to be taken care of, or got rid of, when we learn to read, so that 
we no longer recognise stimuli as being symmetrical or as being 
identical to each other. The child must learn this because there are 
letters like ‘p’ and ‘q’ or ‘b’ and ‘d’ that are mirror images of each other 
and, if my theory is correct, this is really nothing to do with dyslexia; it 
is something that is completely generic that is part of the apparatus of 
every child. There is evidence for this in the fact that many young 
children, when they first write, write quite readily in mirror image just 



as well as in a normal direction. In fact when they read these stimuli 
they do not even notice that there is a problem.  
 



Mirror writing in children

The reinvention of « boustrophedon »

(with thanks to Manuela Piazza and to Marc Smith)

 

This was the case with the child who was writing his name, Leone, in 
mirror image, from right to left, and you can see that some children 
re-invent what is called the “boustrophedon” – reading from left to 
right and then from right to left. Here is a child writing “Theodor ti volio 
bene”. You see that every line goes in the other direction and it is not 
a problem at all for a young child. 
 

 



A trace of neuronal recycling?
A « mirror stage » in learning to read
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There is scarce data in the literature, but the data we have suggest 
that every child goes through this mirror stage at a particular age 
when they are able to write their name in mirror image. This is 
significant perhaps as they learn to read. Maybe what is happening in 
dyslexic children – in most dyslexic children - is that they take more 
time to unlearn this ability for mirror reading. So my claim is that we 
can clearly, in most cases, separate the mirror image peculiarity of 
the young child from a dyslexia problem, and dyslexia is only 
reflected in the fact that there is a delay in this unlearning process. 
This unlearning process is a clear clue that we are using cortex which 
has a primal function – in this case to recognise mirror images, and 
we are recycling it for another function. 
 



Conclusions

� Although writing is a recent cultural invention and shows a large degree
of cultural variation, reading acquisition is not « the furnishing of the 
mind’s white paper » (Locke’s blank slate model)

� We are able to read because we inherit from evolution an efficient object
recognition system with enough plasticity to learn new shapes and the 
relevant connections to link them to existing language areas.

� We all learn to read with a similar brain system.

� The teaching of reading must be performed at a young age, when this
circuit is maximally plastic. In adults, learning (in illiterates) or recovery
(in patients with alexia) can occur but with reduced efficiency.

 

 
I am reaching my conclusions.  I think that it is very clear that writing 
is a recent cultural invention that has to be accommodated in the 
brain. It shows some degree of cultural variation, but it is not at all like 
what John Locke has called “the furnishing of the mind’s white 
paper”, or a kind of blank slate which is filled by the acquisition of 
reading. Rather, we are able to learn to read inherit from our 
evolution an efficient object recognition system which has enough 
plasticity to learn new shapes and to learn the relevant connections to 
link the shapes to existing language areas; we exploit this in our 
reading systems. We all learn to read with a similar brain system and 
therefore the teaching of reading must be taught carefully at a young 
age when this circuit is maximally plastic. In adults we can see some 
learning and some recovery, but with a much reduced efficiency.   
 



« Reading in the brain »
To appear soon at Penguin/Viking 

 

 

If you would like further reading, some of these ideas are developed 
further in books I have written. “The Number Sense” is more about 
numbers and the book about reading (“Les Neurones de la Lecture”) 
is available in French and will soon appear in English from Penguin 
and Viking. 
 

 


