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Talk plan: Neural circuitry for vision and reading

1. The neural circuitry of reading

2. Quantifying single subject  signals and structures

a. Maps, pRF, and visual field coverage

b. White matter tissue and connections

3. Design for diagnosis – computational tools



• In the US and Western Europe 
between 5-17% of children struggle 
to learn to read

• We would like to diagnose whether 
or not  a particular child will 
ultimately succeed

• We are searching for neural 
measures that help make this 
prediction, with better accuracy 
than behavioral testing

Reading and the Educational Community



Reading letter-based systems and phonemic awareness 

• Hearing, distinguishing and 
manipulating the sounds in words 
(also phonological awareness)

• Claimed to be the chief causal factor 
in early reading achievement

• Hope:  If we train phonemic 
awareness, children will become 
better readers (also skills-training, 
decoding)

Reading
(Word ID)
read aloud:
‘..together,.. 
enough, ..’

Phonological Awareness
(elision, blending)
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Bradley and Bryant, 1978, 1983
Wagner & Torgesen, 1987
Stanovich, 1991

Question:  What is 

reading in Chinese 



Education community consensus: Visual circuitry is not the problem



Neurology and neuropsych community

• Monsieur C – Pure alexia means 
the patient could write, but could 
only read letter-by-letter (68 years 
old, stroke)

• Large amounts of damage to gray 
and white matter

Jules Dejerine

Lesions

Lesions



Dejerine’s disconnection hypothesis:  Geschwind resurrected

• Dejerine thought word 
blindness occurred in Monsieur 
C because of a white matter 
disconnection between a visual 
word form area and hearing 
centers  (X)

• Dejerine was aware of the 
visual field mapping and 
lateralization Ventral occipital 

temporal cortex



Many hypotheses about the biology of reading disability

• Interhemispheric transfer (Damasio, Simos, 
Henderson)

• Magnocellular deficit (Lovegrove, Stein, 
Livingstone)

• Auditory processing deficits (Tallal, Merzenich, 
Goswami)

• Attention and short term memory (Ahissar, 
Pammer)

• VWFA circuitry doesn’t develop (many)



Summary point 1

There are many competing ideas about the 

biological basis of reading disabilities. 

Different biological impediments may affect 

different people.  We should systematically 

explore many of them. Together.
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Rosemary Le

Learning to See Words B.A. Wandell, A. 
Rauschecker and J. Yeatman (2012). Annual 
Review of Psychology Vol. 63, pp.31-53.

The goal: Diagnosis

• Identifying the 
locations and 
responses in a poor 
reader that differ 
significantly from 
measurements in good 
readers 

• Developmental issues

Diagnosing the Neural Circuitry of Reading 
(2017)  Brian A. Wandell and Rosemary K. Le
Neuron V. 96, Issue 2, October 11, 2017



Advances in cortical mapping:  eccentricity map
(Engel et al., 1994,1997; Sereno; Tootell, DeYoe; Others)

• Inflated brain
• Gray/white 

are sulci/gyri



Advances in cortical mapping:  eccentricity map



Advances in cortical mapping:  angular map



Visual field maps can be measured in individual subjects

366 Neuron 56, October 25, 
2007

Vision Research 51 (2011) 718-
737

Winawer Brewer



Modeling visual cortex responses

• Population receptive fields



Quantitative modeling: the population receptive field (pRF)
‘Responses can be 

obtained in a given optic 

nerve fiber only upon 

illumination of a certain 

restricted region of the 

retina, termed the 

receptive field of the fiber 

(Hartline, 1936)’.

+   On
0   Off

• Functional description

• Stimulus-referred

Sherrington, 1910
Kuffler, 1953



Population receptive field idea
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• For each voxel, find a 
spatial receptive field that 
explains the fMRI 
measurement.

• The spatial RF model is 
the object of interest. 

• Minimally, the model is 
linear in contrast and has 
an (x,y) location in the 
visual field and a spread

• More complex models are 
also being studied (e.g., 
CSS)

Serge 
Dumoulin
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PRF size varies substantially and regularly across visual cortex

pR
F 
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pRF eccentricity (deg)

• At common eccentricities, different maps have different pRF sizes
• PRF size increases with eccentricity for all maps
• Bands are bootstrap estimates of the standard error

Kendrick Kay



Advances in cortical mapping - the field of view
Amano et al. 2009

• A single voxel within, say 
V1, responds to a small 
part of the visual field 
and thus has a small 
field of view



2. Advances in cortical mapping – the field of view of V1
Amano et al. 2009

pRF max at each point

• A single voxel within, say 
V1, responds to a small 
part of the visual field 
and thus has a small 
field of view

• Combining the pRFs from 
the voxels in a region, say 
all of V1, describes the 
region’s field of view



• Attention

• Stability and Plasticity

• Prosopagnosia

• Development and aging

• Autism

• Alzheimer’s disease

Trends in Cognitive Sciences, June 
2015, Vol. 19, No. 6 349

Summary 3 – pRFs are widely used in individual subjects



Advances in cortical mapping:  functional specializations

Grill-Spector and Weiner
Nature Reviews Neuroscience, 2014

• Ventral occipito-temporal 
cortex (VOTC), near the visual 
field maps, contains several 
specialized processing regions

• Each region responds better to 
some class of stimuli than 
others (functional 
specialization)

• The visual word form area 
(VWFA) is one of these 
specializations

LEFT, bottomRIGHT, bottom

Back

Front



Locating reading circuits and maps

VWFA - essential for reading, but not 
unique to reading

Andreas 
Rauschecker



Measuring the activity while reading (fMRI)

• We can see the locations 
of the cortical activations 
during reading

• Through the maps and 
on to the VWFA



Field of view in reading circuitry of a single subject
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• Using these methods, we 
have learned that the 
portion of cortex 
engaged in reading only 
sees a small part of the 
visual field – it has a 
small field of view

• We can measure these in 
individual participants

• Note words as contrast Sub 20

Measure 
the VWFA 
region

Bottom, left

Kaoru Amano



Words

pRF eccentricity (°)
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Checkers

VOTRC:  pRF center estimates are stimulus dependent (adult)

• The shift is substantial (2-3 
deg) throughout the fusiform 
and OTS region

• The pRF centers shift towards 
the central fovea along radial 
lines (not shown)
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VOT reading circuitry: FOV and pRF center positions depend on the stimulus

Words Checkers

pRF centers

• The shift is substantial (2-3 
deg) throughout the fusiform 
and OTS region

• The pRF centers shift towards 
the central fovea along radial 
lines (not shown)

• The shift causes a change in 
the FOV as well



2a. Advances in cortical mapping –VWFA field of view in different subjects

• There are significant 
differences between 
participants

• We will correlate these 
differences with 
measures of word 
recognition and eye 
movement patterns

Sub01 Sub02 Sub03 Sub04 Sub05

Sub06 Sub07 Sub08 Sub09 Sub10

Sub11 Sub12 Sub13 Sub14 Sub15

Sub16 Sub17 Sub18 Sub19 Sub20

5°10°

Left 
hemisphere 

only



The stimulus dependency emerges in V1-hV4-VO1
pR
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The pRF center of individual voxels shifts to larger eccentricities 
when measured with checkerboards than words

• BLUE - Linear fits to the data; bootstrapped 95% confidence intervals
• DASHED WHITE - The identity line



pRF eccentricity (°)
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IPS:  pRF centers are stimulus dependent

• This IPS region has been 
identified by Cohen et al. 
and by Kay and Yeatman
as significant for 
modulating responses in 
VOTRC

• The pRF eccentricity is 
stimulus-dependent in the 
IPS region, too

Words Checks
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Circuit modeling – putting the pieces together

• Dorsal stream signals 
influence the ventral 
signals (, Kay and 
Yeatman, 2017)

• The communication 
may take place through 
the vertical occipital 
fasciculus (VOF)

Diagnosing the Neural Circuitry of Reading 
(2017)  Brian A. Wandell and Rosemary K. Le
Neuron V. 96, Issue 2, October 11, 2017



Summary 2: Advances in cortical mapping

Portions of the visual circuitry for 

seeing words can be identified. 

Certain functional responses, such 

as the field of view, can be reliably 

estimated in single subjects. These 

quantitative measures might help 

diagnose part of the reading 

circuitry.



Connections between brain regions

Courtesy Professor Ugur Ture

• There are many long-
range connections

• These connections 
are not passive – they 
change their 
properties in 
response to use

• A system with active 
wires



Connections between brain regions - tracts

Introduction 
to LiFE

Extension to 
ensemble 
method

Review of 
diffusion 
imaging

Left 
IFOF

150 Directions, 2 mm3, B=2000 projected on a 1 mm3 T1 anatomical image



Automated Fiber Quantification



Callosal shapes differ significantly – projection based segmentation
Callosal Projection zones

• We subdivide the 
corpus callosum into 
distinct regions that 
depend on where the 
tracts project

• Each subject is 
different



Radial diffusivity in callosal temporal lobe projections correlates with sounding out words 

O

P
S

TT

Reading-related standard scores

r = 0.52 (27%)
p<0.0002

Dougherty et al., PNAS, (2007)
Odegard et al. (2009)
Frye et al. (2009) 

• Callosal tracts that 
project to the temporal 
lobe correlate with 
reading scores

Replications

Michal 
Ben-

Shachar

Bob
Dougherty



2b. Connections between regions – good and poor readers develop differently

• Measured brain and behavior at 4 
time points (data management!)

• The first measurements predict 
reading over the next few years

• The rate and direction of FA 
development differs between good 
and poor readers in the Arcuate and 
the ILF

Blue:  Good readers
Red:   Poor readers

• Fractional anisotropy 
(FA)

• Displaced vertically 
for each participant

• Ordered by slope
• Colored by reading 

score

Jason 
Yeatman



Connections between regions – good and poor readers develop differently

• Development measured 
by dMRI in the ILF and 
Arcuate, but not others 
tracts, correlates with  
the ability to rapidly see 
words

• This is one reason we 
think that the wires are 
active, changing  in 
response to learning and 
memory

r = 0.51

(Yeatman et al., 2012, PNAS)
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Connections between regions – can this difference be a factor in poor reading?

General 
visual 
inputs



Summary 3: Advances in cortical mapping

Portions of the visual circuitry for 

seeing words can be identified. 

Certain anatomical properties, 

such as tract diffusivity and qMRI

measures, can be reliably 

estimated in single subjects. These 

quantitative measures might help 

diagnose part of the reading 

circuitry.



Group comparisons and single subjects

• Many neuroimagers perform group 
comparisons

• A typical report will summarize 
response or structural differences 
between two groups; the cover of this 
well-known book is an example

• Group comparisons differ greatly from 
the designs for diagnosis (single 
participant methods), and the necessary 
tools differ as well

Poldrack, Mumford, Nichols (2011)



Design for diagnosis

Difficulty 
learning to read 

visually – use 
electronic aids

Will learn 
with 

remedial 
training

• Goal: Determine the best way to 
help a particular child

• The distribution (blue) at the right 
shows a population distribution of 
a potentially helpful diagnostic 
measurement

• The filled circles are 
measurements from two children; 
we would like to use the 
measurement to decide how to 
support the child



Design for diagnosis - the problem with group comparisons

• A group comparison can provide a 
misleading perception of how well 
a diagnostic works

• Suppose we compare a particular 
measure on controls and the test 
group of poor readers

• This measure does not help us 
with diagnosis

Measurement value
N
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Design for diagnosis - the problem with group comparisons

• These are the same data as 
the histograms, but plotted 
as a group comparison

• The group means are very 
different and the paper 
would encourage us to 
consider this biomarker

• This issue becomes greater 
as N increases



Commercial disclosure
I am an active participant in Flywheel Exchange LLC, a commercial venture related to the work described here. 



Data and computational management: both are important for diagnosis

• Most MRI Centers provide one of these data 
retrieval options from the MRI scanner

• Copy data to CD, DVDs, USB hard drive
• Copy to a server and remote login

• Data and metadata are transferred to a system 
controlled by a student or post-doc

• Limitations – reuse and sharing become 
burdensome; metadata and pre-processing 
information are frequently lost

Data transferred to laboratories 
from the scanner



Data and computational management: both are important for diagnosis

• Archiving MRI Center data eliminates the 
need for users to gather the data again for 
publication

• The data should be available through a 
platform-independent web browser to 
simplify access

• Basic tools, such as search, visualization, 
and pre-processing can be available 
through the browser

• The data are ready for sharing and reuse; 
metadata can be stored; pre-processing 
methods shared can be shared

Web browser access to 
data and computational 

tools

Data transferred to laboratories 
from the data system



Modern Informatics Platform
for Biomedical Research and Collaboration

Imaging Modalities

PACS / VNA

Any Research Data

Machine Learning

Imaging Research

Multi Center Studies

Clinical & Research Data Research Applications

…

Curate Compute CollaborateCapture

Imaging Research 
Centers

Clinical 
Research

Clinical 
Trials

Data Privacy & Regulatory Compliance

Cloud-Scale Research Solution

I am a co-founder 
of the company



Summary 4: Experimental design for diagnosis – summary

Use experimental designs and tools for 

single subjects and judge experimental 

measures by whether they can diagnose 

individuals, not groups



Talk review: Neural circuitry for vision and reading
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1. The neural circuitry of reading

2. Quantifying single subject  signals and structures

a. Maps, pRF, and visual field coverage
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