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Even simple 
judgments – such as 

lightness - depend on 
substantial 

interpretation of the 
image data carried 

out by brain circuits
(Anderson and Winawer, Nature, 2005)

The visual system actively interprets image data



The human brain
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Image adapted from J. Horton

1: 15: 3000 (volume ratios)

• Brains differ

• Check which 
system was 
measured



Cortical computational elements

4

Brain computations 
takes place in the gray 
matter (also called 
cerebral cortex), a thin 
(2-4 mm) sheet of neural 
tissue that cover the 
surface of the brain

image from Graham Johnson

§ Neurons/mm3: 104-106

§ Cortical Neurons:  1011

§ Synapses/neuron: 103

§ Cortical Synapses: 1014

§ Surface area of each 
hemisphere: 25 x 30 cm2



Long-range communication architecture (tracts) 

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



Macular	
stimulation

Perimacular	
stimulation

Remarkable progress in 25 years 
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Human eccentricity mapping with fMRI
(Engel et al., 1994,1997; Sereno; Tootell, DeYoe; Others)

• Inflated brain
• Gray/white 

are sulci/gyri



Pseudo-color representation of visual field map



Angular measurements delineate visual field map boundaries



Combining eccentricity and angle data yields maps



Visual field map reviews
366 Neuron 56, October 25, 2007

Vision Research 51 (2011) 718-737

• Maps tile the occipital lobe
• Extend into IPS and VOT
• Response properties differ
• Identification from gross anatomy



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)
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PRF size varies substantially and regularly across visual cortex
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• 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



• Attention

• Stability and Plasticity

• Prosopagnosia

• Development and aging

• Autism

• Alzheimer’s disease

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



Modeling the diffusion signal in a voxel
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Human fascicles (tracts) 

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



Non-diffusion MR image
Dark means large 
signal attenuation
High ADC

b = 0

Rokem et al., 2015, PLoS One



Diffusion weighting: Directions

Dark means large 
signal attenuation
High ADC

b = 800 

Rokem et al., 2015, PLoS One



Dark means large 
signal attenuation
High ADC

Diffusion weighting: Directions

b = 800 

Rokem et al., 2015, PLoS One



Diffusion signals in different directions

( )
0( ) e bDS S qq -=

The measured diffusion 

signal in a direction, θ, is 

related to the apparent 

diffusion coefficient in 

that direction, D(θ)

E. O. Stejskal and J. E. Tanner 
(1965)

Apparent diffusion coefficient (ADC)
Diffusion data are surfaces at every voxel

b = 800 

b = 800 Signal 
Re: b=0

Large 
displacement

Small
displacement

Small signal, 
large ADC

Big signal, 
small ADC



Diffusion signals in different directions

( )
0( ) e bDS S qq -=

The measured diffusion 

signal in a direction, θ, is 

related to the apparent 

diffusion coefficient in 

that direction, D(θ)

E. O. Stejskal and J. E. Tanner 
(1965)

b = 800 

b = 800 

Tractography algorithms combine the local 
(voxel) diffusion measurements to estimate 

white matter tracts (streamlines)



Tractography modeling, like pRF modeling, is critical for progress

We estimate fascicles from diffusion 
data, but most investigators  do not 

check the model



Linear Fascicle Evaluation (LiFE)
Pestilli et al., 2014, Nature Methods

Treat the estimates as a model
Calculate statistical evaluations of model validity



Tractography modeling

b = 800 

Tracts with at 
least one endpoint 
in the visual parts 

of the brain

Introduction 
to LiFE

Extension to 
ensemble 
method

Review of 
diffusion 
imaging



Building a model of the circuit for seeing words
Jason YeatmanMichal Ben-Shachar Andreas Rauschecker

Rosemary Le Nathan WitthoftBob Dougherty Kaoru Amano
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Major components of the reading pathway
Wandell and Le (2017)

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 



Tracing the signal through the system

• A single voxel within, say, V1 
has a pRF position and size

• Combining the pRFs from the 
voxels in a region tells us about 
its field of view

• In early visual field maps, the 
population receptive fields tile 
large portions of the visual field

Amano et al. 2009



Measuring the field of view of cortical regions

• A single voxel within, say, V1 
has a pRF position and size

• Combining the pRFs from the 
voxels in a region tells us about 
its field of view

• In early visual field maps, the 
population receptive fields tile 
large portions of the visual field

Amano et al. 2009

pRF max at each 
point



Measuring the field of view of cortical regions

• A single voxel within, say, V1 
has a pRF position and size

• Combining the pRFs from the 
voxels in a region tells us about 
its field of view

• In early visual field maps, the 
population receptive fields tile 
large portions of the visual field

Amano et al. 2009
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Measuring the field of view of cortical regions

• A single voxel within, say, V1 
has a pRF position and size

• Combining the pRFs from the 
voxels in a region tells us about 
its field of view

• The early visual field maps, the 
pRF field of view covers large 
portions of the visual field

Amano et al. 2009
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Locating reading circuits and maps

VWFA - essential for reading, but 
not unique to reading



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

0 1.00.5

5°10°

Sub 20

10020 60

% variance explained by
pRF model (word stimuli)

The portion of cortex 

engaged in reading 

only sees a small part 

of the visual field

This may be why it is 

very hard to read in 

the peripheral field



Small field of view for the reading circuitry

15 deg

5 deg

The portion of cortex 

engaged in reading 

only sees a small part 

of the visual field

This may be why it is 

very hard to read in 

the peripheral field

Le et al. 2017 
Journal of VisionLeft and right hemispheres



Field of view of the VOT reading reading circuitry

• There are significant 
differences between 
subjects

• Yes, we are correlating 
these differences with 
measures of word 
recognition

• FOV value: relative 
effectiveness in evoking 
a response in ROI

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



Diffusion (FA) changes differs between good and poor readers

• 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 both the 
Arcuate and the ILF

Blue:  Good readers
Red:   Poor readers

More 
linear

(FA)

More 
circular

Fractional 
anisotropy 
(displaced)



Diffusion (FA) changes differs between good and poor readers

Mean FA 
development 

slopes

Left ILF

Fractional 
anisotropy

Ag
e

• 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 both the 
Arcuate and the ILF



Correlations between tract diffusion change and seeing words 

• 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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Measured FA development rate



Neuroprognosis

• Simple models that combine tissue 

properties from two tracts (ILF 

and AF) predict measured reading 

skill

• The predictions are not yet useful; 

they are statistically reliable

r = 0.66 
(43%)
7-11 yrs

Predicted reading score
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Predicting reading scores from rate of white matter 
development

(Yeatman et al., 2012)



To appear in Neuron, Oct. 2017

We summarize the current state of knowledge of the brain’s 
reading circuits, and then we describe opportunities to use 
quantitative and reproducible methods for diagnosing these 
circuits. Neural circuit diagnostics -- by which we mean 
identifying the locations and responses in an individual that differ 
significantly from measurements in good readers -- can help 
parents and educators in selecting the best remediation strategy. 
A sustained effort to develop and share diagnostic methods can 
support the societal goal of improving literacy.

Diagnosing the reading circuitry

Diagnostics

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



Project on Scientific Transparency



Reproducible research and diagnosis

Donoho

Computational reproducibility is 

not an afterthought—it is 

something that must be designed 

into a project from the beginning. 

One does need to develop a 

whole set of programming and 

research disciplines with the 

end result in mind and stick with 

them. 

An invitation to reproducible computational research DAVID L. DONOHO



A motivating 
example

• A subject or patient with 
a retinal eye disease 
comes to the lab

• We want to know the 
consequences of retinal 
degeneration on cortical 
structures

Optic tract

Optic radiation



• Measure the subject’s visual 
white matter and secure the 
data!

• Use validated computational 
tools for quality assurance

• Use open-source software for 
tract identification, tissue 
estimation and comparison 
with other populations

A motivating 
example



Use databases to find control data

Control ±2SD

Control

The expectation based on data 
acquired and stored



Compare your subject with the distribution and think

Control ±2SD

Control

LHON

Leber’s hereditary 
optical neuropathy

This subject compared to the 
expectation



Data science and statistics issues

Control ±2SD

Control

LHON

Leber’s hereditary 
optical neuropathy

Each subject with the disease has 
some variation and we would like 
to know, and track each one over 

time



Advanced analysis in the Flywheel database (AFQ)

Commercial disclosure:
I am a co-founder of 

Flywheel, LLC

My lab and MRI 

center has developed 

a set of modern 

software tools to 

implement these 

analytical methods



Summary

A. About the human brain

B. MRI measures of brain activity

C. MRI measures of brain connections

D. Diagnosing reading impairments

E. Software tools: checking and sharing
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