Neural circuitry for vision and reading

Brian A. Wandell

Wu Tsai Neurosciences Institute
Stanford Center for Cognitive and Neurobiological Imaging

QUANTITATIVE MEASUREMENTS
oo

COMPUTATIONAL MODELS

& @)

CHECK AND SHARE

| l

| ]

TEDE BB

| “{




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
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Reading and the Educational Community

* Inthe 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 letter-based systems and phonemic awareness

* Hearing, distinguishing and

manipulating the sounds in words
(also phonological awareness)
« (Claimed to be the chief causal factor Reading
in early reading achievement (Word ID)
read aloud:
‘..together,..
« Hope: If we train phonemic enough, ..

awareness, children will become
better readers (also skills-training,
decoding)

Bradley and Bryant, 1978, 1983
Wagner & Torgesen, 1987
Stanovich, 1991

elision (strain-/r/ = stain)
blending (/t/+/01/ = toy)
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Education community consensus: Visual circuitry is not the problem

To my mind, the discovery and documentation of the importance of phonemic
awareness ... 1s the single most powerful advance in the science and pedagogy of
reading this century. (Adams, 1990)

the specification of the role of phonological processing in the earliest stages of
reading acquisition is one of the more notable scientific success stories of the last
decade. (Stanovich, 1991, p. 78)

... perhaps the most important single conclusion about reading disabilities 1s that they
are most commonly caused by weaknesses in the ability to process the phonological
features of language. (Torgesen et al., 1999, p. 579)



Neurology and neuropsych community

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

"8 esions

« Large amounts of damage to gray

and white matter




Dejerine’s disconnection hypothesis: Geschwind resurrected

 Dejerine thought word 4 4
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 o N ’

visual field mapping and A ALY \

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)

Inferior frontal gyrus

Parieto-temporal
area P

Occipito-temporal area



Summary point 1



Major components of the reading pathway

The goal: Diagnosis

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

[

. o
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

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

Visual Field Maps in Human Cortex

Brian A. Wandedl,' hpo.m and Nyssa A Brewer’
‘Peyenciogy Oecertment Gtantors Unwvenfy. Stardors. CA 9006 2130 USA
mumm Mdmm Irvine. CA IR897. USA

00! 10 10184 neuron 200710012

Much of the visual Corex is orpanized INo visual fisld maps: nearty neurons Nave receptive teids at
neartyy locations in the Image. Mammalian species genersily have multtiple visual fledd maps with esch
species having similar, but not identical, maps. The introduction of functionsl magnetic resonance
imaging made it posaidie 1o identify visual fieid maps in human cortex, including several near (1) me-
dial occipital (V1. V2.V3), (2) lntersd occipital (LO-1,L0-2, hMT+), (3) ventral occipital (W4, VO-1, VO-2),
(4) dorsal occipital (V3A, V38), and {5) posteriar partetal cortex (IPS-0 to 1P5.4). Evidence s accumu-
lating for additional maps, including somae in the frontal lobe. Cortical maps are arranged into clustors
in which several maps have paraflel eccontricty represontations, while the angular representations
within a chuster altemats in visual field sign. Visual fiekd maps have been linked to functional and per-
ceptual properties of the visual systam at various spatial scales, ranging from the level of ndivioual
MAaps 1o Map clusters 1o dormal-ventral streams. We survey recent moeasuraments of human visual
fiedd maps, descride hypothoses about the function and relationships between maps, and consider
Methods 1o Improve map ks and chavacterize the rspONSe Properties of NEUroNS Com-
prising thess maps.

Vision Research 51 (2011) 718-
mwnm

Vision Research

journsl hamepage: www elsevier.com/iocatelvisres

Imaging retinotopic maps in the human brain
Brian A. Wandell *, Jonathan Winawer
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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)’.
Sherrington, 1910
Kuffler, 1953
* Functional description

e Stimulus-referred




Population receptive field idea

Stimulus P~ B

* Foreach voxel, find a y AT Predicted BOLD (including HRF) Serge

spatial receptive field that A Dumoulin

\$ 44~

explains the fMRI /;':ny\

measurement. j
« The spatial RF model is ©
the object of interest.

H Observed

e Minimally, the model is

% BOLD

linear in contrast and has y

an (x,y) location in the : , Time (sec)

visual field and a spread

"
« More complex models are
Parameters

(X1,Y1,01)

also being studied (e.g.,
CSS)




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)

Population receptive field idea

Stimulus
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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)

Population receptive field idea
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PRF size varies substantially and regularly across visual cortex

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

a Kendrick Kay
20
o T Y™
M\J
A5 4 == V1
\ . ,—f
\ \ / J L
,f’ . y ',./ ~~ V3
AL A )
= 4 3 ~~ V3AB
\ L7
J\ : =) hv4
-»,’/' Q 1ot == VO1
g - — —_—
ume (seconas) w V02
ume {Seconas) . i85 355 Ll_ — LO1
E x = 0.34 deg. y =0.29 deg. m —— L02
= y = 0.24 deg. o = 1.33 deg. Q_
:;g . 6 = 0.25 deg. — TO1
: | >f TO2
a _
Q
%j o’o‘o " : & \\‘
3
i -— 0 ol e 0 0 =
y (degrees) 2 > = ' x (degrees) y (degrees) . ol = Ty (degrees) 0 5 10 15 20

pRF eccentricity (deg)



Advances in cortical mapping - the field of view

e Amano et al. 2009
.
- A single voxel within, say "
V1, responds to a small o
part of the visual field -

and thus has a small
field of view

Amplitude (% BOLD/Degree?)

> g

-1
y (degrees) x (degrees)




2. Advances in cortical mapping — the field of view of V1

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

Amano et al. 2009




Summary 3 — pRFs are widely used in individual subjects
Trends in Cognitive Sciences, June

Attention

Stability and Plasticity
Prosopagnosia
Development and aging
Autism

Alzheimer’s disease

2015, Vol. 19, No. 6 349 Cell

Computational neuroimaging and
population receptive fields

Brian A. Wandell' and Jonathan Winawer?

.1 Psychology Department and Neurosciences Institute, Stanford University, Stanford, CA, USA
“Psychology Department and Center for Neural Science, New York University, New York, NY, USA

Functional magnetic resonance imaging (fMRI) noninva-
sively measures human brain activity at millimeter reso-
lution. Scientists use different approaches to take
advantage of the remarkable opportunities presented
by fMRI. Here, we describe progress using the computa-
tional neuroimaging approach in human visual cortex,
which aims to build models that predict the neural
responses from the stimulus and task. We focus on a
particularly active area of research, the use of population
receptive field (pRF) models to characterize human visu-
al cortex responses to a range of stimuli, in a variety of
tasks and different subject populations.

Understanding sensory circuits
A mark of understanding a sensory system is the ability to
predict how it will respond to stimulation. In the case of
human visual cortex, we would like to accurately predict how
each part of the system responds to any visual input. Such
predictions are beyond current capabilities, but progress has

Receptive field models

For more than 75 years, visual neuroscientists have relied
on the receptive field concept to make progress in the face
of limited knowledge of the neural circuitry [3]. Sherrington
[4] coined the phrase ‘receptive field’ to describe the region
of skin from which a scratch reflex could be elicited: “The
“receptive field” may be conveniently applied to designate
the total assemblage of receptive points whence by suitable
stimuli a particular reflex movement can be evoked’ ([4], p.
32). Hartline applied the concept to visual neurons [5).
Hartline’s initial definition, similar to Sherrington’s,
emphasized the spatial extent of the receptive field: ‘No
description of the optic responses in single fibers would be
complete without a description of the region of the retina
which must be illuminated in order to obtain a response in
any given fiber. This region will be termed the receptive field
of the fiber’ ([5], p. 410). Over the years, the receptive field
concept has expanded to include stimulus features (e.g.,




Advances in cortical mapping: functional specializations
RIGHT, bottom Iront LEFT, bottom

-

« 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)

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

____________

- Faces > objects . Places > objects . Words >objects wmmm MES

Limbs > objects . Objects >scrambled * Fovea

Grill-Spector and Weiner

Nature Reviews Neuroscience, 2014




Locating reading circuits and maps

VWFA - essential for reading, but not
unique to reading

Andreas
Rauschecker




Measuri

« 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 -

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

take

Measure .
the VWFA
region




VOTRC: pRF center estimates are stimulus dependent (adult)

"’\\\ Checkers

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)

pRF eccentricity (°)
' .

10 15




VOT reading circuitry: FOV and pRF center positions depend on the stimulus

The shift is substantial (2-3

deg) throughout the fusiform z
and OTS region %

°

0.4 2

e The pRF centers shift towards s
02 £

the central fovea along radial

lines (not shown)

pPRF centers
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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




PRF eccentricity (°)
(Checkerboards)

10

The stimulus dependency emerges in V1-hV4-VO1

The pRF center of individual voxels shifts to larger eccentricities
when measured with checkerboards than words

5 10 15 5 10 o 5 10 15 5 10 o 5 10

pRF eccentricity (°) (Words)

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

15
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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

pRF eccentricity (°)
. -
0 5 10 15
M
Words Checks



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
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Summary 2: Advances in cortical mapping

Portions of the visual circuitry for

seeing words can

be identified.

Certain functiona

| 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.

Diagnosing the Neural Circuitry of Reading

Brian A. Wandell'* and Rosemary K. Le'

'Prychology Department, Stanford University, Stanford, CA 84308, USA
‘Comaspondence: wandelistaniond ecu

Mapudx doi org/ 10,1016/ neuron 2017 .08 007

We summarize the current state of knowledge of the brain's reading circuits, and then we describe opportu-
nities to use quantitative and reproducible methods for diagnosing these circuits. Neural circuit diagnos-
tics—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 select the best remediation strategy.
A sustained effort to develop and share diagnostic methods can support the societal goal of improving
literacy.




Connections between brain regions

« There are many long-
range connections

« These connections
are not passive — they
change their
properties in
response to use

« A system with active
wires

Courtesy Professor Ugur Ture



Connections between brain regions - tracts

Left
IFOF

150 Directions, 2 mms3, B=2000 projected on a 1 mm3 T1 anatomical image

- ' Introduction
to LiFE

Evaluation and statistical inference for human
connectomes

Franco Pestilli, Jason D Yeatma

@ PLOS | saigemona:

Extension to
— ensemble
. method

Ensemble Tractography
G -

Annual Review of Neuroscience
Vol. 39: 103-128 (Volume publication date July 2016

Review of
diffusion
Brian A. Wandell imaging

Deparment of Psychology snd Neurvsciences Institure, Sunford University, Stnford
al et 34305, cmail: WandelM@stanford ods



Automated Fiber Quantification
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Tract Profiles of White Matter Properties: Automating Fiber-
Tract Quantification
Jason D. Yeatman [E], Robert F. Dougherty, Nathaniel J. Myall, Brian A. Wandell, Heidi M. Feldman

Published: November 14, 2012 « https:/doi.org/10.1371/journal.pone.0049790
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Jason D. Yeatman edited this page on May 9, 2017 - 34 revisions

Automated fiber quantification (AFQ)

AFQ automatically identifies the core of major fiber tracts and quantifies the tissue properties in
the voxels near the tract cores. The analysis produces a set of "Tract Profiles" that measure the
tissue property at sample positions from the start to the end of the tract core. There is one
profile for each tract and tissue property combination. The tract profiles have been used to
characterize white matter properties in healthy brains or quantify abnormalities in diseased
brains. Through the use of neuroinformatics tools, we can automatically identify abnormalities in
the profiles of an individual.

AFQ is described in

Yeatman JD, Dougherty RF, Myall NJ, Wandell BA, Feldman HM (2012) Tract Profiles of
White Matter Properties: Automating Fiber-Tract Quantification. PLoS ONE 7(11): e49790.
doi:10.1371/journal.pone.0049790




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

Posterior Parietal _,.--\. . ,...“‘ | . “
.Superior Parietal ' ' : :

.Superior Frontal : :
-f"r-'_h‘-‘ ~ #—-—‘
Anterior Frontal % A #5\ - ™ 4 ' v g
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Radial diffusivity in callosal temporal lobe projections correlates with sounding out words

0.65| 4 r=0.52 @7%),

S p<0.0002
3 0.6¢
S |
« Callosal tracts that e 0.55
project to the temporal = 0.5}
: N
lobe correlate with :\m 0.45!
reading scores ¥ 04l
0.35]
Replications 60 80 100 120
Dougherty et al., PNAS, (2007) Reading-related standard scores

Odegard et al. (2009)
Frye et al. (2009)

140
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Bob Michal
Dougherty Ben-
Shachar



« 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

Fractional anisotropy
(FA)

Displaced vertically
for each participant
Ordered by slope
Colored by reading
score

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

Left ILF

:

Qm»oﬁnor

se@es qH#

e

atubEndt
o 0000 00000 t0000

| 2 3
Year
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Jason

Yeatman

Blue: Good readers
Red: Poor readers



Connections between regions — good and poor readers develop differently
(Yeatman et al., 2012, PNAS)

« Development measured Left ILF
. 140 ! —
by dMRI in the ILF and - -2
Arcuate, but not others fa0F T " .
tracts, correlates with = r=05le_ o J/
h bolo .dl 8 120 6‘ - /‘_;’
- VR
the ability to rapidly see o0 00 oo
words < 110/ _ S e
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Connections between regions — can this difference be a factor in poor reading?




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.

SciVerse ScienceDirect

ELSEVIER

Biological development of reading circuits
Brian A Wandell and Jason D Yeatman

Human neuroimaging is expanding our understanding of the
biological processes that are essential for healthy brain
function. Methods such as diffusion weighted imaging provide
insights into white matter fascicles, growth and pruning of
dendritic arbors and axons, and properties of glia. This review
focuses on what we have learned from diffusion imaging about
these processes and the development of reading circuitry in the
human brain. Understanding reading circuitry development
may suggest ways to improve how we teach children to read.

ELSEVIER

Given the expanded opportunity to measure such pro-
cesses, what might be learned from these measurements?
Some behaviors, such as psychological tests of perform-
ance during brief trials, may be best understood by
measuring synaptic activity or spikes. But other important
behaviors, such as learning to read, acquiring a second
language, or learning to regulate emotions, take place
over longer time periods and may depend on biological
processes such as cell development, growth and pruning

nd 2 olia

Full text provided by www.sciencedirect.com
cod

“=.* ScienceDirect

White matter pathways in reading
Michal Ben-Shachar, Robert F Dougherty and Brian A Wandell

Skilled reading requires mapping of visual text to sound and
meaning. Because reading relies on neural systems spread
across the brain, a full understanding of this cognitive ability
involves the identification of pathways that communicate
information between these processing regions. In the past few
years, diffusion tensor imaging has been used to identify
correlations between white matter properties and reading skills
in adults and children. White matter differences have been

rely on the transmission of information from visual areas
in the right hemisphere to language regions in the left
hemisphere. There are also important examples in which
white matter diseases lead to specific cognitive disabil-
ities. Geschwind particularly emphasized the idea that
acquired reading disorders are manifestations of a ‘dis-
connection syndrome’ in which damage to white matter
disrupts communication between key cortical reading




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

Handbook of
FUNCTIONAL

MRI

Data Analysis

Poldrack, Mumford, Nichols (2011)




Design for diagnosis

« Goal: Determine the best way to 140 N =1000 EORQ W
help a particular child [ Population distribution
120
* The distribution (blue) at the right
shows a population distribution of % 100
a potentially helpful diagnostic —g 30
measurement 3
% 60
* Thefilled circles are . 2 Will learn Difficulty
measurements from two children; O ith learning to fead
we would like to use the remedial visually — use
measurement to decide how to *°[ training electronic aids
support the child o @
-5 0 5

Measurement value



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

140
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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

N = 1000

[ Control

0.3

0.25

0.2

0.15

0.1

0.05

-0.05 -

-0.1

i'- Control
! [ Test

N =1000

Control (u = 0) Test (u = 0.2)



Commercial disclosure
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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

Data transferred to laboratories
from the data system



Modern Informatics Platform
for Biomedical Research and Collaboration

Cloud-Scale Research Solution

Clinical & Research Data Research Applications

Imaging Modalities Machine Learning

PACS / VNA Imaging Research

Any Research Data Multi Center Studies

Data Privacy & Regulatory Compliance

I am a co-founder
of the company
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Summary 4: Experimental design for diagnosis — summary



Talk review: 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

Design for diagnosis — computational tools
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