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Vision and computation

« Even simple perceptual judgments — such as
lightness - depend on substantial interpretation
carried out by brain circuits

 Vision science exploration of these computations
has been influential in developing principles for
other neuroscience fields and artificial
intelligence

 Vision science fundamentals are important for
the entire imaging industry

Image segmentation and lightness perception
Anderson and Winawer - Nature, 2005




Remarkable progress from PET to advanced MRI in 25 years

(Wandell and Winawer, 2011)

Fox et al., 1986
Nature

Voxel size
2009

Voxel size
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Mapping human visual cortex
with positron emission
tomography. Fox, Mintun,
Raichle, Miezin, Allman & Van
Essen (1986). Nature, v 323,
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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

Functional magnetic resonance
imaging of human visual
cortex Engel, et al. (1994). Nature

Retinotopic organization in human

visual cortex and the spatial

precision of functional MRI Engel,
. Cerebral Cortex




Pseudo-color representation of visual field map




Angular measurements delineate visual field map boundaries




Combining eccentricity and angle data yields maps




Visual field map clusters: Distinct foveal representations

 Distinct foveal representations
can be easily identified

h >0.2
« These are are often confluent Coherence > 0.25

with multiple eccentricity maps

e The areas are separated by
multiple angle maps within the
shared eccentricity
representation.

Visual field maps and stimulus selectivity in
human ventral occipital cortex (2005). A.A.
Brewer, J. Liu, A.R. Wade, B.A. Wandell, Nat .
Neurosci., vol. 8 no. 8, pp. 1102-9 Brewer




Visual field map clusters

« Share a common circular or
semi-circular eccentricity map.

« Contain multiple angle maps
within the eccentricity
representation.

Visual Field Map Clusters in Human Cortex. B. Wandell,
A. A. Brewer and R.F. Dougherty (2005). Phil. Trans.
of the Royal Society London, vol. 360, pp. 693-707

Visual field maps and stimulus selectivity in human
ventral occipital cortex. A.A. Brewer, J. Liu, A.R. Wade,
B.A. Wandell (2005). Nat Neurosci., vol. 8 no. 8, pp.
1102-9




Relationship between maps and functional specializations

B Face-selective

anterior

B Place-selective

The functional architecture of the ventral
temporal cortex and its role in categorization
Grill-Spector and Weiner (2014) Nature
Reviews Neuroscience




Atlas fitting is automated in a number of ways

» The Benson et al. methods and Wang
et al. (2015) atlas are very valuable and
practical contributions

« There are several public routines that
automatically estimate the positions of
atlases on Tiw anatomical data

The retinotopic organization of striate cortex is
well predicted by surface topology. Benson, et al.
(2012) Current Biology

Probabilistic maps of visual topography in
human cortex. Wang et al. (2015). Cerebral
Cortex




Visual field map reviews

366 Neuron 56, October 25, 2007

Visual Field Maps in Human Cortex

Brian A. Wandell,"* Serge O. Dumoulin,’ and Alyssa A. Brewer®

"Psychology Department, Stanford University, Stanford, CA 94305-2130, USA
“Department of Cognitive Sciences, University of California, Irvine, Irvine, CA 92697, USA
*Correspondence: wandell@stanford.edu

DOl 10.1016/.neuron.2007.10.012

Much of the visual cortex is organized into visual field maps: nearby neurons have receptive fields at
nearby locations in the image. Mammalian species generally have multiple visual field maps with each
species having similar, but not identical, maps. The introduction of functional magnetic resonance
imaging made it possible to identify visual field maps in human cortex, including several near (1) me-
dial occipital (V1,V2,V3), (2) lateral occipital (LO-1,LO-2, hMT+), (3) ventral occipital (hvV4, VO-1, VO-2),
(4) dorsal occipital (V3A, V3B), and (5) posterior parietal cortex (IPS-0 to IPS-4). Evidence is accumu-
lating for additional maps, including some in the frontal lobe. Cortical maps are arranged into clusters
in which several maps have parallel eccentricity representations, while the angular representations
within a cluster alternate in visual field sign. Visual field maps have been linked to functional and per-
ceptual properties of the visual system at various spatial scales, ranging from the level of individual
maps to map clusters to dorsal-ventral streams. We survey recent measurements of human visual
field maps, describe hypotheses about the function and relationships between maps, and consider
methods to improve map measurements and characterize the response properties of neurons com-
prising these maps.

Vision Research 51 (2011) 718-737

Contents lists available at ScienceDirect . .Y's,'\'?'f"
Vision Research
journal homepage: www.elsevier.com/locate/visres ®-00c-0

« Maps tile the occipital lobe
° EXteIl d iIlt 0 IP S an d VOT Imaging retinotopic maps in the human brain

Brian A. Wandell *, Jonathan Winawer

Psychology Department, Stanford University, Stanford, CA 94305, United States

« Response properties differ

ARTICLE INFO ABSTRACT

o (v L4 Article history: 7 A quarter-century ago visual neuroscientists had little information about the number and organization of
o I entl lcatl O n I‘O m I‘O S S an ato m Received 5 April 2010 i retinotopic maps in human visual cortex. The advent of functional magnetic resonance imaging (MRI), a
Received in revised form 2 August 2010 non-invasive, spatially-resolved technique for measuring brain activity, provided a wealth of data about

Available online 6 August 2010

human retinotopic maps. Just as there are differences amongst non-human primate maps, the human




Additional references

Forthcoming from Winawer and Benson
Gazzaniga Cognitive Neuroscience volume

Title: Population Receptive Field Models in Human Visual Cortex

Authors: Jonathan Winawer and Noah C. Benson
Affiliations: Department of Psychology and Center for Neural Science, New York University, New York, NY,
10003

Abbreviated title: Population Receptive Fields Models

bioRxiv preprint first posted online Apr. 25, 2018; doi: http//dx.doi.org/10.1101/308247. The ccj%right holder for this preprint (which was not
peer-reviewed) is the author/funder. It is made available under a CC-BY 4.0 International license.
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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
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Population receptive field idea

Stimulus
+  For each voxel, find a spatial y /‘ 3 \ Predicted BOLD (including HRF)
receptive field that explains % 332 g
the fMRI measurement. £ \,/ X
« The spatial RF model is the time Observed
object of interest L,
-
« Minimally, the model is 2
linear in space and has an y X |
(x,y) location in the visual ) Time (sec)
field and a spread

X

Parameters

(X1,Y1,04)




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 space and has an
(x,y) location in the visual
field and a spread

Population receptive field idea

Stimulus

y

-,
\$44/
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PRF size varies substantially and regularly across visual cortex

« 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
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Population receptive field modeling is now widely used

Attention

Stability and Plasticity
Prosopagnosia
Development and aging
Autism

Alzheimer’s disease

Trends in Cognitive Sciences, June 2015, Cell

Vol. 19, No. 6 349

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.,

prientation. motion, or contrast) and to be based on explicit




Compressive spatial summation model and SOC model
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ECoG: PRF modeling and stimulus-referred modeling

Please cite this article in press as: Winawer et al., Asynchronous Broadband Signals Are the Frincipal Source ot the BULL Hesponse
in Human Visual Cortex, Current Biology (2013), http://dx.doi.org/10.1016/j.cub.2013.05.001

Current Biology 23, 1-9, July 8, 2013 ©2013 Elsevier Ltd All rights reserved hitp://dx.doi.org/10.1016/j.cub.2013.05.001
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As we use a larger range of stimuli, the
model of the response in each voxel will
need to become more complex

« We think of these as compartment models Diffusion
compartment
models are already
in widespread use

Two temporal channels in human V1 identified
using fMRI . Horiguchi, Nakadomari, Misaki,
Wandell (2009). NeuroImage

—————— —— -
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As we use a larger range of stimuli, the

model of the response in each voxel will
need to become more complex

We think of these as compartment models

Hiroshi and I developed a model that
considered the likelihood that there are two
temporal channels in each voxel

The model comprised a sustained and
transient channel, as expected from
psychophysics

Functional
compartment
models are not yet
in widespread use




Two temporal channels in human V1 identified using fMRI
(@) Transient Predictor ( 7(¢) )

 We developed a model that
included two temporal channels in
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Different temporal response functions at different eccentricities

Responses at different
eccentricities have very
different time course

These differences are
modeled by assuming
each voxel has as different
amount of the two
compartments
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Spatial distribution of sustained and transient changes

Sustained channel is
localized to the central
10 deg representation

The transient channel
extended out to 60 deg
(ping pong ball
ganzfeld)

Transient

Sustained




Additional papers extending and confirming the findings

This Accepted Manuscript has not been copyedited and formatted. The final version may differ from this version.
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Major components of the reading pathway

Wandell and Le (2017)

The goal: Diagnosis

Identifying the locations

7 0 OF\
and responses in a poor Z P Wemwke A

reader that differ
significantly from
measurements in good
Vi J’ \
readers
P \
M t\
Diagnosing the Neural Circuitry of Reading K Al /)'\ ‘

(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. OpthS Retina — Pulvinar




VWFA - essential for reading, but not
unique to reading

Anterior



We can see the locations
of the cortical activations
during reading

Through the maps and
on to the VWFA



Using pRF methods,
we have learned that
the portion of cortex
engaged in reading
only sees a small part

of the visual field

This may be why it is Localize Word- S 7
Responsive Regions o variance explained by

VeI'y haI'd to I‘ead il’l pRF model (word stimuli)

the peripheral field - - =




Field of view of the VOT readmg readmg 01rcu1try

* There are significant
differences between
participants

« We are correlating these
differences with
measures of word
recognition

« With colleagues we are
studying how the FOV
in Israeli readers

Left

| hemisphere

only



Within the VOT the reading circuitry sees only a limited FOV

Left and right hemispheres

e ol
S -
-

The VOT as a whole
receives input from much
of the visual field

emispheres)

When measured with

words, the reading circuitry VOT Reading Circuitry

the field available in VOT 5 deg

This may be why it is very

hard to read in the

peripheral field s
B .
0 0.2 0.4 0.6

Group average FOV value

Le et al. 2017
Journal of Vision



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)




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

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

PRF centers
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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

pRF eccentricity (°) (Words)

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

15
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The stimulus dependency can be observed emerging in Vi-hV4-VO1

N
T

Slope (checker vs. word)
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IPS: pRF centers are stimulus dependent

Words Checkers

« The pRF position shift is
also substantial in the IPS
region

« This region was identified
by Cohen et al. (2007) as
significant for modulating

responses in VOTRC

“word degradation led to an amplification of

activation in the posterior visual word form area, at

a level thought to encode single letters.

(Cohen et al., 2007, Neuroimage, abstract)” PRF eccentricity (°)

- | | -
1 Il
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Ensemble Tractography
Takemura. Caiafa; Wandell;
Pestilli. PLoS Computational
Biology (2016).

The vertical occipital fasciculus:

... Yeatman, Weiner, Pestilli,
Rokem, Mezer, and Wandell.
PNAS (USA) (2014).

Connectionism:

Mismatch hypothesis




Reading circuit modeling — IPS and VOTRC

A

* pRF responses reflect the activity of circuits

distributed across cortex (of course, single

units do too) IPS Hotspot

* We confirm the positions from our own | Vertical occipital

dorsal responses and from those in the fasciculus (VOF)

literature (MNI resolution, Cohen)
* For me the most important point is the
notion of the circuit model; this extends the

compartment model concept quite a bit.

* Not sure we are ready

Bottom-up and top-down computations
in word- and face-selective cortex. Kay _ ) Pulvinar
& Yeatman (2017), eLife Optics Retina
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Computational neuroimaging and the cortical pathways for seeing words

Brian A. Wandell

Director, Stanford’s Center for Cognitive and Neurobiological Imaging
Stanford University

Stanford, CA 94305

There has been extraordinary progress in measuring and modeling the tissue properties and activity in the living human brain using
magnetic resonance imaging. Reliable functional measurements can be made at the millimeter scale in individual subjects, significantly
enhancing the value of these techniques for both scientific and clinical applications. One goal of visual and cognitive neuroscience is to build
computable models that predict these functional responses. Such computational neuroimaging comprises a small fraction of functional
neuroimaging, which mainly focuses on statistical comparisons of different groups or statistical comparisons of a single group measured
with different stimuli or tasks. | will describe why computational neuroimaging applied to individual subjects is a useful method for both
scientific applications and developing diagnostic measures of visual and cognitive disorders. | will illustrate these ideas with examples from
work designed to clarify the brain circuitry that is essential for seeing words. | am hopeful that combining quantitative measurements and
computational models, supported by reproducible research tools, can provide a strong foundation for a human neuroscience that benefits
society.
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