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• 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

Vision and computation

Image segmentation and lightness perception
Anderson and Winawer -Nature, 2005
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Mapping human visual cortex 
with positron emission 
tomography.  Fox, Mintun, 
Raichle, Miezin, Allman & Van 
Essen (1986). Nature, v 323,



Human eccentricity mapping with fMRI
(Engel et al., 1994,1997; Sereno; Tootell, DeYoe; Others)

• Inflated brain
• Gray/white 

are sulci/gyri

Retinotopic organization in human 
visual cortex and the spatial 
precision of functional MRI Engel, 
et al.  (1997). Cerebral Cortex

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



Pseudo-color representation of visual field map



Angular measurements delineate visual field map boundaries



Combining eccentricity and angle data yields maps
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Visual field map clusters: Distinct foveal representations

Coherence > 0.25

3°

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

• Distinct foveal representations 
can be easily identified

• These are are often confluent 
with multiple eccentricity maps

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



Visual field map clusters 
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• 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

Face-selective

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 T1w anatomical data

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

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



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



Additional references
Forthcoming from Winawer and Benson

Gazzaniga Cognitive Neuroscience volume



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

Population receptive field modeling is now widely used



Convert to 
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STIMULUS MODEL PREDICTED 
BOLD TIME 

SERIES

Kay, Winawer, Mezer, Wandell, J Neurophys 2013

Compressive spatial summation model and SOC model

Convert to 
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Low in second 
order contrast

High in second 
order contrast

• Prediction: Start with image 
and produce BOLD time series

• Greatly extended range of stimuli

• For achromatic, bandpass 
stimuli, the model accounts 
for about 80-90% of the 
explainable variance (cross-
validation) in V1, V2,V3, hV4

Kay et al., 2013, PLoS Computational Bio 



ECoG:  PRF modeling and stimulus-referred modeling
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Two temporal channels in human V1 identified using fMRI

• 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



Two temporal channels in human V1 identified using fMRI

• 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

• We developed a model that 
included two temporal channels in 
each voxel

• These are a sustained and transient 
channel, as expected from 
psychophysics

• The number of (testable) channels a 
model can support will depend on 
the number of different 
measurements that are made



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 

Transient Sustained

• Sustained channel is 
localized to the central 
10 deg representation

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



Additional papers extending and confirming the findings
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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 

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



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
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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 
very hard to read in 
the peripheral field



Field of view of the VOT reading reading circuitry

• 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
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Left 
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only



Within the VOT the reading circuitry sees only a limited FOV

15 deg

5 deg

Le et al. 2017 
Journal of VisionLeft and right hemispheres

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

• When measured with 
words, the reading circuitry 
receives only a small part of 
the field available in VOT

• This may be why it is very 
hard to read in the 
peripheral field



Words

pRF eccentricity (°)
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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



The stimulus dependency emerges in V1-hV4-VO1
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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
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The stimulus dependency can be observed emerging in V1-hV4-VO1



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

• 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)”



Connectionism:  Mismatch hypothesis

General 
visual 
inputs

The vertical occipital fasciculus: 
… Yeatman, Weiner, Pestilli, 
Rokem, Mezer, and Wandell. 
PNAS (USA) (2014).

Ensemble Tractography 
Takemura. Caiafa; Wandell; 
Pestilli. PLoS Computational 
Biology (2016).
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Reading circuit modeling – IPS and VOTRC

• pRF responses reflect the activity of circuits 
distributed across cortex (of course, single 
units do too)

• We confirm the positions from our own 
dorsal responses and from those in the 
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 
& Yeatman (2017), eLife
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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. I 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.  I will illustrate these ideas with examples from 
work designed to clarify the brain circuitry that is essential for seeing words. I 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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