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The recent application of functional magnetic resonance
imaging (fMRI) to visual studies has begun to elucidate how
the human visual system is anatomically and functionally
organized. Bottom-up hierarchical processing among visual
cortical areas has been revealed in experiments that have
correlated brain activations with human perceptual experience.
Top-down modulation of activity within visual cortical areas
has been demonstrated through studies of higher cognitive
processes such as attention and memory.
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functional magnetic resonance

imaging

lateral occipital (area)
middle temporal (area)
positron emission tomography
primary visual cortex

Introduction
In an earlier review [l], we summarized
progress in
understanding
the organization
and functional
properties of visual areas in the human cortex from studies
using positron emission tomography
(PET). Here, we
describe new insights gained from studies using functional
magnetic resonance imaging (fMR1). As with any new
technology, most initial fMR1 experiments
were devised
to validate the method, and the findings largely confirmed
those obtained with PET. However, in the past few years,
fMRI studies have provided new and valuable information
as a result of fMRI’s enhanced
spatial and temporal
resolution in comparison to PET and the ability both to

results in a localized increase in the fMR1 signal in the
brain [3-S]. Therefore, fMR1 signal intensity is correlated
with localized changes in neural activity (typically averaged over 2-6s and over l-27 mm3 of cortex). At least
within the primary visual cortex (Vl), the fMR1 signal
increases monotonically
with stimulus contrast [6*].
Organization of visual cortical areas in monkeys

Vision is the most richly represented
sensory modality
Visual information
is processed
in over
in primates.
30 functional
cortical areas. In Old World monkeys
[7] -our
seemingly closest evolutionary
ancestors, aside
from apesthese cortical areas cover about one-half of
the total cortex. Visual cortical areas are organized into two
processing pathways, or ‘streams’, both of which originate
in area Vl [8]. The ventral stream, projecting from area
Vl through areas V2 and V4 to the inferior temporal
cortex, processes the physical attributes
of stimuli that
are important
for object identification,
such as color,
shape, and pattern. The dorsal stream, projecting from Vl
through areas VZ and V3 to the middle temporal area (MT)
and thence to additional areas in superior temporal and
parietal cortex, processes attributes of stimuli important
for localizing objects in space and for the visual guidance
of movement
towards them, such as the direction and
velocity of stimulus motion [9].
Early processing areas within both pathways are retinocopitally organized, such that each contains a representation
of all or part of the visual field; adjacent locations within
the visual field are represented
in adjacent locations in
cortex. At progressively later stages of processing, however,
the retinotopic
organization
of visual areas becomes
increasingly coarse. This loss in retinotopic specificity is
accompanied by an increasing selectivity for more complex
stimuli. For example, whereas neurons in Vl respond to
oriented bars and edges placed in their small receptive
fields, those in the inferior temporal cortex respond to
complex objects, such as faces, placed anywhere in the
visual field [lo,1 11. Both processing streams have further
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20 years later…what have we
learned? what questions remain?

overview
•
•
•

why study human vision?
retinotopic mapping
functional specialization
orientation
motion
color
objects, faces, and letters

•
•

bottom-up hierarchical processing within visual cortical areas
top-down influences on visual cortical area

human brain is best model for…
Neuroscience 296 (2015) 130–137

REVIEW
A CASE FOR HUMAN SYSTEMS NEUROSCIENCE
J. L. GARDNER
Laboratory for Human Systems Neuroscience, RIKEN Brain
Science Institute, 2-1 Hirosawa, Wako, Saitama 351-0198, Japan

Abstract—Can the human brain itself serve as a model for a
systems neuroscience approach to understanding the
human brain? After all, how the brain is able to create the
richness and complexity of human behavior is still largely
mysterious. What better choice to study that complexity
than to study it in humans? However, measurements of
brain activity typically need to be made non-invasively
which puts severe constraints on what can be learned about
the internal workings of the brain. Our approach has been to
use a combination of psychophysics in which we can use
human behavioral flexibility to make quantitative measurements of behavior and link those through computational
models to measurements of cortical activity through magnetic resonance imaging. In particular, we have tested various computational hypotheses about what neural
mechanisms could account for behavioral enhancement
with spatial attention (Pestilli et al., 2011). Resting both on
quantitative measurements and considerations of what is
known through animal models, we concluded that weighting
of sensory signals by the magnitude of their response is a
neural mechanism for eﬃcient selection of sensory signals
and consequent improvements in behavioral performance
with attention. While animal models have many technical
advantages over studying the brain in humans, we believe
that human systems neuroscience should endeavor to
validate, replicate and extend basic knowledge learned from
animal model systems and thus form a bridge to
understanding how the brain creates the complex and rich
cognitive capacities of humans.
This article is part of a Special Issue entitled: Contributions From Diﬀerent Model Organisms to Brain Research.
! 2014 IBRO. Published by Elsevier Ltd. All rights reserved.
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INTRODUCTION
A peculiar phenomenon had taken hold of the elevators of
the Meyer building when I first arrived as a post-doc at
NYU’s Center for Neural Science. Students, post-docs
and professors all seemed to have a diﬀerent algorithm
for hitting the buttons on the elevator. Some would
simply hit the button for their floor and wait. Others,
though, would use diﬀerent cryptic combinations of
buttons, stretching their fingers wide to simultaneously
press the floor they wanted and the current floor. For
some, the order was apparently crucial – hitting first
their floor before reaching for the current floor. Others
used the exact opposite order. After inquiring around
about this curious behavior, I was earnestly informed
that these combinations of button presses were required
to make the doors of the elevator close more quickly – a
matter of great importance to impatient occupants of the
building. But, what could explain the diversity of diﬀerent
techniques I had witnessed? After some time in the
department, I developed my own (incompletely tested)
theory – that the elevator had a time-out of a few
seconds, after which any button press, or combination
thereof, would trigger the doors to close. Thus, the
occupants of the building had all learned various
completely diﬀerent behaviors, all of which produced the
same reward of a swift start to the elevator ride.

ADVANTAGES OF HUMAN BEHAVIOR FOR
SYSTEMS NEUROSCIENCE
Key words: attention, selection, contrast–response, fMRI,
max-pooling.
Contents

The natural experiment in the Meyer building elevators is
not unlike what animals trained to perform systems
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• Architecture
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field map will be activated) yet
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le, retinal) and between-area
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(V4 ventral) (18). In particular, we would
expect vertical meridian representations at
the dorsal and ventral V1-V2 border, the
ventral VP-V4v border, and the dorsal V3V4 border, and horizontal meridian repre-

visual area boundaries

entation. In Fig. 1B the cortical
unfolded. This process is similar
g a crumpled balloon except that
has not been stretched. In Fig.
ipital lobe region containing the
area has been cut off and the
pproximately conical surface cut
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llow it to be flattened completely

s a systematic increase in eccento blue to green to yellow to red)
teriorly along the medial wall of
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lA shows a color plot of the
a dilating ring on a medial view
ical surface of the brain of this
(A.M.D.) (16). The hue of the
ch cortical surface point indicates
se phase, which is here proporhe eccentricity of the local visual

sentations near the fundus of the calcarine
sulcus in VI, at the dorsal V2-V3 border, at
the ventral V2-VP border, and at the anterior border of ventral V4v (4, 6, 7). Candidates for all of the borders are visible in

Fig. 1. Isoeccentricity and isopolar angle maps of human visual areas. The top row shows isoeccentricity
coded by color [red (fovea) -* blue -> green (parafoveal) -* yellow -> red (periphery)] displayed on the
original cortical surface (A), the unfolded cortical surface (B), and the cut and flattened cortical surface (C).
The bottom row shows polar angle [red (lower vertical meridian) -> blue (horizontal meridian) -* green
Local eccen-1995
(E), and (F),et
respectively.
(upper vertical meridian)] plotted on the same three surfaces (D),
Sereno
al.,
Science,
tricity and polar angle were determined by considering the phase of the response to a slowly dilating ring
or a slowly rotating hemifield at the dilation or rotation frequency. The unfolded representations in (B) and
(E) were made by relaxing the curvature while approximately preserving local area and local angles (the
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Retinotopic maps

additional areas discovered

Larsson & Heeger, J Neurosci (2006)

Larson & Heeger, 2006

multiple maps
mapsininIPS
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Multiple
Swisher et al. • IPS Topography
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Figure 1. The angular mapping wedge stimulus reveals visuotopically specific activation throughout a substantial portion of the posterior cerebral cortex. The angular position of the wedge
resulting in the greatest significant ( p ! 0.05) response is indicated by the colored overlay (inset), with red representing the upper visual meridian, blue representing the contralateral horizontal
meridian, and green representing the lower meridian. Potential ipsilateral responses are indicated in yellow. The right hemisphere (RH) of a singlesubject (Subj 1) is shown here. A, The reconstructed
pial surface is shown from posterior lateral (top left), posterior medial (bottom left), and posterior (right) views. B, Computational inflation of the folded cortical surface reveals visuotopically specific
activation within the sulci. Reversals in the represented angular position correspond to areal boundaries in the early visual areas and are shown as overlaid lines. Dashed lines indicate reversals at
representations of the vertical meridian, whereas solid lines indicate reversals at horizontal meridian representations. We find five hemifield maps along the medial bank of the IPS, including area
Swisher
et
al.,
Neurosci,
2006
Swisher
et
al.,
J.J.
Neurosci
(2007)
V7 and IPS1–IPS4. C, A flattened representation of the occipital cortex (extending into parietal and temporal regions) showing
14 simultaneously
mapped
visual
regions.
The disorganized
responses
in the peripheral regions of V1–V3 likely represent negative blood oxygenation level-dependent signal, leading to lagged or antiphase responses to the visual stimulus (Shmuel et al., 2002).
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respond to the underlying
low visuotopic
activation and vice
16visual
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s each quad- with high
16tactile
s drive in regions of 16
s
rant of early retinotopic visual cortex (V1–V3) and for the V3A and V7
versa.
hemifield representations.
parietal cortex, ROIs were
defined by the
The reproducibility
within the visuotopically actiWholeInface
OFF
Whole
face of the phase maps
OFF
posterior and anterior phase reversals of each hemifield map in the anvated cortex was assessed separately for each cortical map by calculating
gular dimension (typically anterior/posterior) and the limits of signifithe circular correlation (Fisher and Lee, 1983) between the phase estiContralateral
face
Contralateral
facethe ROI
Ipsilateral
face
Ipsilateral
face ( p ! 0.05) modcant ( p ! 0.05) angular response in the orthogonal (typically medial/
mates of points within
that were significantly
lateral) dimension. In those subjects where activation was not sufficient
ulated in both sessions. We evaluated the significance of these correlato allow mapStructured
boundaries to bemotion
determinedScrambled
based on functional
criteria Structured
tions via a permutation
At each iterationmotion
of this test, the phases of the
motion
motiontest.Scrambled
alone, we defined similar V7 and IPS1– 4 ROIs by reference to the sulcal
set of significant voxels intersecting the ROI were randomly permuted
anatomy. All of these parietal regions were defined to be approximately
and projected onto the cortical surface (without upsampling), after
Fixation
Fixation
Xena
movie
Xena
moviecorrelation between
rectangular and contiguous with their neighboring ROIs. These ROIs
which
the circular
significant vertices was calculated.
were used in the comparison of signal change across visual maps and for
This was repeated 10,000 times for each ROI per subject, creating an
1
2
3
4
5
6
7
9
11values 12
the calculation of cross-session phase correlation, described below.
estimate
of8the distribution
of10
correlation
under the null hypothThe second group of ROIs were large, anatomically defined regions
esis. The significance of the original correlation was then determined
centered on the posterior IPS. The borders of these regions closely folwith respect to this simulated null distribution.
lowed the boundaries of the cropped parietal surface patches shown in
64 sTactile data analysis
Figures 4 and 6 – 8. These ROIs were used to define the region included in
Analysis of the tactile session data used standard procedures and software
the calculation of correlations between percentage signal change images,
(FS-FAST, the FreeSurfer Functional Analysis STream; CorTechs, La
described below.
Jolla, CA). Briefly, the voxelwise time series were fit by a general linear
model, the regressors of which matched the time course of the experiTest–retest reliability
We assessed the test–retest reliability of the visuotopic maps in terms of
mental conditions as smoothed by a canonical hemodynamic response
both their amplitude and their phase. Reproducible amplitudes of actifunction. The contrast of the roughness judgment versus the motor convation show that the activated regions of cortex are similar from one
trol conditions produced a volume of t statistics for each subject, which
session to the next, whereas reproducible phases demonstrate that the
were then converted into significance values and upsampled and promaps within these areas remain aligned between sessions. The reproducjected onto the subject’s reconstructed cortical surface as described preibility of the activation patterns was assessed by first normalizing the
viously for the retinotopy data.
functional statistical volumes into percentage signal change units and
then upsampling and projecting these volumes onto the reconstructed
Results
cortical surface as described previously. We then calculated the correlaWe used fMRI to map the representations of the visual field
tion between percentage signal change images from each session (Haxby
found within human occipital and parietal cortex. Previous studet al., 2001) within a large anatomically defined posterior parietal ROI.
ies using similar methods have identified the hemifield maps
The mean signal change within the ROI was subtracted from the activaV3A, V3B, V7, LO1, and LO2 (Larsson et al., 2006) on the dorsal
tion images separately for each session before the correlation being comand lateral aspects of the human occipital lobe, in addition to the
puted. High correlations indicate good reproducibility of the activation
well known early visual areas V1, V2, and V3. Here, we simultapatterns between mapping sessions. The same method was also used to
neously map an additional four representations of the contralatevaluate the relationship between the patterns of visuotopic and tactile
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better mapping methods (pRFs)
-

allows for more flexible stimulus sets

-

more full characterization of visual
responses (e.g., pRF size)

-

richer set of models (surround
suppression, non-Gaussian
receptive fields)

https://dbirman.github.io/learn/prf/prf.html

after Doumolin & Wandell, 2008

pRFs are elliptical and radially oriented

Silson et al., J. Neurosci, 2018

retinotopic mapping
progress and challenges…

Hence when data is combined with the prior (Fig. 2C, 3rd row) the iso-eccentric contours resemble those

but we need better methods

of the validation dataset. The third column of Figure 2 shows an instance in which, even lacking a
coherent polar angle reversal to define the ventral V1/V2 boundary near the fovea in the predictions
A. Individual subjects’ retinotopic maps as predicted via Data alone

Training Data can be used as a prediction of Validation Data
Subject S1204, Training Dataset 1
B. Individual subjects’ retinotopic maps as predicted via the Prior alone
(1) Apply Prior Warping:
(2) Apply Model
ẋp = xw
to ẋp
(Fig. 1)
ẋ0

ẋp

ẋp

(3) Unwarp Prediction

ẋ0

C. Individual subjects’ retinotopic maps as predicted via Bayesian inference (Data + Prior)
(1) Apply Prior Warping:
(3) Apply Model
(4) Unwarp Prediction
(2) Further Warp using Data:
ẋp = xw
to ẋw
ẋw = argminx F(x; ẋp, E, !, P, ")

....

ẋ0

ẋp

ẋw

ẋw

ẋ0

Figure 3. Deriving retinotopic predictions. Three methods of predicting retinotopic maps (as in Fig. 1) for an
Benson
Winawer,
bioRxiv,
example subject. A, Predicted retinotopic maps based
on training&
data
alone are found
by solving2018
the pRF
models for each voxel and projecting them to the cortical surface. The training data (left) and prediction (right)
are identical. B, To predict a retinotopic map using the prior alone, the subject’s cortical surface is aligned to

the venous eclipse

Winawer et al., 2010

better mapping methods (pRFs)
-

allows for more flexible stimulus sets

-

more full characterization of visual
responses (e.g., pRF size)

-

richer set of models (surround
suppression, non-Gaussian
receptive fields)

after Doumolin & Wandell, 2008
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test case: orientation selectivity
can we measure it with fMRI?

hubel and
wiesel, 1962

ringach, hawken,
and shapley, 1997

blasdel and
salama, 1986

doesn’t look
good...

solution 1: high resolution fMRI

human ocular dominance and
orientation columns

yacoub, harel, ugurbil, PNAS (2008)

solution 2: fMRI decoding (classifiers)
small biases in fMRI response because voxels
sample an irregular underlying columnar
architecture

fMRI decoding: an imager’s microelectrode?

kamitani & tong, 2005
haynes & rees, 2005
boynton, 2005

Pattern vector

A vector is a set of one or more
numerical elements. Here, a
pattern vector is the set of
values that together represent
the value of each individual
voxel in a particular spatial
pattern.

Orientation tuning

1) train classifier on subset of data
Many neurons in the
mammalian early visual cortex
evoke spikes at a greater rate
when the animal is presented
with visual stimuli of a
particular orientation. The
stimulus orientation that
evokes the greatest firing rate
for a particular cell is known as
its preferred orientation, and
the orientation tuning curve of
a cell describes how that firing
rate changes as the orientation
of the stimulus is varied away
from the preferred orientation.

2) test classifier on left-out data

Image 1

Image 2

N=9
2
8
4
2
5
4
8
4
8

4
3
8
4
3
2
4
9
8

c

b

Voxel 2

fMRI decoding
with multi-voxel
pattern analysis
(MVPA)
A voxel is the threedimensional (3D) equivalent of
a pixel; a finite volume within
3D space. This corresponds to
the smallest element measured
in a 3D anatomical or
functional brain image volume.

a

Voxel 2

Voxel

Spatial patterns can be analysed by
using the multivariate pattern
recognition approach. In panel a,
functional MRI measures brain
activity repeatedly every few
seconds in a large number of small
volumes, or voxels, each a few
millimetres in size (left). The signal
measured in each voxel reflects
local changes in oxygenated and
deoxygenated haemoglobin that
are a consequence of neural
activity18. The joint activity in a
subset (N) of these voxels (shown
here as a 3x3 grid) constitutes a
spatial pattern that can be
expressed as a pattern vector (right).
Different pattern vectors reflect
different mental states; for example,
those associated with different
images viewed by the subject. Each
pattern vector can be interpreted as
a point in an N-dimensional space
(shown here in panels b–e for only
the first two dimensions, red and
blue indicate the two conditions).
Each measurement of brain activity
corresponds to a single point. A
successful classifier will learn to
distinguish between pattern vectors
measured under different mental
states. In panel b, the classifier can
operate on single voxels because
the response distributions (red and
blue Gaussians) are separable within
individual voxels. In panel c, the two
categories cannot be separated in
individual voxels because the
distributions are largely
overlapping. However, the response
distributions can be separated by
taking into account the

3) get a single number (% correct)

An anisotropic property is one
where a measurement made in
one direction differs from the
measurement made in another
direction. For example, the
orientation tuning preferences
of neurons in V1 change in a
systematic but anisotropic way
across the surface of the cortex.

Voxel 1

e

Correct

Voxel 2

Spatial anisotropy

d

Voxel 2

4) compare to ‘chance’

Voxel 1

Error

haynes & rees, nature neurosci, 2006
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Neuron

athways
Review
what
(ventral) and where (dorsal) pathways

nals along the inferior path appear to be specialized for object recognition (Milner and Goodale, 2
courtesy of Dr. Ugur Ture.)
(B) Signals between visual field maps are carried along pathways whose axons terminate in distinct
into ascending, descending, and lateral connectivity and establish a hierarchical representation
Maunsell, 1983). A simplified version of the hierarchy, showing the relationship between a subset o
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Huk, Dougherty, & Heeger (2002)
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Amano, Dumoulin, & Wandell,
J Neuophysiol (2009)
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Figure 5. Speciﬁcity of each visually responsive TPJ subregion in attentional reorienting. fMRI response amplitudes were measured for each attentional condition, separately in right and left (A) vTPJpost (B) vTPJcent, and (C) vTPJant. V, valid
cue (location of precue/postcue and response cue matched). IN, invalid cue (location of precue/postcue and response cue mismatched). Pre, precue presented
before the grating stimuli. Post, postcue presented after gratings. *Statistically
signiﬁcant difference between invalid and valid. Error bars on plot are ±1 SEM.

Our ﬁndings go beyond the classic view of a ventral, right
lateralized attentional reorienting system (Corbetta and Shulman
2002; Corbetta et al. 2008), because we found differential activity
for reorienting following endogenous and exogenous attentional
orienting and their effects on basic visual processes. First, right
vTPJcent showed a more consistent response to reorienting following endogenous than exogenous attentional orienting. This result
is consistent with the observation that >75% of studies that
manipulated endogenous attention (Table 1) found TPJ activity
during reorienting elicited by the target onset, and all but one
study reported activity in the right TPJ either exclusively or in
addition to activity in the left TPJ. Our ﬁndings suggest that this
asymmetry may be driven by this vTPJcent subregion.
Second, we found that vTPJpost was bilaterally involved in
reorienting following both endogenous and exogenous attentional orienting. This result reveals that this subregion plays a
role in attentional reorienting to task relevant stimuli, regardless of the type of attention. Although in our study, for both
endogenous and exogenous attention, reorienting was elicited
by a central cue presented at ﬁxation (instead of by target onset
as in many previous studies), our observation of bilateral activity is in line with studies reporting that both the left and the
right hemispheres are active during reorienting endogenous
and exogenous attention (Mayer et al. 2004; Doricchi et al. 2010;
Silvetti et al. 2015).
Our ﬁndings suggest that bilateral activity during attentional
reorienting may be driven by this vTPJpost subregion. Bilateral
activity has also been reported during an endogenous cueing
detection task, in which fMRI responses differed between neutral and invalid cueing (attentional reorienting elicited by the
target onset) in both the right and left TPJ, and between valid
and neutral cueing in the left TPJ (Doricchi et al. 2010; Silvetti
et al. 2015). Because in those studies, the activity in the left TPJ
differed from neutral in both valid and invalid cue conditions, a
conventional valid/invalid fMRI contrast would not reveal left
TPJ activity. Additionally, the location of vTPJpost is similar to
that of a region described in a study of functional connectivity
of the parietal cortex during temporal selective attention (Tyler
et al. 2015). Although the authors reported that their posterior,
bilateral TPJ region was connected to nodes within the default
mode network, rather than the attention network.
Both pre- and postcueing facilitated behavioral performance in valid trials and evoked greater activity in invalid
trials. Some studies have shown that a postcueing manipulation affects perception (Kinchla et al. 1995; Vogel et al. 2005;
Sergent et al. 2013) and induces neural modulation even in
early visual areas (Vogel et al. 2005; Pestilli et al. 2011; Gazzaley
and Nobre 2012; Sergent et al. 2013), whereas other studies
have reported that postcues neither affect behavioral performance (Carrasco and Yeshurun 1998; Gobell and Carrasco
2005; Liu et al. 2005), nor modulate neural activity in early
visual areas (Liu et al. 2005). The differences may reﬂect different task parameters allowing the postcue to affect the postperceptual or readout processes. For instance, in studies in
which the postcue did not affect performance, observers knew
at the time of stimuli presentation which stimulus they were
going to report (e.g., observers had to report the orientation of
the tilted stimulus and the other stimulus was vertical). In contrast, in the present study, the identity of the target was known
only at the end of the trial sequence, when the response cue
appeared (Fig. 1). Our results indicate that the postcue enabled a
successful readout and affected behavioral performance by
inducing changes in the neural representation of the stimulus
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in Geng and Vossel’s (2013) attentional TPJ meta-analysis, as well
as the visually responsive TPJ subregions involved in attention
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The future is layer fMRI!!
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