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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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Abbreviations 
fMRl functional magnetic resonance imaging 
LO lateral occipital (area) 
MT middle temporal (area) 
PET positron emission tomography 
Vl primary visual cortex 

Introduction 
In an earlier review [l], we summarized progress in 
understanding the organization and functional proper- 
ties 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 
study activations in single subjects and to study subjects 
longitudinally in repeated scan sessions. In this review, 
we describe progress in our understanding of three areas: 
first, homologies between visual cortical areas in monkeys 
and, those in humans; second, functional specialization in 
the human cortex; and finally, bottom-up processing and 
top-down influences within the visual cortex. 

Functional magnetic resonance imaging 
Functional MRI is a noninvasive method for measuring 
hemodynamic responses to changes in neural activity in 
the brain. When neural activity increases, regional cerebral 
blood flow increases, causing the local concentration of 
deoxygenated hemoglobin to decrease [Z]. This decrease 

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 aver- 
aged 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 
in primates. Visual information is processed in over 
30 functional cortical areas. In Old World monkeys 
[7] -our seemingly closest evolutionary ancestors, aside 
from apes- these 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 retinocopi- 
tally 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 
projections to regions within the frontal lobe, which, 
in turn, send reciprocal projections back to the visual 
processing areas (see e.g. [12-141). These reciprocal, or 
feedback, projections are thought to play a ‘top-down’ role 
in vision, such as in the allocation of attention to selected 
visual stimuli [ 151. 

Retinotopic mapping of early visual areas in 
human cortex 
Several groups [16-18,19**,20] have mapped retinotopic 
visual areas in human cortex, which, presumably, are 
homologous to monkey areas Vl, V2, V3, VP (or ventral 
V3), V3a and V4. Retinotopic mapping in humans would 
not have been possible without the fine spatial resolution 
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20 years later…what have we 
learned? what questions remain?
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human brain is best model for…

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 measure-
ments of behavior and link those through computational
models to measurements of cortical activity through mag-
netic resonance imaging. In particular, we have tested vari-
ous 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: Contribu-

tions From Different Model Organisms to Brain Research.
! 2014 IBRO. Published by Elsevier Ltd. All rights reserved.

Key words: attention, selection, contrast–response, fMRI,
max-pooling.
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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

The natural experiment in the Meyer building elevators is
not unlike what animals trained to perform systems
neuroscience tasks must be encountering; unable to give
explicit verbal instructions, experimenters must rely on
animals learning tasks implicitly through rewards. But, if
humans faced with these situations apparently can learn
a variety of different cognitive strategies, can we be sure
that implicitly trained animals are learning what we think
we are teaching them? Two typically worrisome aspects
of implicit animal training are incremental performance
improvements and lack of generalization. Often it takes a
long period of time to train an animal to do a task as

http://dx.doi.org/10.1016/j.neuroscience.2014.06.052
0306-4522/! 2014 IBRO. Published by Elsevier Ltd. All rights reserved.

Abbreviation: BOLD, blood oxygenation level-dependent contrast.
E-mail address: justin@brain.riken.jp

Neuroscience 296 (2015) 130–137
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retinotopic mapping stimuli
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retinotopic map, timing of activity
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visual area boundaries

Sereno et al., Science, 1995

phase of the periodic response at the rota-
tion or dilation-contraction frequency, mea-
sured with the (complex-valued) Fourier
transform of the response profile over time
at each voxel, is closely related to the polar
angle or eccentricity represented at that cor-
tical location (13). This technique results in
high signal-to-noise ratios (because at any
one point in time, approximately one-half of
each visual field map will be activated) yet
provides fine spatial resolution. Common
(for example, retinal) and between-area
phase delays can be removed and examined
by considering clockwise-counterclockwise
rotation and expansion-contraction pairs
(14, 15).

Figure lA shows a color plot of the
response to a dilating ring on a medial view
of the cortical surface of the brain of this
participant (A.M.D.) (16). The hue of the
color at each cortical surface point indicates
the response phase, which is here propor-
tional to the eccentricity of the local visual
field representation. In Fig. 1B the cortical
surface was unfolded. This process is similar
to inflating a crumpled balloon except that
the surface has not been stretched. In Fig.
iC, the occipital lobe region containing the
activated area has been cut off and the
resulting approximately conical surface cut
again along the fundus of the calcarine
sulcus to allow it to be flattened completely
(17).

There is a systematic increase in eccen-
tricity (red to blue to green to yellow to red)
moving anteriorly along the medial wall of
the occipital cortex. Lines of isoeccentricity
run approximately in the coronal plane,
cutting across several areas, as shown below.
Ventrally, the region showing substantial
retinotopy extends almost to the anterior-
posterior midpoint of the unfolded ventral
temporal lobe.
A parallel treatment of data from the

rotating hemifield stimulus collected a few
minutes later is shown in Fig. 1, D and E.
The color again indicates the phase of the
periodic response, which is now proportion-
al to the polar angle of the local visual field
representation. The picture of polar angle is
more complex, alternating between vertical
and horizontal meridians both dorsally and
ventrally. The upper field vertical meridian
is red, the horizontal meridian is blue, and
the lower field vertical meridian is green.
Several alternations between red and blue
stripes are visible ventrally, whereas several
alternations between green and blue stripes
are visible dorsally. Mapping experiments in
monkeys suggest that several additional re-
representations of the lower visual field ad-
join V1 dorsally, including V2 (second vi-
sual area) and V3 (third visual area), where-
as several rerepresentations of the upper
visual field adjoin V1 ventrally, including
V2, VP (ventroposterior area), and V4v

890

(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 V3-
V4 border, and horizontal meridian repre-

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 ante-
rior border of ventral V4v (4, 6, 7). Can-
didates 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
(upper vertical meridian)] plotted on the same three surfaces (D), (E), and (F), respectively. Local eccen-
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
sulcal cortex is dark gray and the gyral cortex light gray). The flattened representations in (C) and (F) were
made with the same algorithm after the occipital lobe was cut off and an additional cut in the fundus of the
calcarine sulcus was made.

Fig. 2. Analysis of the data in Fig. 1 by
visual field sign (mirror image versus
non-mirror image visual field represen-
tation). Mirror image areas (yellow; for
example, V1), and non-mirror image ar-
eas (blue; for example, V2) are shown in
a medial view on the folded (A) and un-
folded surface (B) and in a ventral view,
folded (C) and unfolded (D). The incision
in the fundus of the calcarine is visible in
(B). Ventral V1, V2, VP, and V4v (18),
comprising four rerepresentations of the
upper visual field, are visible below the
incision, whereas lower visual field V1
and V2 are visible above the incision.
The complex folding pattern of the oc-
cipital lobe coupled with the weak corre-
lation between sulci and areal bound-
aries underscores the need for an un-
folded representation.

SCIENCE * VOL. 268 * 12 MAY 1995
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retinotopic mapping

progress and challenges…
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multiple maps in IPS

Swisher et al., J. Neurosci, 2006

Sereno, Pitzalis, & Martinez, Science (2001)

Saccadotopy (closeup)

cluded ROIs defined primarily on retinotopic criteria, intended to cor-
respond to the underlying visual maps. ROIs were defined for each quad-
rant of early retinotopic visual cortex (V1–V3) and for the V3A and V7
hemifield representations. In parietal cortex, ROIs were defined by the
posterior and anterior phase reversals of each hemifield map in the an-
gular dimension (typically anterior/posterior) and the limits of signifi-
cant ( p ! 0.05) angular response in the orthogonal (typically medial/
lateral) dimension. In those subjects where activation was not sufficient
to allow map boundaries to be determined based on functional criteria
alone, we defined similar V7 and IPS1– 4 ROIs by reference to the sulcal
anatomy. All of these parietal regions were defined to be approximately
rectangular and contiguous with their neighboring ROIs. These ROIs
were used in the comparison of signal change across visual maps and for
the calculation of cross-session phase correlation, described below.

The second group of ROIs were large, anatomically defined regions
centered on the posterior IPS. The borders of these regions closely fol-
lowed the boundaries of the cropped parietal surface patches shown in
Figures 4 and 6 – 8. These ROIs were used to define the region included in
the calculation of correlations between percentage signal change images,
described below.

Test–retest reliability
We assessed the test–retest reliability of the visuotopic maps in terms of
both their amplitude and their phase. Reproducible amplitudes of acti-
vation show that the activated regions of cortex are similar from one
session to the next, whereas reproducible phases demonstrate that the
maps within these areas remain aligned between sessions. The reproduc-
ibility of the activation patterns was assessed by first normalizing the
functional statistical volumes into percentage signal change units and
then upsampling and projecting these volumes onto the reconstructed
cortical surface as described previously. We then calculated the correla-
tion between percentage signal change images from each session (Haxby
et al., 2001) within a large anatomically defined posterior parietal ROI.
The mean signal change within the ROI was subtracted from the activa-
tion images separately for each session before the correlation being com-
puted. High correlations indicate good reproducibility of the activation
patterns between mapping sessions. The same method was also used to
evaluate the relationship between the patterns of visuotopic and tactile

activation. A negative correlation indicates complementary patterns,
with high tactile drive in regions of low visuotopic activation and vice
versa.

The reproducibility of the phase maps within the visuotopically acti-
vated cortex was assessed separately for each cortical map by calculating
the circular correlation (Fisher and Lee, 1983) between the phase esti-
mates of points within the ROI that were significantly ( p ! 0.05) mod-
ulated in both sessions. We evaluated the significance of these correla-
tions via a permutation test. At each iteration of this test, the phases of the
set of significant voxels intersecting the ROI were randomly permuted
and projected onto the cortical surface (without upsampling), after
which the circular correlation between significant vertices was calculated.
This was repeated 10,000 times for each ROI per subject, creating an
estimate of the distribution of correlation values under the null hypoth-
esis. The significance of the original correlation was then determined
with respect to this simulated null distribution.

Tactile data analysis
Analysis of the tactile session data used standard procedures and software
(FS-FAST, the FreeSurfer Functional Analysis STream; CorTechs, La
Jolla, CA). Briefly, the voxelwise time series were fit by a general linear
model, the regressors of which matched the time course of the experi-
mental conditions as smoothed by a canonical hemodynamic response
function. The contrast of the roughness judgment versus the motor con-
trol conditions produced a volume of t statistics for each subject, which
were then converted into significance values and upsampled and pro-
jected onto the subject’s reconstructed cortical surface as described pre-
viously for the retinotopy data.

Results
We used fMRI to map the representations of the visual field
found within human occipital and parietal cortex. Previous stud-
ies using similar methods have identified the hemifield maps
V3A, V3B, V7, LO1, and LO2 (Larsson et al., 2006) on the dorsal
and lateral aspects of the human occipital lobe, in addition to the
well known early visual areas V1, V2, and V3. Here, we simulta-
neously map an additional four representations of the contralat-

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 single subject (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
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).

Swisher et al. • IPS Topography J. Neurosci., May 16, 2007 • 27(20):5326 –5337 • 5329

Multiple maps in IPS

Swisher et al., J. Neurosci (2007)

see also Schluppeck, Glimcher, & Heeger, J Neurophysiol (2005)

cortex (areas 3b and 1) on the posterior bank of the central sulcus as well
as secondary somatosensory cortex (areas S-II and PV, not visible in this
view) on the upper bank of the lateral sulcus. Another area in superior
parietal cortex (dotted red circles in Fig. 2b) was bilaterally activated as
strongly (3–5% peak-to-peak signal amplitude) as primary somatosen-
sory cortex. This area was located at the confluence of the postcentral
and intraparietal sulci, near ‘‘region 1’’ in ref. 12. Very similar results
were obtained when subjects maintained central fixation on an other-
wise blank screen instead of keeping their eyes closed (data not shown).
In a second block-design experiment, we compared air puffs

delivered to random locations on the right versus the left half of the
face (again in the dark). We found similarly strong activations in
primary and secondary somatosensory cortex, but also in the superior
parietal focus. A number of regions were significantly more strongly
activated by stimulation of the contralateral face than the ipsilateral face
(Fig. 2c), and no region was more strongly activated by stimulation of
the ipsilateral face. This result is expected in primary and secondary
somatosensory areas, as these areas are known to have receptive fields
mainly on the contralateral half of the skin surface, but this was also the
case in the superior parietal region, indicating that this area might be
somatotopic as well.
The third and fourth block-design experiments showed that the

superior parietal region is also strongly visually responsive (in the
figure, circles are in same position across all conditions to aid
comparisons). While fixating a central cross, subjects viewed structured
moving random dot fields (dilations, contractions, spirals and rota-
tions) versus scrambled moving dot controls. Both resulted in strong

activation in parts of areas V3A and V6 (ref. 18) and the anterior parts
of the MT complex (possibly similar to macaque area MSTd). The
optical flow stimulus also activated several parietal regions, including
both LIP+ (refs. 14,19) and the region previously activated by the air
puffs (Fig. 2d). The latter was also strongly activated when subjects
viewed a naturalistic moving visual scene (portions of episodes of a
television action show) while fixating a central cross (relative to periods
in which subjects fixated the central cross against a black background).
This last protocol was used to outline the entire extent of visually driven
cortex (ref. 20 and Fig. 2e).

Aligned multisensory maps
To determine whether the multisensory superior parietal focus con-
tained aligned somatosensory and visual maps, we did two additional
experiments. First, we adapted a stimulus method initially developed
for mapping retinotopic visual polar angle representations17,21 to the
somatosensory system. A computer-controlled train of air puffs suc-
cessively visited each of 12 locations around the face (multiple short
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Figure 1 Experimental protocols and stimulus apparatus. (a–e) Four
two-condition block-design protocols (a–d) and a phase-encoded air-puff
protocol (e) (top). (f,g) In the protocols shown in a, b and e, trains of gentle
air puffs with occasional longer gaps were delivered by adjustable air tubes
to 12 different locations (f) on each person’s face (g). Visual stimuli were
presented on a close-up, direct-view back projection screen (not shown). The
color coding scheme used for the somatosensory maps in Figures 3–6 are
shown in e and f (numbers in e correspond to locations in f). Black bars in e
represent 100-ms air puffs (not drawn to scale) with 100-ms or 200-ms
interstimulus gaps.

Figure 2 Somatosensory and visual stimuli activate a multisensory area in
superior parietal cortex. (a) The location of the multisensory focus (red
crosses) is indicated in slice view and on folded and unfolded cortical surface
reconstructions of the right hemisphere. (b–e) Results of somatosensory (b,c)
and visual (d,e) block-design experiments are shown for both hemispheres of
a single person. The superior parietal multisensory region is indicated by the
red dashed circles, which are in equivalent positions to aid comparison. The
single-voxel time courses in b show that air puffs activated the circled area as
strongly as they did primary somatosensory cortex (S-I). The multisensory
region was located in the superior part of the postcentral sulcus and on its
anterior bank. Whereas visual stimulation activated virtually the entire
occipital lobe (e), occipital activation by somatosensory stimuli was confined
to a region at the anterior end of the MT complex (b), possibly corresponding
to area MSTd.
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Sereno, Pitzalis, & Martinez, Science (2001)

Saccadotopy (closeup)

cluded ROIs defined primarily on retinotopic criteria, intended to cor-
respond to the underlying visual maps. ROIs were defined for each quad-
rant of early retinotopic visual cortex (V1–V3) and for the V3A and V7
hemifield representations. In parietal cortex, ROIs were defined by the
posterior and anterior phase reversals of each hemifield map in the an-
gular dimension (typically anterior/posterior) and the limits of signifi-
cant ( p ! 0.05) angular response in the orthogonal (typically medial/
lateral) dimension. In those subjects where activation was not sufficient
to allow map boundaries to be determined based on functional criteria
alone, we defined similar V7 and IPS1– 4 ROIs by reference to the sulcal
anatomy. All of these parietal regions were defined to be approximately
rectangular and contiguous with their neighboring ROIs. These ROIs
were used in the comparison of signal change across visual maps and for
the calculation of cross-session phase correlation, described below.

The second group of ROIs were large, anatomically defined regions
centered on the posterior IPS. The borders of these regions closely fol-
lowed the boundaries of the cropped parietal surface patches shown in
Figures 4 and 6 – 8. These ROIs were used to define the region included in
the calculation of correlations between percentage signal change images,
described below.

Test–retest reliability
We assessed the test–retest reliability of the visuotopic maps in terms of
both their amplitude and their phase. Reproducible amplitudes of acti-
vation show that the activated regions of cortex are similar from one
session to the next, whereas reproducible phases demonstrate that the
maps within these areas remain aligned between sessions. The reproduc-
ibility of the activation patterns was assessed by first normalizing the
functional statistical volumes into percentage signal change units and
then upsampling and projecting these volumes onto the reconstructed
cortical surface as described previously. We then calculated the correla-
tion between percentage signal change images from each session (Haxby
et al., 2001) within a large anatomically defined posterior parietal ROI.
The mean signal change within the ROI was subtracted from the activa-
tion images separately for each session before the correlation being com-
puted. High correlations indicate good reproducibility of the activation
patterns between mapping sessions. The same method was also used to
evaluate the relationship between the patterns of visuotopic and tactile

activation. A negative correlation indicates complementary patterns,
with high tactile drive in regions of low visuotopic activation and vice
versa.

The reproducibility of the phase maps within the visuotopically acti-
vated cortex was assessed separately for each cortical map by calculating
the circular correlation (Fisher and Lee, 1983) between the phase esti-
mates of points within the ROI that were significantly ( p ! 0.05) mod-
ulated in both sessions. We evaluated the significance of these correla-
tions via a permutation test. At each iteration of this test, the phases of the
set of significant voxels intersecting the ROI were randomly permuted
and projected onto the cortical surface (without upsampling), after
which the circular correlation between significant vertices was calculated.
This was repeated 10,000 times for each ROI per subject, creating an
estimate of the distribution of correlation values under the null hypoth-
esis. The significance of the original correlation was then determined
with respect to this simulated null distribution.

Tactile data analysis
Analysis of the tactile session data used standard procedures and software
(FS-FAST, the FreeSurfer Functional Analysis STream; CorTechs, La
Jolla, CA). Briefly, the voxelwise time series were fit by a general linear
model, the regressors of which matched the time course of the experi-
mental conditions as smoothed by a canonical hemodynamic response
function. The contrast of the roughness judgment versus the motor con-
trol conditions produced a volume of t statistics for each subject, which
were then converted into significance values and upsampled and pro-
jected onto the subject’s reconstructed cortical surface as described pre-
viously for the retinotopy data.

Results
We used fMRI to map the representations of the visual field
found within human occipital and parietal cortex. Previous stud-
ies using similar methods have identified the hemifield maps
V3A, V3B, V7, LO1, and LO2 (Larsson et al., 2006) on the dorsal
and lateral aspects of the human occipital lobe, in addition to the
well known early visual areas V1, V2, and V3. Here, we simulta-
neously map an additional four representations of the contralat-

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 single subject (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
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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Multiple maps in IPS

Swisher et al., J. Neurosci (2007)

see also Schluppeck, Glimcher, & Heeger, J Neurophysiol (2005)

cortex (areas 3b and 1) on the posterior bank of the central sulcus as well
as secondary somatosensory cortex (areas S-II and PV, not visible in this
view) on the upper bank of the lateral sulcus. Another area in superior
parietal cortex (dotted red circles in Fig. 2b) was bilaterally activated as
strongly (3–5% peak-to-peak signal amplitude) as primary somatosen-
sory cortex. This area was located at the confluence of the postcentral
and intraparietal sulci, near ‘‘region 1’’ in ref. 12. Very similar results
were obtained when subjects maintained central fixation on an other-
wise blank screen instead of keeping their eyes closed (data not shown).
In a second block-design experiment, we compared air puffs

delivered to random locations on the right versus the left half of the
face (again in the dark). We found similarly strong activations in
primary and secondary somatosensory cortex, but also in the superior
parietal focus. A number of regions were significantly more strongly
activated by stimulation of the contralateral face than the ipsilateral face
(Fig. 2c), and no region was more strongly activated by stimulation of
the ipsilateral face. This result is expected in primary and secondary
somatosensory areas, as these areas are known to have receptive fields
mainly on the contralateral half of the skin surface, but this was also the
case in the superior parietal region, indicating that this area might be
somatotopic as well.
The third and fourth block-design experiments showed that the

superior parietal region is also strongly visually responsive (in the
figure, circles are in same position across all conditions to aid
comparisons). While fixating a central cross, subjects viewed structured
moving random dot fields (dilations, contractions, spirals and rota-
tions) versus scrambled moving dot controls. Both resulted in strong

activation in parts of areas V3A and V6 (ref. 18) and the anterior parts
of the MT complex (possibly similar to macaque area MSTd). The
optical flow stimulus also activated several parietal regions, including
both LIP+ (refs. 14,19) and the region previously activated by the air
puffs (Fig. 2d). The latter was also strongly activated when subjects
viewed a naturalistic moving visual scene (portions of episodes of a
television action show) while fixating a central cross (relative to periods
in which subjects fixated the central cross against a black background).
This last protocol was used to outline the entire extent of visually driven
cortex (ref. 20 and Fig. 2e).

Aligned multisensory maps
To determine whether the multisensory superior parietal focus con-
tained aligned somatosensory and visual maps, we did two additional
experiments. First, we adapted a stimulus method initially developed
for mapping retinotopic visual polar angle representations17,21 to the
somatosensory system. A computer-controlled train of air puffs suc-
cessively visited each of 12 locations around the face (multiple short
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Figure 1 Experimental protocols and stimulus apparatus. (a–e) Four
two-condition block-design protocols (a–d) and a phase-encoded air-puff
protocol (e) (top). (f,g) In the protocols shown in a, b and e, trains of gentle
air puffs with occasional longer gaps were delivered by adjustable air tubes
to 12 different locations (f) on each person’s face (g). Visual stimuli were
presented on a close-up, direct-view back projection screen (not shown). The
color coding scheme used for the somatosensory maps in Figures 3–6 are
shown in e and f (numbers in e correspond to locations in f). Black bars in e
represent 100-ms air puffs (not drawn to scale) with 100-ms or 200-ms
interstimulus gaps.

Figure 2 Somatosensory and visual stimuli activate a multisensory area in
superior parietal cortex. (a) The location of the multisensory focus (red
crosses) is indicated in slice view and on folded and unfolded cortical surface
reconstructions of the right hemisphere. (b–e) Results of somatosensory (b,c)
and visual (d,e) block-design experiments are shown for both hemispheres of
a single person. The superior parietal multisensory region is indicated by the
red dashed circles, which are in equivalent positions to aid comparison. The
single-voxel time courses in b show that air puffs activated the circled area as
strongly as they did primary somatosensory cortex (S-I). The multisensory
region was located in the superior part of the postcentral sulcus and on its
anterior bank. Whereas visual stimulation activated virtually the entire
occipital lobe (e), occipital activation by somatosensory stimuli was confined
to a region at the anterior end of the MT complex (b), possibly corresponding
to area MSTd.
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Face somatotopy
face topography in IPS



face topography in IPS

puffs at each location,Fig. 1f), starting near the midline of the forehead
and slowly cycling once around the face every 64 s (there were eight
such cycles per scan). Subjects monitored for occasional temporal
irregularities in the sequence. To improve the signal-to-noise ratio, we
averaged four such scans for each subject. To correct for systematic
regional variations in the shape of the hemodynamic response function,
we interleaved clockwise and counterclockwise progressions (two scans
each) and then combined opposite-direction data by vector addition of
the complex-valued signal (the strength and phase of the response at
the stimulus frequency) after reversing the phase of one direction. The
somatosensory maps were then compared with maps generated during
retinotopic mapping experiments in the same subjects in a different
session. For these experiments, we used video stimuli that were
displayed within rotating wedges (as before, four-scan averages, two
clockwise, and two counterclockwise). By projecting the visual stimuli
onto the close-up direct-view screen, we were able to survey a much
larger field of view (1001 visual angle) than is typical for retinotopic
mapping experiments. This was critical in order to map the part of the
visual field that would typically be stimulated by a naturalistic visual
object that got close enough to the face to touch the parts of the face
that our air puffs did.
We conducted a combined somatosensory and visual mapping

experiment on the unfolded cortical surface of one person (Fig. 3).
Somatosensory stimuli were delivered in the dark with the eyes closed.

In both hemispheres (Fig. 3, top), an area in the superior parietal cortex
showed a strong somatotopic response to the air-puff mapping proto-
col (Fig. 1e,f). Themapwas located at the confluence of the postcentral
and intraparietal sulci. In this region, the upper parts of the face are
represented anterior to the lower parts of the face on the unfolded
cortex (Supplementary Video 1 online). Note that Fourier-based
methods only show areas with differential responses to facial stimulus
location; regions that respond to every air puff are ‘subtracted out’.
We also collected data from a visual mapping experiment in

a separate scanning session with the same subject (Fig. 3). The
close-up video mapping stimuli activated a number of retinotopic
visual areas in posterior parietal, occipital and posterior inferotemporal
lobes (last two not visible in this view), all of which had been silent
during the somatosensory stimuli. The video stimuli also activated
several areas in superior parietal cortex, one of which overlapped the
map uncovered by the air-puff stimuli. Notably, the representation of
visual stimulus angle closely matched the representation of facial air-
puff stimulus angle. Upper visual fields were found anterior to lower
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Figure 3 Aligned somatosensory and visual maps for a single subject
(dorsolateral view). Top, results of somatosensory mapping by air puffs.
Bottom, results of visual mapping by close-up rotating wedges containing
video stimuli. Black rectangles (top, bottom) indicate the position of the
higher magnification views in the center of the figure. Thick dashed yellow
contours outline a region of interest defined as a connected surface patch
of superior parietal vertices with significant periodic response to both
somatosensory and visual mapping stimuli. In this region, the upper part of
the contralateral face (top rows, red) is overlaid by a representation of the
upper contralateral visual field (bottom rows, red). A similar alignment is
visible for middle (blue) and lower (green) face and visual field. The
alignment index histogram (see Methods) shows the distribution of agreement
in polar angle for each vertex within the yellow contour (an index of 1
indicates no difference in phase angle between two maps). The red line
indicates the estimated alignment index distribution (given the number of
vertices and histogram bins) if the two maps within the yellow contour were
completely uncorrelated.

Figure 4 Visual somatosensory alignment for four additional subjects. The
results of somatosensory mapping by air puffs (top) and visual mapping by
close-up rotating wedges containing video stimuli (bottom) are shown for
single hemispheres of four additional persons, in dorsolateral view. The
dashed yellow contours represent the multisensory region of interest and are
in equivalent positions for each hemisphere to aid comparison. Similar to
the results in Figure 3, there was a detailed within-subject correspondence
between somatosensory and visual maps (see alignment histograms).
Other conventions follow Figure 3.
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Mapping the ventral stream

Wandell & Dumoulin, Neuron (2007)

Retinotopy in ventral occipital cortex



many (>25) visual areas!

Wang et al., Probabilistic maps of visual topography 
in human cortex. Cereb Cortex, 2015, 3911-31.
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better mapping methods (pRFs)

after Doumolin & Wandell, 2008 

- 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



pRFs are elliptical and radially oriented

Silson et al., J. Neurosci, 2018



retinotopic mapping

progress and challenges…



but we need better methods

compared to the validation data). The correct lines appear to lie between the training data and the prior. 

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

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 

!

Figure 3. Deriving retinotopic predictions. Three methods of predicting retinotopic maps (as in Fig. 1) for an 
example subject. A, Predicted retinotopic maps based on training data alone are found by solving 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 
FreeSurfer’s fsaverage anatomical atlas (represented by rectilinear checkerboards), bringing the subject’s 
anatomy into alignment with the anatomically-based prior, which is represented by iso-eccentricity contour lines 
in the figure (see also Supplemental Fig. 2C). The model of retinotopy is then used to predict the retinotopic 
parameters of the vertices based on their anatomically-aligned positions. After the predictions have been made, 
the cortical surface is relaxed. Maps are shown as checkerboards in order to demonstrate the warping (insets 
show original data and curvature). C, Bayesian inference of the retinotopic maps of the subject are made by 
combining retinotopic data with the retinotopic prior. This is achieved by first aligning the subject’s vertices with 
the fsaverage anatomical atlas (as in B) then further warping the vertices to bring them into alignment with the 
data-driven model of retinotopy (shown as iso-eccentricity contour lines). The warping was performed by 
minimizing a potential function that penalized both the deviation from from the prior (second column) as well as 
deviations between the retinotopic observations and the retinotopic model.

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

(1) Apply Prior Warping: 
ẋp = xw 
(Fig. 1)

ẋ0 ẋp

B. Individual subjects’ retinotopic maps as predicted via the Prior alone
(2) Apply Model  

to ẋp

(3) Unwarp Prediction

ẋp ẋ0

C. Individual subjects’ retinotopic maps as predicted via Bayesian inference (Data + Prior)
(1) Apply Prior Warping: 

                 ẋp = xw

(2) Further Warp using Data: 
ẋw = argminx F(x; ẋp, E, !, P, ")

(3) Apply Model 
to ẋw

(4) Unwarp Prediction

ẋ0 ẋp ẋw ẋw ẋ0

. . . .
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the venous eclipse

Winawer et al., 2010



better mapping methods (pRFs)

after Doumolin & Wandell, 2008 

- 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) 
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• why study human vision?

• retinotopic mapping

• Functional specialization

        Orientation
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        Color
        Objects, faces, and letters

• Bottom-up hierarchical processing within visual cortical areas

• Top-down influences on visual cortical area
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• functional specialization
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• top-down influences on visual cortical area



hubel and 
wiesel, 1962

ringach, hawken, 
and shapley, 1997

blasdel and 
salama, 1986

test case: orientation selectivity 
can we measure it with fMRI? 



doesn’t look 
good...



solution 1: high resolution fMRI



yacoub, harel, ugurbil, PNAS (2008)

human ocular dominance and 
orientation columns



small biases in fMRI response because voxels 
sample an irregular underlying columnar 
architecture

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

solution 2: fMRI decoding (classifiers)

fMRI decoding: an imager’s microelectrode?



fMRI decoding 
with multi-voxel 
pattern analysis 
(MVPA)

haynes & rees, nature neurosci, 2006
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Decoding dynamic mental states
The work discussed so far has several important limi-
tations. For example, in all cases the mental state of an 
individual was decoded during predefined and extended 
blocks of trials, during which the participants were either 
instructed to continuously imagine a cued stimulus, or 
during which a stimulus or class of stimuli were continu-
ously presented under tight experimental control. These 

situations are not typical of patterns of thought and per-
ception in everyday life, which are characterized by a con-
tinually changing ‘stream of consciousness’35. To decode 
cognitive states under more natural conditions it would 
therefore be desirable to know whether the spontaneously 
changing dynamic stream of thought can be reconstructed 
from brain activity alone. One promising approach to such 
a complex question has been to study a simplified model 

Box 2 | Statistical pattern recognition

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 
combination of responses in both 
voxels. A linear decision boundary can be used to separate these two-dimensional response distributions. Panel d is an 
example of a case where a linear decision boundary is not sufficient and a curved decision boundary is required 
(corresponding to a nonlinear classifier). In panel e, to test the predictive power of a classifier, data are separated into 
training and test data sets. Training data (red and blue symbols) are used to train a classifier, which is then applied to a 
new and independent test data set. The proportion of these independent data that are classified either correctly (open 
circle, ‘correct’) or incorrectly (filled circle, ‘error’) gives a measure of classification performance. Because classification 
performance deteriorates dramatically if the number of voxels exceeds the number of data points, the dimensionality 
can be reduced by using, for example, principal component analyses14, downsampling44 or voxel selection, according to 
various criteria7. An interesting strategy to avoid the bias that comes with voxel selection is to systematically search 
through the brain for regions where local clusters of voxels carry information12. Panels b–d modified, with permission, 
from REF. 2 © (2003) Academic Press.

Voxel
A voxel is the three-
dimensional (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.

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
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.

Spatial anisotropy
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.

Electroencephalogram
(EEG). The continuously 
changing electrical signal 
recorded from the scalp in 
humans that reflects the 
summated postsynaptic 
potentials of cortical neurons 
in response to changing 
cognitive or perceptual states. 
The EEG can be measured with 
extremely high temporal 
resolution.

R E V I E W S
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1) train classifier on subset of data

2) test classifier on left-out data

3) get a single number (% correct)

4) compare to ‘chance’
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Figure 1. Orientation and polar-angle topographic 
maps for a single subject shown on a flattened 
representation of the occipital lobe. (a) Responses 
to phase-encoded oriented grating (shown in 
inset). The stimulus cycled through 16 steps of 
orientation, ranging from 0° to 180° every 24 s. 
The map is thresholded at a coherence of 0.3. 
(b)������
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stimulus (shown in inset). The stimulus cycled 
through 16 steps of polar angle, ranging from 0° to 
180° every 24 s. The map is thresholded at a 
coherence of 0.68 to account for differences in 
signal-to-noise ratio between the two experiments 
(see Materials and Methods). Color indicates 
phase of best-fitting sinusoid; white lines indicate 
the V1/V2 boundaries. 
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• why study human vision?

• retinotopic mapping

• functional specialization
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• bottom-up hierarchical processing within visual cortical areas
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Cortical magnification

Engel, Glover, & Wandell, Cereb Cortex (1997)

Mapping the dorsal stream

  

object represented by the area. This ‘‘eccentricity-bias’’
model is further reviewed in (Figure 12 in Grill-Spector
and Malach, 2004).
Improvements in measurements have revealed more vi-

sual field maps in lateral occipital cortex than Malach and
colleagues anticipated when framing their hypothesis. In
view of these developments, Wandell et al. (2005) sug-
gested an alternative organization (Figure 9). Specifically,
they propose that maps are organized into several clus-
ters. A cluster is a group of maps with parallel eccentricity
representations; different clusters have distinct eccentric-
ity maps. Within a cluster, the maps can be identified by
reversals in the visual field map angle representation.
The maps near V1 are the prototypical cluster, but several
other clusters—such as near V3A/V3B, IPS, hMT+, and
VO—have also been identified (Brewer et al., 2005; Lars-
son and Heeger, 2006; Schluppeck et al., 2005; Silver
et al., 2005; Swisher et al., 2007; Wandell et al., 2006).
Improving Visual Field Map Measurements
The traveling-wave methods successfully identified many
visual field maps, but the methods have significant limita-
tions. First, these stimuli are poorly designed to measure
neuronal populations whose receptive fields are centered
on the fovea (Dumoulin and Wandell, 2007; Figure 7 in
Press et al., 2001). A neuron whose receptive field is cen-
tered on the fixation point will not modulate its response to
a wedge. This limitation is crucial because the fovea is in
many cases themost important component of the percep-
tual representation. Consequently, visual field maps near
the central field representation are not easily measured;
these regions are commonly referred to as the foveal con-
fluence (e.g., Schira et al., 2007).
Second, traveling-wave estimates of the eccentricity

map using expanding rings are nonlinearly distorted,
again most prominently when cortical response regions
overlap with the fovea (Dumoulin and Wandell, 2007).
Third, the traveling wavemethod fails when neuronal re-

ceptive fields are large (Dumoulin andWandell, 2007). The
traveling-wave method—or even a method that contrasts
horizontal and vertical meridians—will treat these regions
as nonresponsive or weakly response cortex. To detect

the fact that cortex responds to all stimuli, it is necessary
to include a blank control.

In the last several years newmethods have emerged that
may improve the ability to measure the visual field maps in
visual cortex. These methods also promise to identify
additional information about the neurons within the map.
Alternative Stimulus Sequence
Several groups proposed using temporally orthogonal
stimulus sets to measure visual field maps (Buracas and
Boynton, 2002; Hansen et al., 2004; Vanni et al., 2005).
Rather than systematically sweeping out the eccentricity
or angle, thesemethods create a series of patches derived
from rings and wedges. These images are constructed in
such a way that each of the patches has its own, unique
temporal sequence. Such temporal stimulus sequences
are used commonly in multifocal EEG/MEG measure-
ments, and there are a variety of ways of constructing
the orthogonal sequences. One approach is to use the
M-sequence method developed by Sutter and Tran
(1992). The data are analyzed using a general linear model
(GLM) to derive how effectively each stimulus patch con-
tributes to the response at each cortical location. Within
V1, the simple linear model approach accurately identifies
the visual field position that most effectively stimulates
each cortical location; this produces a visual field map.

This method has several theoretical advantages. First, it
includes a blank stimulus, making it possible to assess
whether all the stimuli are equally effective. Second, the
method avoids the difficulties seen in ring and wedge
stimuli when neuronal receptive fields span the fovea, be-
cause the stimuli comprise spatially localized patches.
Third, the method allows a description of the population
receptive field (Yoshor et al., 2007). The method depends
significantly on the assumption that the BOLD response is
linear across space, which appears to be a good approx-
imation for signals in V1 (Hansen et al., 2004). Whether
spatial linearity is satisfied in other extrastriate regions re-
mains to be tested. At present, however, there are no re-
gions where M-sequences uncover maps that are missed
by conventional traveling-wave methods, and the theoret-
ical advantages remain to be demonstrated empirically.

Figure 8. Theories of Visual Field Map
Organization
(A) Signals in V1 and nearby maps are essential
for vision; damage to these maps causes a vi-
sual blindspot (scotoma). Ungerleider andMis-
hkin (1982) suggest that visual signals enter
two large white matter tracts (the superior
and inferior longitudinal fasciculus) that are
specialized for distinct visual functions. Dam-
age in the projection zones of these tracts
does not cause complete blindness but rather
specific and dissociable performance deficits.
Signals along the superior path appear to be
specialized for action or spatial orientation; sig-

nals along the inferior path appear to be specialized for object recognition (Milner and Goodale, 2006; Ungerleider and Mishkin, 1982). (Brain image
courtesy of Dr. Ugur Ture.)
(B) Signals between visual fieldmaps are carried along pathways whose axons terminate in distinct patterns. These termination patterns are classified
into ascending, descending, and lateral connectivity and establish a hierarchical representation (Felleman and Van Essen, 1991; Van Essen and
Maunsell, 1983). A simplified version of the hierarchy, showing the relationship between a subset of the maps in macaque, is shown here. This figure
is from Figure 11 in Barone et al. (2000).
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direction selective adaptation in human MT
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direction selectivity across visual areas
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columnar architecture for motion 
direction in MT

direction selective columns?
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hierarchical processing in visual cortex

the responses were for different neurons, so Figure 3D,E
shows the distribution of the modulation index for neuro-
nal populations in V1 and V2. The V1 data show modest
dispersion about a mean near 0, whereas the mean for V2
was substantially and significantly shifted to positive
values.

HUMAN CORTICAL RESPONSES
TO NATURALISTIC TEXTURE AND

NATURAL IMAGES

Given the robustly enhanced neuronal responses to
naturalistic textures that we observed in unit responses
recorded from V2, we decided to look for evidence of
similar responses in human visual cortex, using the tech-
nique of blood-oxygen-level-dependent functional mag-
netic resonance imaging (BOLD fMRI) (Freeman et al.
2013b). We measured responses in three subjects to an
alternating sequence of spectrally matched control stim-
uli and naturalistic textures (Fig. 4A), presented in an
annular region surrounding the fixation target. We render
the responses on a flattened map of the posterior pole of
the cortex in a representative subject; the marked borders
between visual areas were established in earlier topo-
graphic mapping studies using standard techniques (Wan-
dell et al. 2007; Gardner et al. 2008). The alternation of
naturalistic and noise stimuli notably failed to modulate
the BOLD signal in V1, but in V2 and adjacent areas, the
response was robust and reliable. This is entirely consis-
tent with our measurements of neuronal responses in
macaque V1 and V2 (Freeman et al. 2013a), as well as
the perceptual discrimination of images with statistics

matched over regions the size of V2 receptive fields
(Freeman and Simoncelli 2011).

The broad view of the brain given by functional imag-
ing allowed us also to explore the way in which image
representation begins to move beyond the representation
of the kind of naturalistic image statistics that are effec-
tive in driving V2; in particular, we have begun to ask
whether further elaborations of the cascade of visual
processing leads downstream areas to respond differen-
tially not only to images with naturalistic statistics, but
also to natural images themselves. Physiological mea-
surements of unit responses in macaque extrastriate areas
V4 and IT by Rust and DiCarlo (2010) suggest this
possibility, showing that units there respond better to
photographs of natural scenes than to scrambled photo-
graphs made to match the statistics of the texture model.
Using the same block design, we compared fMRI ac-
tivation in human visual cortex to natural images with
those to spectrally matched noise (Fig. 4B), and we also
compared activation by natural images and naturalistic
textures derived from those images (Fig. 4C) (Freeman
et al. 2013b). Although response modulation in V2 and
V3 was similar for the exchange of natural images with
noise, response modulation in areas anterior to V3 was
stronger than when naturalistic textures were exchanged
with noise (Fig. 4B). As one might then expect, the ex-
change of natural images for naturalistic textures evoked
little response in early areas (V1–V3), but strongly acti-
vated anterior areas (V4 and other downstream areas).
In aggregate, these preliminary measurements suggest
that areas downstream from V2 and V3 continue the
process of elaboration begun in V2, and effect at least
part of the job of transforming representations of the stat-

Figure 4. Responses of human visual cortex to natural images, naturalistic textures, and spectrally matched noise controls. Flattened
maps of the posterior pole of the right hemisphere of a representative observer showing modulation of BOLD fMRI responses to
alternating sequences of stimuli in a block design whose time course is schematically diagrammed at the bottom: briefly presented
repeated stimuli (200 msec on, 200 msec off ) were presented in 9-sec blocks, alternating between the conditions being compared. Area
boundaries are derived from a separate topographic mapping experiment. In each panel, the pseudocolor scale represents the coherence
of the BOLD response component synchronized with the time course of the stimulus exchange. (A) Alternation between naturalistic
textures and spectrally matched noise controls. (B) Alternation between natural images and spectrally matched noise controls. (C )
Alternation between natural images and naturalistic textures. (From Freeman et al. 2013b.)

IMAGE REPRESENTATION IN VISUAL CORTEX 5
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source of top-down modulation

further refined this definition as anterior to MT+, within the
STS. Within this region, we measured activity evoked by visual
stimulation (the stimuli subtended the same size and were at
the same location as in the main attention experiment) to iden-
tify 3 visually responsive TPJ subregions (Fig. 3). For each
observer, we bilaterally defined: vTPJant, located anterior to the
superior temporal gyrus (STG), in the posterior part of the lat-
eral fissure (LF); vTPJcent, located on the STG, just posterior
to the Heschl’s gyrus (HG); and vTPJpost, located in (or posterior
to) the horizontal branch of the STS. We defined vTPJpost
in both the left and the right hemispheres of all observers;
vTPJant in the right hemispheres of all observers and in the left
hemispheres of 4 out of 5 observers; and vTPJcent in the right
hemispheres of all observers but in the left hemisphere of only
one observer. Note that vTPJpost is adjacent to a previously
defined multisensory region called STS-MS, localized in the
most caudal part of the STS (Beauchamp et al. 2004). However,
vTPJpost does not respond to auditory stimulation (Figure S2)
suggesting that vTPJpost and STS-MS are 2 distinct regions.

To assess the variability among observers in size and loca-
tion of the 3 visually responsive TPJ subregions, we performed
2 complementary analyses. In the first analysis, we created
ROIs based on thresholded activity maps, using a coherence
threshold of 0.2. We then projected these ROIs onto the cortical
surface, and aligned each individual’s cortical surface to an
atlas using FreeSurfer software (Fischl, Sereno, and Dale 1999;
Fischl, Sereno, Tootell, et al. 1999). The 3 TPJ subregions varied
in location and size across observers. At most 3 out of the 5
observers had overlapping ROIs (Fig. 4). Curiously, there was
less overlap in the right hemisphere, even though all 3 regions
were identified in the right hemispheres of all observers.
Moreover, the ROIs varied substantially in terms of both size
(Table 2) and location (Table 3). We also found that vTPJpost and
vTPJant were larger in the left than in the right hemispheres of
each of the 5 observers. In the second analysis, which did not
require defining ROIs, we took the fMRI responses from the
localizer for each observer and projected the measurements
onto the FreeSurfer atlas. We then averaged across observers.
This analysis yielded robust responses in visual cortex, in areas
that have a highly reliable location with respect to the underly-
ing cortical anatomy. But this analysis did not yield reliable
responses in any of the 3 TPJ regions (Figure S1). This second
analysis confirms that the TPJ is highly variable in size and
location, and is hence best suited to an analysis approach that
targets individual observers, rather than group averages.

Figure 3. Visually responsive TPJ subregions. The posterior lateral surface of the right hemisphere in 2 observers. Colors indicate fMRI response amplitudes from the
localizer experiment, for those voxels that exhibited reliable responses to the grating stimuli (relative to fixation). Voxels were selected by their signal-to-noise-ratio
(coherence > 0.2) and response timing (temporal phase between 0 and π, corresponding to when the grating stimuli were presented). Dashed white curves, anterior
edge of MT+ (defined with a motion localizer). The schema in the upper left represents the approximate anatomical location of the 3 regions relative to specific land-
marks: MT+, STS, Superior Temporal Sulcus; STG, Superior Temporal Gyrus; HG, Heschl’s Gyrus; and LF, Lateral Fissure.

Figure 4. Inter-observer variability. The cortical surfaces of 5 observers were
aligned using FreeSurfer. The outline of each of the 3 vTPJ subregions is repre-
sented with a different color for each observer. Colored background, proportion
of observers whose ROIs overlapped. In the bottom images are marked in red
the 3 main branches allowing vTPJ identification: STS, STG and HG, same con-
vention as in Figure 3.

10 | Cerebral Cortex

Dugue, Merriam, etc al., 2018
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edge of MT+ (defined with a motion localizer). The schema in the upper left represents the approximate anatomical location of the 3 regions relative to specific land-
marks: MT+, STS, Superior Temporal Sulcus; STG, Superior Temporal Gyrus; HG, Heschl’s Gyrus; and LF, Lateral Fissure.

Figure 4. Inter-observer variability. The cortical surfaces of 5 observers were
aligned using FreeSurfer. The outline of each of the 3 vTPJ subregions is repre-
sented with a different color for each observer. Colored background, proportion
of observers whose ROIs overlapped. In the bottom images are marked in red
the 3 main branches allowing vTPJ identification: STS, STG and HG, same con-
vention as in Figure 3.
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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
orienting and reorienting, vTPJpost, vTPJcent.

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 follow-
ing 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 atten-
tional orienting. This result reveals that this subregion plays a
role in attentional reorienting to task relevant stimuli, regard-
less 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 activ-
ity 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 neu-
tral 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 perfor-
mance in valid trials and evoked greater activity in invalid
trials. Some studies have shown that a postcueing manipula-
tion 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 perfor-
mance (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 differ-
ent task parameters allowing the postcue to affect the post-
perceptual 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 con-
trast, 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
after stimulus encoding.

Figure 5. Specificity of each visually responsive TPJ subregion in attentional reor-
ienting. fMRI response amplitudes were measured for each attentional condi-
tion, 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 (loca-
tion 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.
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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 areas

The future is layer fMRI!!



thank you! 




