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New images from human visual cortex

Roger B.H. Tootell, Anders M. Dale, Martin I. Sereno and Rafael Malach

Recent developments in imaging and histology have greatly clarified our understanding of the

nature and organization of human visual cortex. More than ten human cortical visual areas can

now be differentiated, compared with the approximately 30 areas described in macaque monkeys.

Most human areas and columns described so far appear quite similar to those in macaque but

distinctive species differences also exist. Imaging studies suggest two general information-

processing streams (parietal and temporal) in human visual cortex, as proposed in macaque.

Several human areas are both motion- and direction-selective, and a progression of motion-

processing steps can be inferred from the imaging data. Human visual areas for recognizing form

are less well defined but the evidence again suggests a progression of information-processing steps

and areas, beginning posterior to the human middle temporal area (or V5),and extending inferiorly

then anteriorly. This is consistent with findings from macaque, and with human clinical reports.

Trends Neurosci. (1996) 19, 481-489

HE FIRST evidence that cerebral cortex is com-

posed of separate areas came from a study of part
of the visual cortex' more than two centuries ago.
Since then, research on human visual cortex has been
hindered by the limited nature of non-invasive tech-
niques. Until little over a decade ago, our understand-
ing of the human visual cortex was confined mostly to
cytoarchitectonic histology, comparatively rare brain
lesions and whole-head electroencephalography?.
Visual cortical research focused mainly on animal
models, with great success. In cats, non-human pri-
mates and rodents, visual areas are now among the
best-understood regions of cortex. Direct comparisons
reveal a surprising degree of difference between the
cortical maps in different mammalian orders®”.

Differences within the primate order are less strik-
ing; nevertheless, maps in prosimians, New World
monkeys and Old World monkeys all differ signifi-
cantly. Single-unit properties, histological features
and connections also differ markedly in different pri-
mates and non-primate mammals, even when com-
parisons are restricted to areas considered to be
homologous. The question of homology is particularly
important with regard to human visual cortex because
it is becoming increasingly possible to resolve human
cortical areas, although single units and connections
cannot yet be determined routinely. Since cortical-
area maps remain constant between humans and
other mammals, it can be inferred (but has not yet
been proved) that single-unit properties and connec-
tions are also similar among these species.

The usual justification for studying visual cortex in
macaques is their similarity to humans; excepting
apes, humans are most closely related to Old World
monkeys such as macaques (Macaca). Macaque and
human vision is comparable psychophysically, except
for a slight difference in long-wavelength photopig-
ment. The anatomies of macaque and human visual
systems also appear grossly similar. For example,
human and macaque area V1 (also known as area 17,
primary visual cortex or striate cortex) are similar with
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respect to the laminar and cytoarchitectonic organiz-
ation® as well as the cytochrome oxidase architecture®!!.
Ocular dominance columns have also been demon-
strated anatomically in human V1 (Refs 9,11,12); this
is especially telling because ocular dominance
columns are either subtle or absent in V1 of some New
World monkeys'®. Human homologs of monkey areas
V2 and the middle temporal area (MT) (or VS5) are
reasonably well accepted’.

Despite these broadly defined similarities, distinct
species differences begin to become apparent even in
area V2. The orderly arrangement of cytochrome oxi-
dase ‘stripes’ into parallel ‘thin’ and ‘thick’ stripes, so
obvious in monkeys (see, for example, Ref. 14), has
evolved into a disorderly jumble of patches in human
V2 (Ref. 10; see also Fig. 1). It is not clear how (or if)
the irregular cytochrome oxidase patches in human
V2 relate to the strikingly parallel cytochrome oxidase
stripes in macaque V2. On the other hand, myelin'®
and CAT-301 (Ref. 15) staining have shown orderly
human V2 ‘stripes’ consistent with an expanded ver-
sion of the monkey V2 stripes.

By generalizing from macaque cortical maps, sev-
eral contemporary lesion studies have reported far-
reaching insights from rare clinical cases in humans.
Horton and Hoyt' related the topography of ‘quad-
ratic’ (quarter-field) visual-field deficits to the location
of cortical lesions producing them, implying a human
homolog of macaque cortical area V3 and suggesting
its location. Using a stain that revealed long-term
axonal degeneration, Clarke and Miklossy'” were able
to map the topographical pattern of callosal degener-
ation in one patient. This topography was then used
to infer the boundaries of several visual cortical areas
corresponding to vertical meridian representations,
since these are known to be innervated preferentially
by callosal connections. Another significant lesion
study is that of Zihl et al.'® who described a patient
with selective deficits in the perception of visual
motion due to bilateral cortical damage, including
(apparently) lesions in human area MT (V5).
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Fig. 1. Topographical variations in cytochrome oxidase staining in flattened human visual
cortex. The figure shows an image from very wide microtome sections (60 um thick) centered
on layers 3 and 4 from flattened visual cortex, after staining for cytochrome oxidase. The
‘blobs’ in human area V1 are clearly visible and are similar to (although larger than) those in
non-human primates. Immediately surrounding this region is a belt (1.5-3 cm wide) of irregu-
lar dark patches. In this example, some of the patches are aligned in stripes orientated per-
pendicular to the border between areas V1 and V2, as in several species of monkey. However,
the human topography is typically more patchy and less stripe-like. Human area V2 presum-
ably occupies at least the region adjacent to the border between V1 and V2. Additional bor-
ders drawn on the figure are hypothetical, based on retinotopic measurements made by func-
tional magnetic resonance imaging (fMRI) and subtle distinctions in the cytochrome oxidase
topography. The anterior portion of the belt may be co-extensive with V3. Even further ante-
rior, there is a pronounced (approximately 3 cm) extension of the patchy cytochrome oxidase
staining (previously named ‘PX’; see Ref. 10) that might include, or coincide with, human area
V3A. Scale bar, 5 mm.

So far, topographical dimensions in human visual
cortex have been found to be approximately double
the size of the corresponding features in macaque.
This was based on the overall length and width of
apparently corresponding areas such as V1, MT (V5)
and V2, as well as the size of columnar systems within
a given area [for example, ocular dominance columns
in V1, blobs in V1, cytochrome oxidase patches in MT
(VS) and myelin-based stripes in V2 (reviewed in
Ref. 10)]. However, this size relationship is only a
rough generality: some human areas show a greater
increase in size while some show less. Such dispropor-
tionate increases and decreases might reflect the rela-
tive importance or function of corresponding areas,
with respect to those areas or columns that can be
assumed to be homologous (see below); this kind of
rationale led to the claim that the pulvinar and frontal
lobes are ‘more important’ in humans than in
macaques because of their more-than-proportionate
expansion in the human brain.

Functional imaging, topography and retinotopy

Positron emission tomography (PET) techniques
were the first used to form images of the local meta-
bolic activity of human visual cortex. Fox et al.'”* suc-
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cessfully resolved three foci of activity in the calcarine
fissure (presumably mainly in V1) produced by visual
stimuli at correspondingly varied eccentricities. The
location of these foci was generally consistent with
the retinotopic information available at the time.
This ‘bottom-up’, sensory-based PET approach
achieved sustained momentum with the studies of
Zeki, Frackowiak and co-workers, who were the first
to demonstrate and localize human area MT (V5)
(Refs 21-23) and who have since presented evidence
for several other areas (see below). Other PET studies
of the visual system have focused on higher-order,
‘top-down’ variables such as attention to different
visual dimensions (see, for example, Ref. 24) and
activity during language tasks®.

This section discusses results derived from func-
tional magnetic resonance imaging (fMRI) of intrinsic
signals, a technique introduced only a few years
ago®®%, Like PET, fMRI reflects the local changes in
blood flow or oxygenation, or both (depending on
several technical variables) that occur very near the
neurons activated by a given experimental paradigm.
The metabolic basis of the fMRI signal is not yet as
thoroughly understood as that underlying the PET sig-
nals, although progress in this area of research is being
made. On the other hand, fMRI signals have better
spatial and temporal resolution than PET techniques
and permit unlimited scanning without risks from
radioactive toxicity. Therefore, certain types of func-
tional imaging studies that were not feasible previ-
ously can now be performed. For example, functional
cortical columns have been reported in fMRI experi-
ments using high field strength and sub-millimeter
(0.3-0.6 mm?) voxels®.

In other fMRI studies, it has been possible to visual-
ize cortical activity in response to many types of visual
stimuli given to one subject. Maps of the resultant
variations in the location of visual activity can then be
visualized and analysed in an ‘unfolded’, or ‘flat-
tened’, cortical surface format. Maps of such activity-
based visual ‘areas’ can then be compared directly
with the topography of cortical visual areas defined in
other subjects and with maps from other species. A
map of the activity-based human areas V1, V2, V3,
ventral posterior (VP), V3A, ventral V4 (V4v), lateral
occipital (LO), MT (VS5), posterior division of dorsal
medial superior temporal area (pMSTd), lateral su-
perior parietal occipital (LSPO) and superior parietal
occipital (SPO) compared with a map of visual areas in
the macaque monkey, derived from other techniques,
is shown in Fig. 2. After borders of these areas have
been defined using a standard set of ‘diagnostic’ stim-
uli (described in Fig. 2), the activity in each defined
human area can then be tested in response to ‘higher-
order’ visual stimuli.

The detailed retinotopy in the first defined human
areas V1, V2, V3, VP and V3A (Refs 32,33,35-38) is so
similar to that of macaque that these areas can rea-
sonably be considered to be homologous (see Fig. 2
and below). Based on functional, histological and topo-
graphical similarities, ‘MT (V5)” in humans is also prob-
ably homologous to macaque MT (V5) (Refs 7,10,36).
Based on topographical and functional properties,
human ‘pMSTd’ is probably homologous to the dorsal
division of area MST (MSTd) in macaques (see below)
but there is less evidence on this point. Evidence giv-
ing grounds for homology becomes even more sparse



in areas near the parietal-occiptal juncture, in both
humans and macaques. However, based on topo-
graphical and functional characteristics, human areas
SPO and LSPO might be related evolutionarily to
macaque ventral intraparietal (VIP) and lateral intra-
parietal (LIP), respectively. Areas LO and V4v are less
certainly related to specific macaque areas (see below).
Other functionally distinct areas clearly exist but they
are not yet well enough explored to commit to a
diagram.

Topographically, most of these human areas are
about twice as long and twice as wide as their same-
named counterparts in macaque. However, the width
of human V3 and VP is disproportionately expanded
by a factor much greater than that (approximately ten
rather than two). This has interesting ramifications
with regard to the cortical magnification factor in
these regions: a pronounced radial anisotropy is pres-
ent in the cortical magnification factor in macaque
areas V3 and VP but is absent in human V3 and VP.
The topographical distance from MT (V5) to the foveal
areas V2, V3 and VP is also disproportionately
expanded in humans, relative to macaque. This rela-
tively ‘expanded’ region in humans might be involved
in form processing (see Fig. 2 and below).

As human (and monkey) maps of visual cortex
become more accurate, comparisons between them
should become more illuminating. However, our
understanding of human cortical retinotopy and of
associated imaging techniques is already sufficient to
show apparent retinotopic ‘isomorphism’ between
visual stimuli and resultant brain activity (Fig. 3), simi-
lar to evidence of this kind of isomorphism obtained
previously from animal models.

Cortical unfolding

In experimental animals, it has become common-
place to display and analyse visual cortical maps after
‘unfolding’ or ‘flattening’ the gray matter'****-*3, The
rationale behind this practice is that the cortical gray
matter (where essentially all neurons are located) is
intrinsically a sheet several millimeters thick, which,
in vivo, is folded for biological convenience — presum-
ably to shorten the intracortical connections and
enabling it to fit its considerable surface area inside
the skull. Many fundamental mapping features (such
as cortical area boundaries, columns and interlaminar
axonal projections) are mapped in parallel with the
cortical surface and layers. The cortical ‘unfolding’
procedure simply rearranges these topographical fea-
tures so that they are all contained within the single
plane available on a printed page or video screen.
Cortical flattening approaches are now being used in
human visual cortex research as well (Refs 10,33,38,44;
see Figs 1-3). Although the human gray matter is
folded tortuously in vivo, unfolding procedures do not
necessarily entail any distortion. With a single longi-
tudinal cut, a cylinder or cone can be unfolded with-
out any distortion at all, although a sphere will be dis-
torted by unfolding. The relevant question is whether
the human cortex (or portions thereof) is more like a
cylinder, a cone or a sphere.

Measurements from optimally flattened human and
monkey brains yield values for residual distortion
(angular and areal) of about 15% (Refs 33,34,43).
However, such distortion occurs only in the displays
of computationally flattened images; quantitative
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topographical measurements can be entirely corrected
for the (known) flattening distortion®,

Parietal and temporal streams

In macaque visual cortex, two general information-
processing ‘streams’ of areas have been proposed and
widely discussed: a ‘parietal’ (or ‘dorsal’, or ‘where’)
stream, processing certain aspects of visual motion,
eye movements and spatial organization; and a ‘tem-
poral’ (or ‘ventral’, or ‘what’) pathway, specialized for
color and form recognition*=°. It has been suggested
that additional anatomical and physiological com-
partments (such as magnocellular and parvocellular
‘streams’ in the lateral geniculate nucleus, cytochrome
oxidase ‘blobs’ and ‘interblobs’ in V1, and V2 ‘stripe’
architectures) extend the parietal and temporal
streams at lower levels of the visual network but these
hypothetical links have been controversial (see, for
example, Refs 51,52). Unfortunately, very little is
known about human intracortical connections (see
below) and so there is no certainty that ‘parietal’ and
‘temporal’ streams exist anatomically in human visual
cortex. Although functional imaging and evolutionary
links suggest that information-processing streams
related to those in macaques do exist in human visual
cortex>, other evidence® is inconsistent with this
assumption. We do not attempt to resolve this impor-
tant issue here; the contemporary view of such
‘streams’ is invoked only as a convenient heuristic
hypothesis to discuss findings relevant to this article.
Parietal stream

It is impossible to specify the exact boundaries of
the parietal and temporal streams in either human or
non-human primates. However, a human parietal
stream would presumably include at least areas MT
(V5), MST and intraparietal areas (such as VIP and
LIP), assuming homologs to these areas in macaques
exist in humans; similarly, a human temporal stream
would presumably include homologs of areas V4 and
various inferotemporal cortical areas.

Area MT (V5) in monkeys is anatomically and physio-
logically quite distinctive, and has been studied exten-
sively. Furthermore, an area homologous to MT (V5)
appears to exist in all non-human primates tested,
including Old World monkeys, New World monkeys
and several groups of prosimians. Thus, the recent dis-
covery and description of an MT (V5) homolog in
humans was of great interest. Several histological stud-
ies (foreshown in 1920 by Flechsig®) reported areas
of increased myelination*'*", cytochrome oxidase ac-
tivity'®*® and staining by the monoclonal antibody
CAT-301 (Refs 10,57) in areas of the human visual cortex
that generally match the expected location, size and
histological features of macaque MT (VS5). The study
using CAT-301 is particularly persuasive because the
antibody binds to a cell-surface epitope found promi-
nently in cells along several stages of the macaque
‘magnocellular’ pathway, with a distinctive laminar
profile in macaque MT (VS) (Ref. 56). However, the
exact location of these histological features is still
uncertain in humans*'°. Ideally, the anatomical and
functional (see below) evidence for area MT (V5)
should be confirmed using fMRI in the same human
individuals®®, but so far this has not been done.

It has proved easier to reveal an apparent human
area MT (V5) functionally in PET and fMRI experi-
ments?' 23365961 - hy comparing neuronal activation
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produced by moving as opposed to stationary stimuli.
Based on results from non-human primates, roughly
half of the cells in MT (V5) should respond more in
response to stimuli moving in a given local direction
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compared with control stimuli that are stationary and
non-flickering.

As in non-human primates, this ‘functional’ MT
(V5) area lies several centimeters anterior to the
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Fig. 2. (left) Location and topography of presumptive visual areas in human and macaque cortex. (A and B) One representative cortical
hemisphere of human brain in the normal (folded) state, based on high-resolution ‘anatomical” magnetic resonance images. Visual areas have
been rendered in pseudocolor on to the surface, based on data from functional magnetic resonance imaging (fMRI) as described below. (C) The
same anatomical and functional data depicted in ‘flattened’ cortical format. Additional areas (bounded by red borders) are based on data from
other subjects and were added for completion. Based on quantitative differences in cortical curvature, the locations of gyri and sulci in the folded
brain depicted in A and B are represented in light and dark gray, respectively, in the flattened representation in C. For comparison, (D) shows the
corresponding flat map from macaque monkey, based on previously published data®'. Both flattened maps are taken from the right hemisphere,
which was artificially split along the length of the calcarine fissure (approximately the horizontal meridian representation in V1).

Borders of human visual areas are presumptive. However, each cortical visual area in A, B and C has been reliably produced in approximately
the same cortical location (with similar topographical relationships to surrounding areas, likewise defined) in several scan sessions in at least four
subjects (usually many more), in response to the same visual stimulus or set of stimuli. Names for human visual areas have been adopted from
apparently corresponding areas in macaque when there is both topographical and functional evidence of homology [for example, V1, V2, V3,
ventral posterior (VP), V3A and middle temporal area (MT, or V5)]; this is qualified when evidence for homology is encouraging but not definite
(for example, in the case of the posterior division of dorsal medial superior temporal area (pMSTd). Otherwise, new names have been invented
[for example, lateral occipital (LO), SPO, LSPO]. Presumptive corresponding areas in the two primates are assigned the same color on the map.
The foveal representation is a shared strip connecting most of the retinotopic areas and is centered roughly at the star. Based on fMRI data and
inferences from the connectional hierarchy in macaques®, the human areas are grouped into three broad categories: retinotopic (blues and
purples), parietal (greens); and temporal (yellow to red) — obviously, such categories are heuristic and tentative.

Subjects were scanned in a 1.5 T magnetic resonance imager, retrofitted with echo-planar imaging. In each 8 min 32's scan, 2048 images were
collected [repetition time (TR) = 4 s] in multi-slice mode (16 slices; 4 mm thick) at 3 X 3 mm resolution, using a bilateral surface coil (covering occipi-
tal and posterior temporal and parietal lobes) and an asymmetric spin-echo sequence [echo time (TE) = 70 ms; offset = 25 ms]. Visual stimuli were
presented to subjects within the magnet, with an extensive field of view.

Phase-encoded, retinotopically varying stimuli (thinner versions of those described in previous studies***) were used to distinguish polar angle
and eccentricity axes in retinotopically organized areas. This information was combined to derive the visual field sign polarity®*, which reverses at
area boundaries. The boundaries of areas V1, V2, V3, VP, V3A and ventral V4 (V4v), mapped in the same individual, were derived in this way.

The motion-responsive areas MT (V5), MSTd and V3A were selectively activated (in the same subject) by a pattern of moving concentric rings.
A set of black-and-white images of objects or faces, compared with scrambled versions of the same objects or faces, were used to activate area LO
selectively, again in the same subject. Some variability was observed in the location of object-selective activity across individuals.

Area LSPO responds selectively during saccade tracking, but not fixation, in near-total darkness. Area SPO is activated by the coherent motion
of random, low-density dots, compared with random motion of the same set of dots, with otherwise identical motion parameters. In some sub-
jects, area MT (V5) can be reliably and selectively activated by the motion coherence test and by tests for greater interhemispheric activation.

The topography of human cortical areas is generally similar to that in macaques, except for an overall expansion; however, there are some note-
worthy differences. (1) Human maps contain a posterior anterior retinotopic area (V4v) as well as a non-retinotopic, form-related area (LO)
between MT (V5) and VP, but there is no clear area border corresponding to the border between V4v and LO in current macaque maps. (2) There
is proportionately more area between MT (V5) and foveal V3 and VP in human compared with macaque maps. (3) Human V3 and VP are pro-
portionately several times wider than macaque V3 and VP. The assignment of separate names (‘V3’ compared with ‘VP’) to mirror-symmetrical,
quarter-field representations (otherwise known as superior and inferior arms of V3) is based entirely on macaque data; functional differences have
not yet been reported between these two areas.

In C, linear and angular distortion due to flattening is minimized and averages approximately 15% overall®; the corresponding distortion in D
is presumably similar®*. Scale bars, 1cm.

retinotopic areas (such as V3 and VP) in the flattened
maps (see Fig. 2). However, human MT (V5) is located
somewhat more inferiorly in humans than it is in
monkeys; technically, human MT (V5) is closer to the
temporal lobe than to the parietal lobe. It also usually
lies in the ascending limb of the inferior temporal sul-
cus®, which is quite significantly posterior to the
superior temporal sulcus and adjacent gyrus [where
MT (V5) lies in all other known primates]. The more
posterior location of human MT (VS5) is consistent
with the locations of other human visual areas such as
V1, V2 and V3, which have also ‘migrated’ posteriorly.
It is as if the whole map of human visual cortical areas
has been ‘pulled’ as a sheet around the occipital pole,
deeper into the medial bank.

Despite these localization discrepancies, presump-
tive human MT (V35) functions like macaque MT (V5)
in many respects. Results from fMRI studies suggest
that (as in the macaque area) human MT (VS5) neurons
are direction-selective as well as motion-selective®,
they have very high contrast-sensitivity*®, and they
respond less to moving, color-varying stimuli when
components of that stimulus are isoluminant®;
human MT (V5) responds robustly even to illusory
motion (Refs 61,62; see Fig. 4). Encouragingly from a
clinical point of view, Eden et al.®* showed that acti-
vation of area MT (V5) does not occur or is drastically
decreased in a select population of dyslexics.

Although early research of the parietal stream in
humans focused on human area MT (V5), other
motion-selective areas in human visual cortex are now
receiving increased attention. Several studies have
noted motion-selective activity located superior and
posterior to the MT (VS5) focus. From its general lo-
cation, a number of PET studies have suggested?>96465
that this area in humans might correspond to area V3
of macaques, in which approximately half the cells are
motion- and direction-selective®®. However, direct
comparisons of both the retinotopy and motion se-
lectivity in within-subject fMRI tests in humans
and macaques (Ref. 36; R.B.H. Tootell, A.M. Dale,
J.D. Mendok Lui, ]J.B. Reppas and M.I. Sereno, unpub-
lished observations) reveal that the motion-selective
area corresponds to human V3A rather than V3. In-
deed, human V3 is less responsive to motion stimuli
than any other cortical visual area measured (that is,
areas V1, V2, V3, VP, V3A and MT). This is surprising
because more motion-selective cells have been
reported in macaque V3 than in V3A (Refs 66,67).
Despite uncertainties about comparing macaque
single-unit recordings with human fMRI, these results
suggest a striking species difference in the nature of
visual motion processing.

In macaques and other monkeys, area MT (V5) is
bordered by several small satellite areas that share promi-
nent interconnections and refine the motion-selective
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Fig. 3. Apparent visual isomorphism in human cortical retinotopy. (A) The visual stimulus
used to produce the activation shown in (B). During functional magnetic resonance imaging
(fMRI), the ring of checks remained stationary and the black-and-white checks within the ring
reversed contrast (flickered) at 1Hz, while subjects fixated the central point. The image in B
shows the flattened visual cortical surface from both hemispheres of one subject. The right
hemisphere is on the right and the left hemisphere is on the left, consistent with a posterior
viewpoint but reversed relative to radiological conventions. Medial brain locations appear
towards the middle of the figure while lateral locations appear towards the left and right.
Posterior locations appear near the middle of the figure and more anterior brain locations
appear towards the midline and periphery. The semicircular ring is mapped on to roughly
linearly shaped segments, orientated perpendicular to the long axis within each of the follow-
ing human visual areas: V1, V2; V3; VP; V3A; and V4v. This result is consistent with predic-
tions from the retinotopy and topography of the corresponding areas®**°. Very broadly, these
areas form contiguous mirror-symmetrical wedges comprising a semicircular surface in each
hemisphere. The borders between these areas were revealed by phase-encoded retinotopic
mapping in the same subject (see, for example, Fig. 2C) and are also drawn on both hemi-
spheres (vertical meridian representations are indicated by solid lines; horizontal meridian
representations are indicated by dashed lines). Because of this arrangement, the composite
activated line segments connect to form a rough semicircle in each hemisphere, so that the
combined activation pattern from both hemispheres gives a complete ‘circle’. Consistent
with the increase in receptive-field size from areas V1 up to higher-order areas, the width
and resolution of the composite activation ‘circle’ is thinnest in V1 and most diffuse in V3A and
V4v. Scale bar, 1cm.

information available from MT (VS5). Perhaps the best-
studied of these is MST, particularly the dorsal sub-
division (MSTd). Several PET studies have suggested
that certain foci activated in higher-order visual motion
tests might correspond to a human MST area® ¢
however, this has not been confirmed because of
spatial and radiation limits. In some humans tested
with fMRI, two different stimulus comparisons related
to optic flow and the extent of ipsilateral visual-field
activation convergently differentiate a single specific
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portion of the area previously referred to as MT (V5),
but not the remainder of that MT (V5) focus (see
Fig. 2). Based on predictions from experiments in
macaques, both of these stimulus comparisons should
activate MSTd more than the (actual) MT (V5) area.
Although more research is needed, this subregion
(pMSTd in Fig. 2) is an excellent candidate for a
human homolog of macaque MSTd.

One intriguing study® combined lesion and imag-
ing data. In the akinetopsic (cortically motion-blind)
patient described by Zihl et al.'®, PET techniques were
used to measure brain activity produced during view-
ing moving and stationary visual stimuli. MT (V5) was
not activated (presumably because of a lesion that
included that area) but other motion-selective regions
were revealed that might mediate the residual ability
of this patient to perceive motion. In the future, this
kind of functional imaging should greatly clarify
psychophysical results obtained from patients with
‘specific’ cortical lesions.

Temporal stream

The first hint of a specialized temporal pathway for
form and color recognition arose from studies in hu-
mans, not macaques. For more than a century, isolated
reports have described damage to inferior occipital—-
temporal cortex that is accompanied by immediate
and irreversible decreases in wavelength sensitivity
(achromatopsia) in the affected hemifield, without
impairment in other visual dimensions (like acuity
and luminance contrast sensitivity) (reviewed in Ref. 68).
Damage to nearby or overlapping regions can also lead
to acute deficits in face recognition (‘prosopagnosia’)
(reviewed in Ref. 69). Usually, symptoms of both
achromatopsia and prosopagnosia are accompanied
by upper visual-field loss but not always. Since the
upper visual field is represented exclusively in retino-
topic areas in inferior occipito-temporal cortical sites
such as VP, ventral V2 and V4v, nonspecific damage
to this region of the cortex would be expected to result
in an upper-field loss***3-3,

Although several studies have proposed a possible
location of human ‘V4’, the specific site of this area
has proved difficult to resolve (see below). In
macaques, ‘V4' was originally defined as a large area
immediately posterior to MT (VS5). Subsequently,
macaque V4 was extended ventrally along the entire
anterior border of VP, so that V4 resembled area VA in
owl monkeys (Aotus). That part of V4 nearest MT (VS5)
was eventually recognized as a separate area, known as
V4A (Ref. 70) or V4t (Ref. 71).

Historically, macaque V4 has been the subject of
controversy, not only with respect to its exact borders
but also to its degree of color selectivity’>”*. It should
be emphasized that the ventral region of area V4 in
macaques was never claimed to have high color
selectivity, although ventral V4 is topographically
most similar to the area damaged in human achro-
matopsia. However, increased color selectivity has
been reported in areas near ventral V4 —in VP (Ref. 76)
and inferotemporal cortex”’. Recent studies in
macaque V4 have focused on spatial-filtering proper-
ties in its receptive field, which are relevant for human
imaging studies of form vision (Refs 78-80; see below).

Several neuroimaging studies*®#* have reported
color selectivity in an area of the human visual cortex
that corresponds roughly to the area damaged in
achromatopsia. Even if these results are confirmed in



other tests, it remains to be shown whether such a
focus of color selectivity is co-extensive with a human
‘V4’, since the exact location of this area in humans
remains ambiguous. fMRI mapping data have revealed
a crudely retinotopic representation of the upper
visual field immediately anterior to VP in human cor-
tex, and this area was originally named ‘V4v’ (ventral
V4)*, However, evidence for a corresponding lower
visual-field representation (a human ‘V4d’) is weaker,
which remains a puzzle.

A functionally defined region posterior to human MT
(VS5), called LO, is topographically similar to macaque
V4 (Ref. 83). Like macaque V4 (including dorsal and
ventral divisions), LO lies immediately posterior to
MT (VS5) and expands and curves posterio—inferiorly,
anterior to VP. However, human V4v appears to be
sandwiched neatly between LO and VP, in contrast to
its location in current macaque maps (see Fig. 2).

Although macaque ‘V4' has been difficult to recog-
nize using architectonics, stains for lipofuscin in
human cortex distinguish large pyramidal cells in a
discrete region of the fusiform gyrus®!. This magnocel-
lular region overlaps the regions implicated in achro-
matopsia and prosopagnosia, area LO and some of the
areas defined as ventral and dorsal ‘V4'. It would be
interesting to determine which functional region cor-
responds to this histologically distinct region.

Object recognition in the temporal stream

Studies of macaques suggest that visual information
is processed in multiple stages, involving a gradual
transformation of the retinal image from localized,
spatially restricted representations in V1 to more
global and complex representations in higher-order
areas (reviewed in Ref. 80). Imaging experiments
suggest a similar information-processing sequence in
human visual cortex. There is a progressive decrease in
retinotopic precision from primary visual cortex
(including the posterior pole) to more lateral and
anterior areas (for example, V3A and V4v), and it is
lowest in visual areas lacking demonstrable retinotopy
but showing good responses to visual stimuli (Refs
33,36; R.B.H. Tootell, AM. Dale, ]J.D. Mendok Lui,
J.B. Reppas and M.I. Sereno, unpublished observations).
Conversely, antero-lateral areas lacking overt retino-
topy can show striking global image selectivity (see
below) to certain dimensions of visual motion or
form. In information-processing streams of both
motion and form, this conversion of initially retino-
topic information might provide a basis for position-
and scale-invariance at higher levels of the visual
system.

In one fMRI study®, site(s) of object-selective acti-
vation were localized relative to that of other visual
areas. In most subjects, one general region (‘LO’)
responded more to images of natural objects than to a
wide variety of non-object control stimuli including
textures, random dots, gratings, highly scrambled
objects (several types of scrambling) and objects fol-
lowing Fourier phase randomization. The involve-
ment of LO in object vision was also supported by its
selective activation during the perceptual ‘Lincoln’
illusion (Ref. 85; see Fig. 5). However, activation in LO
did not appear to be affected by object category or
familiarity: familiar faces, common objects and unfa-
miliar abstract sculptures all activated LO to a similar
degree. This combination of properties suggests that
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Fig. 4. Averaged timecourse of functional magnetic resonance imaging (fMRI) signals in
response to real and illusory motion from the middle temporal area (MT, or V5) of human
visual cortex. Subjects were shown a pattern of concentric rings (50" diameter) surrounding
a fixation spot. In different periods (typically 40 s long) during each scan (5 min 40's), the mov-
ing rings were continuously expanding (EXP), continuously contracting (CON) or reversing
direction (expanding or contracting; EXP/CON) at 0.5 Hz. Within each local visual region, the
direction of stimulus movement was either unidirectional (EXP and CON) or bi-directional
(EXP/CON). Following every period of showing moving rings, stationary rings, otherwise equal
(STAT), were presented. Following the periods of continuous unidirectional local motion (the
expanding or contracting stimuli), a profound visual motion after-effect was seen in response
to the (physically stationary) rings. Following the periods of reversing direction, no motion
after-effect was reported. The response to stationary stimuli was only slightly greater than that
to a blank field. This selective response to actually moving stimuli is consistent with other evi-
dence from human and monkey MT (V5). The fMRI response amplitudes to both the single-
and reversing-direction stimuli were essentially equal in amplitude. However, the fMRI response
immediately following the single-direction stimuli (that is, when the illusory motion after-effect
was visible) remained above steady-state response levels for approximately 25 s after stimulus
offset, significantly longer than that predicted by the normal temporal response of the fMRI
signal. On the other hand, fMRI responses following reversing-direction stimuli (when illusory
motion after-effects were absent) returned more promptly to the steady-state response level
produced by stationary stimuli. One interpretation of this result is that area MT (V5) remained
activated because the stimulus appeared to be moving, even though it was physically stationary.

LO acts as an intermediate processing stage interposed
between primary visual cortex and higher-order, ‘cog-
nitive’, object-recognition stages®*. Similar results were
obtained using PET techniques®®.

The fMRI signal in LO can be quite robust, even
when generated by single images of objects. Such large
signals presumably reflect the involvement of many
neurons in each object representation, which would
oppose the idea that objects are encoded by a very
few, highly specialized ‘cardinal’ (‘grandmother’) neur-
ons. Instead, it is likely that a broad population cod-
ing of either object ‘prototypes’ (see, for example, Ref. 87)
or object components (see, for example, Ref. 88)
underlies LO responses.

As in macaques, recent human imaging studies sug-
gest that subsequent, more ‘cognitive’ stages involved
in object identification activate more anterior and
ventral areas. Electrical recording studies in humans®
and recent PET (Ref. 90) and fMRI studies®® all report
selective activation in response to faces in locations
ventral and anterior to LO. Two imaging studies’
reported consistent deactivation by familiar (com-
pared with novel) images in a ‘stream’ stretching from
approximately LO along ventral temporal cortex to
the hippocampus. An alternative organizational scheme
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Responss to object

Fig. 5. The ‘Lincoln’ illusion. The figure shows an averaged functional magnetic resonance
imaging (fMRI) signal in area LO during the perceptual ‘Lincoln’ illusion. In this illusion,
blocked images of objects have increased detectability when blurred. Subjects were shown:
(1) a set of random blocks; (2) images of common objects and faces digitized into large blocks
[example is shown in panel (2) at bottom left]; (3) same images as in (2) but blurred to
increase detectability [example is shown in panel (3) at bottom right]; and (4) real-life images
of the same objects. The bar histograms show the enhanced activation (%) during presen-
tation of (2), (3) and (4) compared with activation in response to the random blocks (1, that
is, zero on ordinate) in five subjects (average £ 1sem; n=15) for LO (black) and the neighboring
area V4v (gray). Note that blurring the blocked images, which enhances object detectability,
also produces enhanced activation in LO but not in neighboring V4v (Ref. 83).
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for high-level object processing was suggested recently
by a PET study in which detailed knowledge about object
attributes was localized close to the cortical regions
specializing in perceiving those attributes®. Un-
doubtedly, as more aspects of object recognition are
mapped in the human cortex, and as the spatial resol-
ution of the fMRI technique is improved, the sequence
of transformations involved in object recognition will
become clearer.

Human cortical connections

In experimental animals, borders of cortical areas
have been defined convergently using four basic cri-
teria listed by Van Essen and co-workers**: func-
tional properties; retinotopy; histology; and connec-
tions. In human visual cortex, imaging studies have
recently clarified the functional properties and retino-
topy, and determined anatomists have described the
human histology using autopsy material. The main
gap in our knowledge of the human visual-cortex map
concerns the cortical connections. Despite isolated
reports'’?*%, a technique does not yet exist that rou-
tinely and reliably maps intracortical connections in
humans. Until specific cortical connections can be
mapped directly, it will be impossible to construct an
accurate hierarchy of visual cortical areas, as has been
so crucial in cortical mapping of animal models.

One intriguing possibility is that anatomical con-
nections could be inferred from cross-correlation
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functional imaging studies’”*® but this has not yet
been widely tested. Another possibility is to use fMRI
or PET to constrain possible sources of activity from
magnetoencephalogram or EEG signals (Refs 44,99;
AM. Dale, unpublished observations), thus extracting
accurate latency information for known sources of
activity and basing a connection hierarchy on this
information. However, it will be difficult to infer a
connectional hierarchy solely from such data because
some pathways are more or less heavily myelinated
than others, leading to slower or faster conduction
times. Furthermore, differences exist in synaptic archi-
tecture at each neural stage, which likewise affect
conduction time.
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Dynamical representation of odors by
oscillating and evolving neural assemblies

Gilles Laurent

Although smells are some of the most evocative and emotionally charged sensory inputs known

to us, we still understand relatively little about olfactory processing and odor representation in the

brain.This review summarizes physiological results obtained from an insect olfactory system and

presents a functional scheme for odor coding that is compatible with data from other animals,

including mammals. This coding scheme consists of three main and concurrent odor-induced

phenomena: 20-30 Hz oscillatory mass activity; patterned and odor-specific neuronal responses;

and transient,dynamic synchronization of odor-specific neural assemblies. When these phenomena

are considered together, odors appear to be represented combinatorially by dynamical neural

assemblies, defined partly by the transient but stimulus-specific synchronization of their neuronal

components.
Trends Neurosci. (1996) 19, 489-496

REMARKABLE feature of olfactory systems is that

their anatomical design (circuit macro- and
microarchitecture, dendro—-dendritic synaptic arrange-
ments and neuronal morphologies) is exceptionally
similar across animal phyla — from mollusks to insects,
crustaceans and vertebrates'™*. Therefore, the func-
tional principles that can be established from studying
one system might apply to the others as well, because
similar circuit design principles are likely (although

Copyright © 1996, Elsevier Science Ltd. All rights reserved. 0166 - 2236/96/$15.00

by no means certain) to underlie similar functional
or computational principles. In all cases but that
of pheromonal olfaction, the problem to be solved
by the brain is the specific representation of ‘unpre-
dictable’ stimuli; that is, ones that, in the natural
world, are complex and infinitely varied multicom-
ponent blends®. Because odors are so varied, olfactory
systems must be able to learn the specific patterns that
make each smell what it is (for example, a rose or a
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