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Feedforward, horizontal, and feedback processing in the visual
cortex
Victor AF Lamme∗, Hans Supèr and Henk Spekreijse
The cortical visual system consists of many richly
interconnected areas. Each area is characterized by more or
less specific receptive field tuning properties. However, these
tuning properties reflect only a subset of the interactions
that occur within and between areas. Neuronal responses
may be modulated by perceptual context or attention.
These modulations reflect lateral interactions within areas
and feedback from higher to lower areas. Recent work
is beginning to unravel how horizontal and feedback
connections each contribute to modulatory effects and what
the role of these modulations is in vision. Whereas receptive
field tuning properties reflect feedforward processing,
modulations evoked by horizontal and feedback connections
may reflect the integration of information that underlies
perception.

by feedback connections going in the reverse direction
[3]. Moreover, horizontal connections link neurons across
large distances within each area [4,5]. These connections modulate responses to stimuli within the RF [6].
The major challenge to current research is twofold: to
disentangle the relative contributions of horizontal and
feedback connections to these modulations, and to reveal
the function of these modulations in visual processing.
Here, we will review the recent findings on how
the connections in the visual cortex mediate response
modulations, and to what extent these modulations are
related to perceptual organization, visual attention and
awareness.
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Introduction
The pioneering work of Hubel and Wiesel [1] triggered
an enormous amount of work on the receptive field (RF)
tuning properties of neurons in visual cortical areas. It was
soon recognized that RF properties differ from area to area.
In primary visual cortex (V1), cells respond to elementary
features, whereas in higher areas, cells are tuned to
different aspects of complex stimuli [2]. This suggests
that visual processing goes through several stages, from
low-level feature extraction in primary areas to complex
processing related to perceptual interpretation in higher
areas.
Anatomical connections, however, indicate that cortical
processing is not strictly hierarchical. Feedforward connections, from one area to the next, are mostly paralleled

On the basis of laminar origin and destination, one can
distinguish between feedforward and feedback connections in the visual cortex, and thus arrive at a hierarchical
organization of areas [7]. V1 is at the bottom of such
a hierarchy, receiving its main feedforward input from
the lateral geniculate nucleus (LGN). From V1, several
partially segregated pathways feed into extrastriate areas.
The magnocellular pathway — roughly, from V1 layer 4Cα
to layer 4B to thick cytochrome oxidase (CO) regions in
V2, and to V3 and the medial temporal area (MT) — feeds
into parietal cortex, where spatial information is processed.
Pyramidal cells in this pathway have larger dendritic
fields and higher spine densities in higher areas than
in lower areas, supporting the idea that more complex
processing is performed in the higher areas [8]. The
parvocellular pathway, via layers 4Cβ, 4A, and 3B,
converges onto layers 2/3a of V1, which also receives
information from the magnocellular pathway. From these
superficial layers, the connections to V2 are segregated
along CO-labelling patterns [3]. The extent to which cells
within separate CO-labelling regions have different RF
tuning properties is still a matter of debate [3,9]. Similarly,
psychophysical studies both support and oppose the notion
that different visual attributes, such as motion, color, and
form, are processed independently [10,11•]. Regardless,
the segregated CO-labelled projections are probably not
maintained when V2 projects further to V4 and to higher
areas of the ventral pathway into temporal cortex [3].
An interesting issue is whether the observed segregation
in the feedforward pathways is also observed in the
horizontal connections and feedback pathways. In V1,
horizontal connections are most prominent in superficial
layers (i.e. layers 1–3) and, to a lesser extent, in deeper
layers (i.e. layers 4B and 5) [12]. Connectivity between
similar compartments (i.e. CO blob to CO blob, and
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right eye-column to right eye-column) predominates, but
interactions between functionally different regions do take
place [13]. A well established property of horizontal fibers
is that they interconnect cells with similar orientation
preferences [4,5,14]. It has recently been shown that these
connections are strongest when RFs are also co-axially
aligned [15•,16•]. Clustered horizontal connections have
been observed in many other cortical areas aside from
V1; for example, in V2, these horizontal connections also
preferentially interconnect similar CO regions [12].
In the hierarchy of cortical areas, feedback connections
are defined as coming from deep or superficial layers, and
terminating outside layer 4 [7]. It has been suggested that
only feedforward inputs to layer 4 are able to drive neurons, whereas inputs to other layers modulate this driven
activity. This would prevent the feedforward–feedback
loops from causing uncontrollable excitation in the neuronal network [17]. Indeed, inactivation of area MS in
the cat has less effect on deoxyglucose uptake in lower
areas than in higher areas [18••]. More or less direct
feedback loops do exist, however, particularly between
neighbouring areas. The supragranular layers of V1 and
V2 exchange information directly [3,19]. In the rat, it
has even been shown that feedback from LM (the V2
‘homologue’) projects directly onto the excitatory network
of V1 neurons that provides the feedforward input to
LM [20••]. In addition, V3 and MT exchange information
with V1 almost directly, with feedback projecting onto
the same layers in V1 (i.e. layers 4B and 6) that provide
the feedforward pathway [21]. As both feedforward and
feedback connections are mostly excitatory [3,22], an
important role in controlling these reinforcing loops will
be played by the local inhibitory networks within each
area [23].
Feedforward projections from V1 can transmit information
to extrastriate areas very quickly. Minimal response
latencies in V2 (45 ms) are only 10 ms longer than in
V1 (35 ms) [24,25••], and are even shorter than those of
V1 supragranular layer cells (55 ms). In temporal cortex,
minimal latencies are only 80 ms. Feedback connections
are probably as fast as feedforward connections [26],
allowing for a fast exchange of information between
areas. Moreover, many areas in the parietal cortex as
well as the frontal cortex show response latencies that
are almost as short as in V1, suggesting that these areas
do not depend on V1 for visual input [25••]. Indeed,
when V1 is inactivated, MT neurons remain active and
motion selective, and so do one third of area V3a
neurons; however, areas V2, V3 and V4 are totally silenced
[27]. Cells in parietal cortex may thus have access to
visual information through alternative routes, such as the
pulvinar or superior colliculus, before information reaches
these cells from the geniculo-striate pathways; whereas
cells in the ventral stream towards temporal cortex depend
on feedforward information through V1.

Putative manifestations of feedforward–
feedback interactions in primary visual cortex
In the past, V1 was mainly viewed as a static bank of
spatio-temporal filters, preprocessing the visual input for
the higher visual areas, in which perceptually relevant
information was supposed to be extracted. However, it
has long been known that responses of V1 cells can
be altered by stimuli in the RF surround (see [6]). In
recent years, it has become evident that these modulations
are more than mere RF ‘surrounds’ [28], and may be
neural correlates of perceptual phenomena. Modulations
of response strength in V1 have been shown to correlate
with perceptual ‘pop-out’ [29,30], perceived brightness
[31], perceptual grouping of line segments [32], and
figure–ground segregation for a variety of cues, such
as texture, relative motion [33], color, luminance, and
depth [34,35]. In addition, the activity in V1 that is
attributed to the processing of orientation discontinuities
[36] and motion segmentation [37,38] is probably a
manifestation of contextual modulation. Recent work has
shown that the response modulations in V1 might even
be involved in the representation of the medial axes of
surfaces, and thus subserve a function in biological object
identification [39•,40].
Integrating information into a percept is a process that
is largely under the control of attention. Attention may
modulate early visual areas, but only in a modality-specific
way [41], which is consistent with psychophysical measures of attentional interaction between modalities [42•].
V1 responses can be modulated by focal attention [43,44•].
The fact that some authors do not find attentional modulation in V1 [45] may be because attention in V1 operates
by modulating contextual effects rather than changing
RF processing (M Ito, G Westheimer, CD Gilbert, Soc
Neurosci Abstr 1997, 23:603.2; see also [46••]). In addition,
object-based attention modulates activity in early areas
([47,48••]; PR Roelfsema, VAF Lamme, H Spekreijse, Soc
Neurosci Abstr 1997, 23:603.8). Attention can be thought
of as mediated by feedback interactions, such as by
the parietal cortex in the case of spatial attention [49•].
Alternatively, attention can be mediated by feedforward
gating through the thalamus — in this respect, the reticular
nucleus is probably very important [50].
RFs may show dynamic properties, such as shifts in
preferred orientation [51•], and shifts in position or
size [4,5], or they may depend on viewing distance
[52]. V1 and other early visual areas are furthermore
involved in perceptual learning ([53–55]; GM Ghose,
JHR Maunsell, Soc Neurosci Abstr 1997, 23:603.6) and visual
imagery [56,57].
Most of the phenomena mentioned in this section are
at least partly attributable to horizontal or feedback
connections. Horizontal connections and their preference
for co-axial RFs are probably strongly involved in lateral
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facilitation effects [15•,32,58]. There are good reasons for
attributing RF plasticity in V1 to horizontal connections
[4,5,59,60]. For many other effects, however, it is unclear
whether they are mediated by feedforward, horizontal, or
feedback processes. A challenge for future research will be
to disentangle the relative contributions of these systems.

pathway before (supragranular) cells in V1 [25••]. An
alternative explanation could be that MT also receives
input from the colliculus [64], which might be faster
than input from V1. Interestingly, relative motion-specific
response components in the colliculus also depend on
feedback from area MT [65••].

Experiments on the role of feedback

We (VAF Lamme, K Zipser, H Spekreijse, Invest Ophthalmol Vis Sci 1997, 38:S969; VAF Lamme, K Zipser,
H Spekreijse, Soc Neurosci Abstr 1997, 23:603.1) have
studied the role of feedback in the awake macaque. It was
previously shown that V1 responses to texture elements
are enhanced when these belong to a figure as opposed
to the background [33,34]. This effect typically has a long
latency of 70–100 ms, suggesting a role for feedback. In
the nonlesioned animal, responses were enhanced both
when the RF was on the figure–ground edge or on the
surface of the figure (Figure 1a–c). After a large extrastriate
lesion (Figure 1d), only the response enhancement for the
boundary between figure and ground remained. It is as if
V1 can establish the detection of texture boundaries on its
own (see also [36]), whereas the ‘filling in’ between these
boundaries depends on feedback from extrastriate areas.

Although many of the neurophysiological phenomena in
V1 mentioned above are thought to be, at least in part,
mediated by feedback from extrastriate areas, very few
studies have been performed to validate this directly.
The most straightforward approach is to inactivate higher
areas, while recording from V1. This is technically difficult,
particularly in macaques, where most of the extrastriate
cortex is buried in deep sulci. Earlier studies on squirrel
monkey [61] and cat [62,63] showed that inactivation
of area 18 led to an overall reduction of responsiveness
of area 17 cells. Orientation tuning was not affected
by area 18 inactivation [61]; however, some effects on
direction [62] and velocity [63] tuning were observed,
suggesting that area 18 normally suppresses responses to
nonpreferred stimuli.
Recently, research has focussed on the role of feedback
in RF surround effects. Bullier and co-workers ([24];
JM Hupé, AC James, P Girard, J Bullier, Soc Neurosci
Abstr 1997, 23:406.15) inactivated monkey V2 with GABA
injections while recording from V1 at corresponding
retinotopic sites. As in other animals [61–63], this type
of inactivation reduces the response strength to stimuli
within the V1 RF. In addition, however, stimuli that
were presented to the surround of the V1 RF — which,
under normal circumstances, do not evoke a large
response — now evoked strong responses in the V1 cells.
Presenting center and surround stimuli together normally
results in a response that is weaker than for the center
stimulus alone [29,30]. Inactivating V2 counters this effect.
It is surprising that this ‘aspecific’ inhibitory surround
effect depends on feedback, as it has been shown to
arise with almost no delay [29]. It is not clear from these
experiments in what way orientation-specific surround
effects, which correlate with perceptual ‘pop-out’ [29],
depend on feedback from V2.
Signals in V1, V2, and V3 also depend on feedback from
area MT. Again, inactivation (cooling) of the higher area
(i.e. area MT) reduces response strengths in the lower
areas (i.e. areas V1, V2 and V3), and reduces the inhibitory
effects of (moving) surround stimuli. This is particularly
the case for stimuli of low saliency (AC James et al., Soc
Neurosci Abstr 1997, 23:550.6). In cells with longer response
latencies (∼100 ms), effects were also recorded on the early
transients of stimulus onset responses. This suggests that
feedback from MT may act on V1 neurons at the same
time or even before information from the LGN reaches
these cells. A possible explanation is that cells in MT
may be activated by the magnocellular geniculo-cortical

The roles of feedforward and feedback
processes
Many studies suggest that the RF tuning properties of
neurons express feedforward processing. The long-standing debate about the mechanisms underlying orientation
tuning in V1 seems to converge to the view that LGN
input is the determining factor ([66,67]; but see [68]).
RF tuning properties of neurons in low and high areas
are already established within the earliest components
of their responses [69,70]. Feedforward processing may
transfer information from one visual area to the next
within milliseconds, and thus enable the transformation
of visual information into behavioural responses with
minimal delay. For example, on the basis of RF tuning,
it appears that in parietal cortex, neurons transform
information from a retinal coordinate system into a
coordinate system that could guide a motor response
[71,72]. These transformations may, for example, enable
the reflex-like grasping of moving objects. Similarly, the
transformations that take place in the ventral pathway
towards temporal cortex can be thought of as translating
retinal input into the framework of iconic memory systems,
allowing for fast recognition of objects [73]. Optic flow
induces vergence eye movements at latencies as short
as 80 ms, suggesting a fast feedforward mechanism [74].
Even shorter latency vergence movements are induced
by binocular disparity, even when this disparity does not
result in any depth percept [75•].
The latter result illustrates an interesting point. The fast
behavioural responses that are mediated by feedforward
pathways are not necessarily linked to perception. A
similar dissociation is made in blindsight [76••]; that
is to say, visual processing that leads to a behavioural
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The effect of lesioning extrastriate cortex on the neural correlate of figure–ground segregation in V1. Responses in V1 to (a) a figure–ground
display were sampled (b) using the RF (open circle) of a neuron on the background, the boundary, or the figure surface, while RF stimulation
is left identical (see [33]). The initial transients are identical in all three cases, but from 80–100 ms after stimulus onset, responses are larger
(shaded in gray) for positions of the RF on the figure boundary or surface than on the background. (c) Responses in V1 with the RF at 15
different positions relative to figure and ground, such that the contextual modulation is ‘scanned’ across a line passing over and through the
figure. The 15 positions are on the x-axis (in front); time is on the y-axis (side); and response strength on the vertical axis. Responses are
identical up to about 80 ms after stimulus onset (note the horizontal wave at the back of the plot, which is at 50 ms). Then, responses are
‘highlighted’ at the boundary between figure and ground first. This is followed by an equal response enhancement for all positions of the RF
within the figure, compared to responses for positions of the RF on the background. In (d), the results are shown from recordings in an animal
that had sustained a lesion to the peristriate belt of the visual cortex, which included (parts of) areas V3, V3a, V4, V4t, MT, MST, FST, PM, DP,
and 7a (see [7]). In contrast to (c), contextual modulation is only present for positions of the RF overlying the figure–ground boundary, and
responses are the same for background positions and positions inside the square. Data from Lamme et al. (VAF Lamme, K Zipser, H Spekreijse,
Invest Ophthalmol Vis Sci 1997, 38:S969; VAF Lamme, K Zipser, H Spekreijse, Soc Neurosci Abstr 1997, 23:603.1).

response does not always result in visual awareness. A very
important observation in this respect can be made from
the results of Cumming and Parker [77••], who found that
neurons in V1 are tuned to binocular disparity stimuli,
irrespective of whether these stimuli produce a depth
percept or not, but that their response amplitude is about
twice as high when the disparity stimulus leads to depth
perception. This is very reminiscent of the modulations
of response amplitude in V1 that are related to perceptual
organization. Here too, we find enhanced responses for
perceptually relevant image elements [32–34], while these

response enhancements are fully dissociated from the
RF tuning properties [33]. It has been shown that these
feedback-dependent modulations (Figure 1) are present
only in the awake and perceiving animal and not in the
anesthetized animal, whereas RF tuning is unaffected by
anaesthesia [78••]. These findings strengthen the idea that
the modulations are necessary for perception and that
RF-based processing is not sufficient. Whereas its RF
tuning properties may suggest that V1 is not involved in
conscious perception [79–81], other aspects of its activity
suggest the reverse. The issue is not so much what areas
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mediate perception [79], but more what mechanisms or
connections do so.
A similar reasoning could be applied to the distinction between attentive and pre-attentive vision. Pre-attentive and
‘early’ processing are intuitively associated with cortical
areas low in the hierarchy. In addition, however, complex
stimulus attributes and certain feature conjunctions can
be processed in parallel [82]. Many feature conjunctions
or complex stimulus attributes that are often encountered
are probably engraved in the RF tuning properties of
neurons in higher areas, such as the inferotemporal
area. Instead of linking pre-attentive vision to primary
cortical areas, it is probably best equated to feedforward,
RF-based cortical processing. This mode of vision is rather
limited. In pre-attentive vision, the shapes of objects
are only loosely described, and the relationships of the
features that constitute the object remain unspecified
[83••]. Attentional mechanisms, mediated by feedback and
horizontal connections, are required to go beyond this
stage, to the level of perception that is most familiar to
us: visual awareness.

Conclusions
Feedforward processing mainly determines the RF properties of neurons in the visual cortex, and may transform
visual input into fast behavioural responses. Horizontal
and feedback connections play only a minor role in
generating RF tuning properties. These connections, however, mediate processes such as perceptual organization,
attention, and probably visual awareness.
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