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Our conscious experience is of a seamless visual world, but many
of the cortical areas that underlie our capacity for vision have a
fragmented or asymmetrical representation of visual space. In fact,
the representation of the visual field is fragmented into quadrants
at the level of V2, V3, and possibly V4. In theory, this division could
have no functional consequences and therefore no impact on
behavior. Contrary to this expectation, we find robust quadrant-
level interference effects when attentively tracking two moving
targets. Performance improves when target objects appear in
separate quadrants (straddling either the horizontal or vertical
meridian) compared with when they appear the same distance
apart but within a single quadrant. These quadrant-level interfer-
ence effects would not be predicted by cognitive theories of
attention and tracking that do not take anatomical constraints into
account. Quadrant-level interference strongly suggests that corti-
cal areas containing a noncontiguous representation of the four
quadrants of the visual field (i.e., V2, V3, and V4) impose an important
constraint on attentional selection and attentive tracking.
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Our visual experience consists of a relatively faithful depiction
of the world, with little evidence that the underlying cortical

representation of visual space is warped or noncontiguous. The
lower visual field is overrepresented relative to the upper visual
field. Studies in primates found the difference between the upper
and lower visual fields to be quite small in V1 (1, 2). However, in
higher visual areas like medial temporal cortex (3) and parietal
cortex (4), the asymmetry was much more pronounced. More
recently, the asymmetrical representation of visual space has been
observed in humans (5). In primary visual cortex (V1), the cortical
representation is also split along the vertical meridian as a conse-
quence of the separation between the two hemispheres (Fig. 1).
Outside of the fovea, V2 and V3 are separated into quadrants with
a noncontiguous representation of the upper and lower visual fields.
Initially observed in primates (6), this quadrantic representation of
the visual field is also a prominent feature of human anatomy (7–9).
An active debate remains concerning whether V4 maintains a
quadrant or hemifield representation (10, 11).

Perhaps it is unsurprising that we perceive the world as
integrated and seamless even though the underlying represen-
tation is noncontiguous in the cortex. Although it would be less
economical, it is theoretically possible for cells to be scattered
randomly throughout the brain and still perform the same
functions, as long as they maintain their connectivity. If one
assumes that there is no functional consequence of the topo-
graphic organization of cells in the cortex, then it naturally
follows that the fragmented representation of space in the brain
should have no consequences for behavior. However, counter to
our subjective experience, visual field asymmetries and the
division between the left and right hemifields appear to influ-
ence behavior in selective attention tasks. The overrepresenta-
tion of the lower visual field may underlie the greater resolution
of attention in the lower visual field than in the upper visual field

(12, 13), and the separation between the left and right hemifields
may underlie the greater capacity to attend to multiple items
divided between the hemifields (14, 15). However, there has
been little evidence to suggest there are quadrant-level effects on
attentional selection. If quadrant-level effects were found, they
could be directly linked to extrastriate areas V2 and V3 (16).

In the current study, we investigated whether there are quadrant-
level effects on attentional selection by using a multiple-object
tracking task. Multiple-object tracking studies indicate that observ-
ers can attentively track multiple, independently moving objects
(17). In these tasks, all of the items are identical in physical
appearance, and thus, successful tracking requires sustained atten-
tional selection of multiple targets over extended periods of time.
If these attentional foci have a negative impact on one another, as
studies in target identification suggest (18, 19), then bringing
attentively tracked targets in closer proximity would increase the
amount of interference between them. Furthermore, if target
tracking is mediated by cortical areas with a fractured representa-
tion of the world, the amount of interference might depend on the
relative position of the targets in the visual field.

To preview our results, the current experiments demonstrate
spatial limitations in attentive tracking that suggest strong links to
the warped and fragmented cortical representations. We observed
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Fig. 1. Topography of visual areas. (Left) Layout of the visual field. (Right)
Representation of the visual field in the right cerebral hemisphere. The
representation of visual space in primary visual cortex (V1) is noncontiguous
along the vertical meridian as a consequence of the separation between the
two hemispheres. Areas V2 and V3 are further divided along the horizontal
meridian, resulting in a quadratic representation of the visual space. LVF, UVF,
Left VF, and Right VF indicate the lower, upper, left, and right visual fields,
respectively.
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a lower field advantage for tracking (see also ref. 12) that can be
attributed to the asymmetrical representation of the upper and
lower visual fields. More interestingly, we observed a quadrant-level
effect on attentional selection, in which there was stronger inter-
ference between targets within the same quadrant than between
those in separate quadrants. This result suggests that the interfer-
ence between attended targets is mediated by areas that maintain
a quadrantic topographical representation of the visual field (i.e.,
V2, V3, and possibly V4).

Results
Experiment 1: Attentional Interference Measured by Speed Thresh-
olds. The degree of interference between attentively tracked targets
was measured as a function of two primary variables: (i) the distance
between targets (near vs. far), and (ii) target location in the visual
field (same quadrant vs. separate quadrants at a fixed distance). The
stimuli were two four-spoke pinwheels rotating at a constant speed
within a trial but varying speed across trials (see Fig. 2). Each
pinwheel underwent random, independent changes in direction to
prevent grouping between targets and to eliminate any systematic
relationship in the positions of the targets. Observers were in-
structed to maintain fixation on a central dot and attentively track
two targets (one spoke on each pinwheel). At the beginning of each
trial, one spoke on each pinwheel was cued with a red line to
designate it as a target. After a tracking period of 3 s, a randomly
selected spoke from one of the two pinwheels was cued. The
observer then made a yes/no response to indicate whether the cued
spoke was one of the two they were tracking. The proximity
between targets was manipulated by changing the distance between
the two pinwheels (5.5° and 10° in the near and far conditions,
respectively). Location was varied by positioning the pinwheels
symmetrically about points on an imaginary circle with a fixed
diameter of 14° of visual angle. For each condition, the threshold
speed limit for tracking targets with 85% accuracy was measured,
and lower speed limits were taken as evidence for greater atten-
tional interference between the targets.
Proximity effects: Effect of distance across the horizontal and vertical
meridians. We observed a significant relationship between prox-
imity and speed threshold, with slower speed limits for near
targets than far targets [t(4) � 3.10; P � 0.003]. As shown in Fig.
3a, this distance effect was observed regardless of whether the
targets were separated by the horizontal meridian [t(4) � 2.87;

P � 0.006] or the vertical meridian [t(4) � 6.00; P � 0.001]. This
result is striking in that attentive tracking is often considered to
be a high-level process limited by factors such as the object status
of the targets (20), perceptual grouping (21), and memory
processes (22). These findings are, however, consistent with
studies on target identification that have shown that attentional
foci in close proximity can have a negative impact on one another
(18, 19, 23). The current results show that there is interference
between targets in an attention task that does not require target
identification. This observation suggests interference between
attended targets occurs before recognition. These results suggest
the following conclusions: (i) that attentional interference be-
tween targets limits our ability to attentively track multiple
targets, and (ii) attentional interference crosses both the vertical
and horizontal meridians.
Effect of target location: A quadrant-level interference effect. The effect
of target location with respect to the quadrants was tested with
data from the near condition. In this condition, the two targets
could either be located in different quadrants or within the same
quadrant. As shown in Fig. 3b, subjects could track two targets
at higher speeds when they appeared in different quadrants

Fig. 2. Stimulus and procedure. (a) Graphical depiction of the near- and far-proximity conditions. Stimuli were shown symmetrically about the tangent of imaginary
radial lines extending from fixation on an imaginary circle with a diameter of 14° of visual angle. Two example conditions are shown in the figure: a far-proximity
condition in which the two pinwheels are displayed in the lower visual field separated by the vertical meridian and a near-proximity condition in which the two
pinwheels are located in the upper right quadrant. (b) Tracking procedure. At the beginning of each trial, one of the spokes on each of the two pinwheels was cued.
Subjects would track the targets for a period of 3 s. One of the spokes on the two pinwheels was then cued, and subjects would report whether the cue was located
on one of the spokes they were tracking.

Fig. 3. Performance thresholds. (a) Threshold tracking speed for near targets
(open bars) and far targets (filled bars) separated by the vertical meridian and
horizontal meridian. Thresholds were slower for near targets across both the
vertical and horizontal meridians. (b) Threshold tracking speed as a function
of target location in the visual field. Threshold speeds were slower when the
targets appeared within the same quadrant (BR, bottom right; BL, bottom left;
TR, top right; TL, top left) than when the targets were the same distance apart
but appeared in separate quadrants (B, bottom; T, top; L, left; R, right).
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