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Review of Chelazzi et al.

What makes us tick? All behavior is essen-
tially goal-oriented, and while these goals
may vary from unconsciously generated
urges to well conceived intentions, our
choice of action generally involves a com-
parison of options with their associated
costs and gains. This decision-making
mechanism has been extensively studied
in the visuomotor system, where the avail-
able visual information in a scene typically
overflows the capacity of the visual sys-
tem, urging a selection of scene elements
for preferential processing.

Some elements may intrinsically at-
tract attention because they stand out
from their surround. The global conspi-
cuity pattern of a scene is captured in a
stimulus-salience map that provides a
stimulus-driven prioritization of targets
for the attraction of attention (Itti and
Koch, 2001). Neural processing of visual
information is additionally influenced by
cognitive top-down factors like expecta-
tion, memory, or selective attention. To-
gether, these cognitive factors create an
internal motivational salience map that
interacts with the stimulus-based salience

map to form a priority map that guides
visuomotor behavior (Fecteau and Mu-
noz, 2006). To illustrate this principle,
consider a game of whack-a-mole, in
which a player is challenged to, as fast as
possible, hit a mole figure that pops up in
random locations. While the popping-up
is a salient event in itself, the player’s re-
sponse speed is hindered by having to
spread attention across possible pop-up
locations. If a player focuses more on one
location, performance for this location
may improve, but at a cost of performance
for other locations.

A recent study by Chelazzi et al. (2014)
addresses the formation of spatial priority
maps by investigating the influence of
learned space–reward associations on
spatially confined discrimination perfor-
mance. Observers identified one or two
potentially presented characters or digits
from among a briefly flashed array of eight
stimuli, followed by a mask. Discrimina-
tion performance for each of the eight po-
tential target locations was used as a
baseline representing individual observ-
ers’ spatial priority maps. Observers then
trained with a visual search task in which
they identified a single target among seven
distractors as fast as possible. The same
stimulus locations were used as in the dis-
crimination task, but crucially, the proba-
bility of receiving a high instead of a low
monetary reward for correct target dis-
crimination varied with stimulus loca-
tion. For two locations, the odds for
receiving a high over a low reward were

80/20, for two others it was 20/80, while
for the four remaining locations it was
equally likely to get a high or low reward.
The differently rewarded locations were
placed so that the high reward locations
were in a different hemifield than the low
reward locations, while both hemifields
also contained two 50/50 locations. Ob-
servers were not informed of these spatial
biases in reward probability and while
they did receive reward-related feedback
after each trial, the task was deliberately
made challenging to keep them from no-
ticing the reward pattern.

When observers performed the dis-
crimination task a second time, 4 d after
training, their performance for target
discrimination was not only better in gen-
eral, it was also affected by the location–
reward associations from the training
phase. If two targets in the flashed stimu-
lus array were presented at locations pre-
viously associated with different rewards,
observers were more likely to only report
the target at the high-reward location and
miss the one at the low-reward location.
This deviation from baseline was stronger
if the difference in associated reward for
the two locations was larger. It was fur-
thermore specific for stimulus locations
and did not generalize to complete hemi-
fields, suggesting high spatial specificity.
Performance in the one-target conditions
showed a general improvement in perfor-
mance, but no reward-related effects.

What does this mean? Since the same
stimuli are used before and after training,
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the stimulus-driven salience maps should
not be different. The internal salience
map, however, appears to be altered by the
newly learned space–reward associations,
resulting in a value-adjusted overall spa-
tial priority map. The fact that no differ-
ential effects were observed with single
targets suggests that the stimulus salience
map still accurately attracts attention to
each target location. However, when two
targets compete for attention, the value-
adjusted priority map biases this competi-
tion toward the highly rewarded location,
and with such brief stimulus presentations,
the second target goes unnoticed.

Since the stimuli in the discrimination
and training tasks were completely differ-
ent and the discrimination task lacked dif-
ferential rewards, the effects of training
should be purely driven by a lasting reval-
uation of spatial locations. The type of
task was, however, similar across the test
and training phases. If the effect of train-
ing is truly a general spatial prioritization,
it should also show up in completely dif-
ferent tasks or using other read-outs, e.g.,
in reduced reaction times while detecting
targets at prioritized locations during vi-
sual search. It is furthermore striking that
the conditioned priority map persists for
at least 4 d after training without rein-
forcement of the new value distribution. It
would be interesting to investigate the
persistence of learned priority maps and
their specificity to the contextual environ-
ment. Do these maps slowly fade over
time, or is an explicit recalibration with
new space–reward associations needed?
Do the priorities generated during train-

ing in the lab generalize to other stimulus
arrays and environments? Given our nat-
ural tendency to move our eyes, one may
also wonder what kind of spatial reference
frame would be best suited to encode
learned priority maps. While a retinotopic
reference frame does not immediately seem
appropriate for such long-lasting biases,
there is no way to dissociate retinotopic and
spatiotopic contributions in the current
study, because for stationary, fixating ob-
servers these reference frames coincide.

The effects of reward and attention on
visuomotor behavior and neuronal activ-
ity have been notoriously difficult to dis-
entangle (Maunsell, 2004; Stănişor et al.,
2013). For visual priority maps, two dif-
ferent forms of attention can be discerned.
First, the goal-oriented attraction of pro-
cessing resources toward the visual ele-
ments that are selectively highlighted by
the priority map is a direct behavioral
consequence (effect) of this priority map.
Selective attention, however, can be thought
of as a top-down determining factor (cause)
in the formation of the internal motiva-
tional salience map. This distinction fits
the recent suggestion of attention as a
consequence of value-based decision-
making mechanisms (Stănişor et al.,
2013) rather than an independent cause
for the filtering of sensory information
(Krauzlis et al., 2014). Goal-directed be-
havior could thus be guided by a context-
dependent priority map that combines
acute internally generated value-based pri-
orities (e.g., selective attention, task instruc-
tions), more slowly learned value-based

priorities (e.g., reinforcement learning), and
stimulus salience.

Where and how are priority maps rep-
resented in the brain? Chelazzi et al.
(2014) give an overview of brain regions
that either reflect a priority map, or are
involved in selective attention and reward
processing. From this overview, it seems
that priority maps emerge from a distrib-
uted network involving the midbrain,
hippocampus, and the frontal and parietal
cortices. Priority signals of different ori-
gins may be initiated in different parts of
the brain (Fig. 1). The stimulus-driven sa-
lience, for instance, could come from
early visual cortex and subcortical struc-
tures like the superior colliculus (Itti and
Koch, 2001), while subconscious value-
sets can be provided by evolutionary old
structures like the hippocampus, amygdala,
and striatum (Pennartz et al., 2011). Top-
down instruction-related value-sets are
more likely initiated in regions like the an-
terior cingulate and orbitofrontal cortex
(Kennerley et al., 2011). The fact that dif-
ferent priority signals originate in differ-
ent brain areas does not mean that their
consequences cannot be measured else-
where. It is more likely that interaction
among different priority signals broadly
influence neural activity. Furthermore,
some value-sets may require more time to
compute than others, causing the overall
priority map to evolve as contributions of
new value-sets become available to the
system. The distributed priority network
hypothesis also matches the idea of atten-
tion as an inescapable consequence of
value-based prioritization (Krauzlis et al.,

Figure 1. Priority maps in different parts of the brain can be combined to highlight elements of a visual stimulus and guide attention. Schematically depicted are a stimulus-driven salience map
in visual cortex, a learned value-based map in the midbrain (here favoring the bottom right corner), an instruction-based map in frontal cortex (“attend top left”), and a resulting combined priority
map in the frontal eye fields.
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2014). In that context, the priority maps
that have been revealed in the frontal eye
fields (Thompson and Bichot, 2005) and
intraparietal cortex (Bisley and Goldberg,
2010) can be seen as behavioral planning
maps that result from distributed value
signals and guide covert attention shifts
and eye-movements.

The general concept of priority maps
does not restrict itself to the spatial di-
mension or the visuomotor system. A
similar framework has recently been pro-
posed as a novel way of looking at social
interactions and dysfunctional behavior
in psychiatric disorders (de Haan et al.,
2013). The idea is that the choice for partic-
ular behaviors is driven by a combination of
external possibilities for such behaviors
(landscape of affordances) and a map of in-
ternal values that modulates the relative pri-
orities of potential behaviors. Dysfunctional
goal-oriented or social behavior as seen in
psychiatric patients then arises from patho-
logically biased internal value maps that
could give rise to obsessive compulsions,
impulsivity, or social avoidance.

Chelazzi et al. (2014) provide support
for a flexible, subconscious, value-based
priority map that guides goal-oriented
behavior, a concept that may extend well
beyond the spatial dimension. Given the
distributed underlying neural mecha-
nisms, it seems likely that for each behav-
ioral context, there will be different brain
areas and networks contributing to the
eventual priority map. It is up to future
research to find out how these different
priorities coexist and interact.
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