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ABSTRACT

A “target template”, specifying target features, is thought to benefit visual search performance.
Setting up a “negative template”, specifying distractor features, should improve distractor
inhibition and also benefit target detection. In the current fMRI study, subjects were required to
search for a target among distractors enclosed in coloured circles. Before search, one of three
colour cues appeared: a positive cue indicating the target will appear in the same colour, a
negative cue indicating only distractors will appear in the same colour, or a neutral cue
indicating that the same colour will not appear in the search display. fMRI results revealed
down-regulation of neural processing in large parts of visual cortex following negative compared
to positive cues. We further found a general attention inhibition mechanism in SPL/precuneus
for neutral cues compared to positive and negative cues. These results suggest a cortical
distinction between target templates, negative templates, and task-irrelevant distractor inhibition.

Visual search for a target amongst competing information is thought to be driven by working memory
representations of target features (Duncan & Humphreys, 1989, 1992), especially when those features
have a strong guiding property, such as a unique
colour (Wolfe, 2007). In line with this, features active
in working memory drive visual attention towards
matching objects in a search display (e.g., Soto,
Heinke, Humphreys, & Blanco, 2005; Soto, Hodsoll,
Rotshtein, & Humphreys, 2008). According to the
biased competition account (Desimone & Duncan,
1995), generating a visual representation in working
memory results in the activation of sensory neurons
prior to search, leading to a competitive advantage
for a matching stimulus when it eventually appears.
However, in addition to biasing selection towards
target features, visual search could also be aided by
biasing selection away from distractor features.
Whereas quite a lot is known about positive biases
towards target features (e.g., Reeder & Peelen, 2013;
Reeder, van Zoest, & Peelen, 2015), relatively little is
known about negative biases against distractor features, both in terms of behaviour and brain areas
involved.

ARTICLE HISTORY

Received 19 December 2016
Accepted 28 May 2017
KEYWORDS

Negative cueing; negative
template; distractor
inhibition; visual search; fMRI

At a theoretical level, distractor suppression has
been an integral part of the Attentional Engagement
Theory of visual search (also known as similarity
theory; Duncan & Humphreys, 1989, 1992; Humphreys,
Quinlan, & Riddoch, 1989; Humphreys, Riddoch, &
Quinlan, 1985), as well as its computational implementation (Humphreys, Freeman, & Muller, 1992; Humphreys & Müller, 1993; Müller, Humphreys, &
Donnelly, 1994). This theory states that, during visual
search, attention is likely to be engaged by distractors,
especially when they are similar to the target. The distractors are then matched against templates for rejection, and subsequently inhibited. Moreover, this
inhibition is allowed to spread to similar neighbouring
distractors. Thus, a more homogeneous distractor
array will lead to more successful distractor rejection,
which in turn improves target detection. The model
accounts for some crucial visual search findings,
including why single feature searches are generally
easier than conjunction searches (without having to
allude to a feature binding process; see Treisman &
Gelade, 1980). However, there have been few direct
empirical tests of distractor rejection during search
(Dent, Allen, Braithwaite, & Humphreys, 2012), and
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even less is known about the templates that drive
such suppression.
At an empirical level, Watson and Humphreys
(1997) identified one case in which observers could
successfully divert their attention away from distractors prior to search. In their visual search paradigm,
one subset of distractors of a typical colour-form conjunction display was presented several hundred milliseconds (ms) prior to the full search array (which
included the target on “target-present” trials). This
preview of the distractor set led to improved search
efficiency (as expressed by shallower search slopes),
compared to a condition in which the distractor set
was absent altogether (resulting in a distinct feature
search). Thus, previewing the distractors led them to
be effectively excluded from search, resulting in
what has been referred to as the “preview benefit”
(see Olivers, Humphreys, & Braithwaite, 2006;
Watson, Humphreys, & Olivers, 2003, for reviews).
Watson and Humphreys (1997; see also Olivers &
Humphreys, 2002, 2003; Olivers, Humphreys, Heinke,
& Cooper, 2002) have proposed that the exclusion of
previewed distractors involves an active, resourcedemanding inhibitory mechanism that suppresses distractor items, thus segmenting them from the later
presented target set. Such suppression may occur
for spatial locations or for features such as colour
(Olivers, Watson, & Humphreys, 1999).
The preview benefit has also been investigated at a
neurophysiological level. In collaboration with Glyn
Humphreys, Pollmann and colleagues used timeresolved event-related functional magnetic resonance
imaging (fMRI) to target the neural structures involved
in processing previewed distractors (Pollmann et al.,
2003). They observed an early onset of activation in
the right superior parietal lobule (SPL) bordering the
precuneus in preview search, relative to conjunction
search and single feature search conditions. Moreover,
in a second experiment, increased activation was
observed in the same areas for both previewed distractor displays and dummy displays composed of
items that were never presented in the search
display. This further supports a role of SPL/precuneus
in feature inhibition. Posterior parietal regions are
also involved in the preview benefit for complex
objects (Allen, Humphreys, & Matthews, 2008; Mavritsaki, Allen, & Humphreys, 2010) and spatial locations
(Olivers, Smith, Matthews, & Humphreys, 2005; see
also Humphreys et al., 2004; Payne & Allen, 2011).

Furthermore, Olivers and Humphreys (2004) tested a
group of patients with parietal lesions, and found
that this population suffered more from interference
from the previewed distractors than age-matched
controls. Taken together, these results are consistent
with the idea that the exclusion of previewed distractors involves an active suppression mechanism based
in parietal cortex.
Despite this evidence, the preview paradigm does
not allow us to directly assess negative templates:
the potentially inhibitory working memory representation that would be set up prior to search, when no
search stimuli are presented yet. In the preview paradigm, an entire distractor set is presented prior to
search; thus, any inhibitory processes may already
operate directly on the search items and their
locations. Furthermore, it is possible that the preview
benefit does not reflect suppression of the previewed
items at all, but rather reflects an advantage for the
abrupt onset of new items in the search display
(Agter & Donk, 2005; Donk, 2017; Donk & Theeuwes,
2001) and/or grouping on the basis of a common
onset (Jiang & Wang, 2004; Jiang, Chun, & Marks,
2002). Both positions have received support from a
range of behavioural studies, making it likely that
both inhibitory mechanisms (applied to the old
items) and facilitating mechanisms (triggered by the
new items) play a role. A further distinction can be
made between setting up a negative template to suppress upcoming distractor items for search, and filtering (ignoring) irrelevant features that will not be part
of the search display.
Two behavioural studies found conflicting evidence
regarding the search performance benefits associated
with knowing the identity of upcoming distractors
(Arita, Carlisle, & Woodman, 2012; Beck & Hollingworth, 2015). Arita et al. (2012) suggested activating
distractor features during a retention interval prior to
search can benefit target detection, whereas Beck
and Hollingworth (2015) argued that this is only the
case if distractor location is also known in advance.
This leaves the question open as to whether searchers
activate feature-based working memory items in preparation for distractor rejection.
The present study investigated (a) whether observers can use a feature cue to set up a negative template and successfully exclude distractors from visual
search; (b) which brain structures are involved in
setting up a negative template, as measured with
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fMRI; and (c) if setting up a negative template to suppress upcoming distractor items in search and filtering (ignoring) irrelevant features that will not be
part of the search display are based on the same or
different neural structures. We adopted a paradigm
in which a colour cued participants to ignore a set
of same-coloured items in a subsequent search
display, as the target would never appear within
that colour. In contrast to the preview paradigm,
there was no preview of the distractor items themselves (Țs) or their locations, just their colour was provided. Moreover, we focused our analyses on the
activity during the cue period, prior to the appearance of the search display. Thus, any activity reflected
the setup of a biasing representation (template) in
working memory, rather than the suppression or
facilitation of items during search. For comparison
purposes, we also included positive (target) colour
cues and neutral uninformative cues. We focused
our analyses on the modulation (either facilitation
or inhibition) of activity in visual cortex to assess
whether visual input was suppressed or enhanced
prior to search (Brefczynski & DeYoe, 1999). Specifically, we expected less activation following negative
cues compared to positive cues, with neutral cues
in between.
We were further interested to investigate whether
attentional modulation by colour cues would occur
in early visual areas (V1–V3) or at a later processing
stage (V4). While V4 was identified as an important
colour-processing region early on (Zeki, 1983), more
recent work (summarized in Gegenfurtner, 2003) has
shown that colour is processed at multiple levels of
the cortical visual pathway. Thus, while attending to
colour has previously been shown to modulate the
BOLD-response in V4 (Chawla, Rees, & Friston, 1999),
it remains an open question if earlier visual areas
can be modulated by attention to colour. In any
case, the contribution of early visual cortex to colour
processing has been shown by fMRI decoding work
(Brouwer & Heeger, 2009).
In the search for an attentional control structure
that may induce attentional modulation of visual
cortex, we also specifically investigated SPL/precuneus, the region where we found distractor suppression using the preview paradigm (Olivers &
Humphreys, 2004; Pollmann et al., 2003), to assess
whether implementing a negative template is similar
to excluding a distractor set prior to search. Note
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that in the case of an attentional control region, we
hypothesized increased activation whenever a
resource-dependent control process is implemented.
Thus, increased activation for negative cues, compared to positive and neutral cues, would indicate
implementation of active suppression of the cue
colour. Likewise, increased activation for neutral
cues, compared to positive and negative cues, would
indicate an active process of ignoring irrelevant cues
that is distinct from attentional enhancement of
targets or suppression of distractors. To summarize,
our hypotheses were twofold: on the one hand, modulation of activation in visual cortex would indicate the
facilitative or inhibitory nature of attentional processing, while on the other hand, increased activation in
putative attentional control centres like the precuneus
would differentiate between resource-dependent processes of active suppression of distractors and active
ignoring of irrelevant stimuli.

Materials and method
Subjects
Seventeen students were recruited from the Universitätsklinikum fMRI subject pool in Magdeburg,
Germany (age range = 20–33 years, mean age = 26.9
years). They were all right-handed native German
speakers and had participated in previous fMRI experiments unrelated to the current study. They had
normal or corrected-to-normal vision and received a
monetary reimbursement for their participation. Prior
to experimentation, they completed an fMRI screening
questionnaire and provided written informed consent
to take part in the experiment. These measures conformed to the Declaration of Helsinki and were
approved by the research ethics committee of Ottovon-Guericke University Magdeburg.

Stimuli
All stimuli were presented on a grey background
back-projected onto an 18-inch display with a screen
resolution of 1920 × 1080 pixels and 60 Hz refresh frequency. The distance from observers’ eyes to the
screen was 35 cm. The experiment was coded in
Python using the PsychoPy psychophysics toolbox
(Peirce, 2007).
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Cues, probes, and search array stimuli were all
coloured circles. Circles presented as cues and
search array stimuli each had a radius of 2 degrees
of visual angle, whereas circles presented as probe
stimuli had a radius of 4 degrees of visual angle
(probes were simply larger versions of the cues).
Cue, probe, and search array colours could be pink
(hex code: #FFB6C1), orange (#FFA500), chartreuse
(#7FFF00), cyan (#00EEEE), or purple (#E066FF).
Colours were matched for luminance with a photometer (Chroma Meter CS-200, Konica Minolta
Sensing, 2005) prior to each experimental session
(Lv = 90–100 cd/m2). A search array was composed of
eight circles equally spaced around an imaginary
circle with a radius of 8 degrees of visual angle.
Two colours appeared in a search display, with four
circles of each colour randomly distributed in the
array. Task instructions were black alphanumeric
characters in Arial font “+”, “−”, or “o”. The characters
were generated within an imaginary bounding box
of a height of 3 degrees of visual angle, and each
character fit within the boundaries of the cue. The
longest line of the target letter “T” and distractor
letters “Ț” appeared with a length of 1 degree of
visual angle and were rotated 90 or 270 degrees. A
black fixation point appeared centrally with a size
of 0.5 degrees of visual angle and spatial frequency
of 0.

rotated to the left, press 1. If the letter “T” is rotated
to the right, press 2). All text appeared black against
a grey screen and was presented at a height of 1
degree of visual angle. Following the block instructions, an fMRI trigger initiated the trial sequence.
Each trial started with a central fixation point for 1 s,
followed by a central cue that could appear in one of
five possible colours. Each colour appeared an equal
number of times within a block but the order of the
appearance of each colour was randomized. One of
three task instructions appeared overlaid on the cue
colour: if subjects saw the “+”, it meant that the
target “T” would appear overlaid on the same colour
in the search array with 100% validity; if subjects
saw the “−”, it meant that four of the “Ț” distractors
would appear overlaid on the same colour with
100% validity; and if subjects saw the “o”, it meant
the same colour would not appear in the following
search array. Each of the three task instructions
appeared with each of the five possible cue colours
twice within a block, for a total of 30 trials (10 trials

Experimental procedure
The experiment was a visual search task in which subjects were required to respond whether a letter T
among Țs in a search array was rotated 90 or 270
degrees (see Figure 1). The distractors were only minimally different from the target to ensure that pop-out
did not occur for the target. Subjects were specifically
encouraged to use the cues, and all were given the
same instructions: “The cues will help you to perform
this task quickly. Please try to use the cues to the
best of your ability during this task”. Subjects were
monitored during practice trials to further ensure
that they were able to use the cues correctly prior to
entering the scanner.
At the beginning of each experimental block, an
instruction message appeared on screen that read:
“Wenn der Buchstabe ‘T’ nach links gedreht ist,
druecken Sie 1. Wenn der Buchstabe ‘T’ nach recht
gedreht ist, druecken Sie die 2” (If the letter “T” is

Figure 1. The experimental paradigm. Cues could be positive (+),
neutral (o), or negative (−) on a given trial. Search displays
reflected the identity of the cue: if the cue was positive, the
target appeared in the same coloured circle as the cue; if the
cue was neutral, the same colour did not appear in the following
search display; if the cue was negative, only distractors appeared
in the same coloured circle as the cue. White boxes are shown
around the targets for visualization purposes in the figure, and
did not appear in the actual experiment. Stimuli are not to scale.
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per task condition per block). The cue/task instruction
appeared for a duration restricted to values between
1–2 s, sampled pseudo-randomly from a list of 10
values following a logarithmic distribution.
Following the cue/task instruction, a central fixation
point was presented on screen for a duration of 2–6 s,
also sampled pseudo-randomly from a list of 10 values
following a logarithmic distribution. These values were
chosen independently of cue duration, to maximally
separate BOLD signal elicited during the cue period
and search period. The orthogonality of cue and fixation durations across trials was also checked
outside the scanner prior to experimentation, and correlations did not exceed 0.2. On 3/10 trials, a probe
stimulus appeared at a variable onset of 1–2 s following the cue, with a constant duration of 100 ms. Subjects were instructed to ignore this stimulus. We
included the probe to further explore the occurrence
of attentional facilitation or inhibition, as would be
indicated by higher probe-related activation if it was
congruent with the positive cue versus the negative
cue.
After fixation, a search display appeared for 3 s. If
the task instruction was the “+” or “−”, four circles in
the search display were the cue colour and four
were of another colour, chosen pseudo-randomly
from a list of the other four possible colours. If the
task instruction was the “o”, one colour was chosen
pseudo-randomly from a list of the other four possible
colours that were not the cue colour, and then a
second colour was chosen pseudo-randomly from a
list of the remaining three colours. This ensured that
the cue colour did not appear in the search display
on these trials. If the task instruction was the “+”, a
rotated “T” appeared randomly within one of the
four circles matching the cue colour. If the task instruction was the “−”, a rotated “T” appeared randomly
within one of the four circles of the uncued colour,
and “Ț”s appeared in the circles corresponding to
the cue colour. If the task instruction was the “o”, a
rotated “T” appeared randomly in one of the eight
circles in the search display.
Subjects were instructed to make a “left” (rotated
270 degrees) or “right” (rotated 90 degrees) response
as fast and accurately as possible following the onset
of the search display. Responses did not terminate a
trial. Before the first experimental block, subjects
were told the meaning of the cues and to use the
cues to the best of their abilities during the search
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task. Subjects completed one practice block outside
the scanner to ensure they understood task instructions. Each block lasted 5 min 4 s. All subjects performed six blocks of trials within the scanner, with
approximately 30 min 24 s total experiment time
with 60 total trials per task condition. Due to a technical failure, in one subject only five of the six blocks
were recorded.
fMRI data acquisition
Subjects were scanned on a 3 Tesla MAGNETOM
Prisma (Siemens) at the Universitätsklinikum in Magdeburg, Germany. fMRI data were collected using a
simultaneous multislice sequence (TR, 2000 ms; TE,
30 ms; flip angle, 80°; matrix size, 106 × 106; FOV,
212 mm; 64 slices with interleaved acquisition, 32
shots, and multi-band acceleration factor of 2; 2 mm
isotropic voxels; 10% interslice gap). A scanning
session consisted of six runs of 310 s each. We also
acquired T1-weighted MPRAGE scans (TR, 2500 ms;
TE, 2.82 ms; flip angle, 7°; matrix size, 256 x 256;
FOV, 256 mm; 192 slices, 1 mm isotropic resolution)
from each subject.
fMRI preprocessing
fMRI data preprocessing was carried out in FSL version
5.0.8 (Smith et al., 2004). For each subject, we registered functional images to their respective T1weighted anatomical space and then to Montreal
Neurological Institute (MNI) space using FSL’s FLIRT
linear registration tool (Jenkinson & Smith, 2001).
Specifically, functional images were first registered to
the middle-timepoint functional image for each run,
which were then registered to the brain-extracted
T1-weighted image (Smith, 2002), and finally to the
MNI template. For the univariate analyses, these data
were then smoothed with a 4 mm FWHM Gaussian
kernel prior to analysis.
fMRI analyses
Group level univariate analyses were conducted using
FSL’s FEAT function (Smith et al., 2004) on functional
data registered to MNI space. BOLD responses were
modelled with each time period of a trial included in
the analyses (cue period, fixation period, search
period) and regressors were created based on

6

R. R. REEDER ET AL.

precise timing of onsets and offsets of these periods
on a trial-by-trial basis. We modelled the BOLD
signal for the cue period and search period (onsets
of each period were jittered orthogonally) with a
double-gamma HRF and we corrected for multiple
comparisons using cluster-based thresholding on
group level data with FSL’s FEAT function for higherlevel analyses. The cluster-forming z-threshold for
whole-brain analyses was set to 2.3 (p < .05).
All regions reported in the tables are labelled
according to the Harvard-Oxford Cortical Structural
Atlas (a probabilistic atlas of brain structures derived
from 37 individuals; Desikan et al., 2006) implemented
in FSL.
We additionally carried out ROI analyses on early
visual cortex, V4, and posterior parietal cortex to test
specific hypotheses. Two ROIs were created to represent anatomical areas: to create an early visual
cortex mask, we first combined the bilateral masks
for V1, V2, and V3v as defined by the Juelich Histological Atlas implemented in FSL (transformed into MNI
space). We then thresholded the early visual cortex
mask to include only areas with > 40% probability,
and removed any remaining overlap between this
mask and area V4. The V4 mask was the bilateral V4
mask as defined by the Juelich Histological Atlas, thresholded to > 40% probability. Another ROI was
defined based on coordinates from a previous study:
the superior parietal ROI was created by first defining
a point centred on the MNI coordinates: −8, −66, 58
(equivalent to the Talairach coordinates −7, −62; 52
reported by Pollmann et al., 2003) as the centre of
mass of a sphere (radius = 10 mm). A voxel-wise analysis was then conducted within this sphere ROI.
ROI analyses were carried out using FSL’s featquery
tool
(http://poc.vl-e.nl/distribution/manual/fsl-3.2/
feat5/featquery.html). For these analyses, the zthreshold was increased to 3.1 (p < .01) for more conservative estimates. All clusters reported in the paper
have a voxel-wise significance threshold of p < .05.

Results
Behaviour
Accuracy and response time (RT; for correct trials only)
were collected for each cue condition (positive, negative, or neutral) for each subject. Repeated-measures
analyses of variance (ANOVAs) were first performed

to investigate differences between the three cue conditions for accuracy and RT. Group-level t-tests were
then performed comparing each of the three cue conditions for accuracy and RT, with multiple comparison
p-correction set to < .008 (.05/6 tests).
Response times
A repeated-measures ANOVA on RT results for the
three cue types revealed a significant difference
between conditions, F(2,32) = 114.02, p < .001, η2p =
0.877. RT was significantly faster following the positive
cue (mean = 1550 ms, SD = 116 ms) compared to the
negative cue (mean = 1710 ms, SD = 144 ms; t(16) =
−7.84, p < .008), and RT following both positive and
negative cues were faster than RT following the
neutral cue (mean = 1900 ms, SD = 91 ms; positive vs.
neutral: t(16) = −14.66, p < .008; negative vs. neutral:
t(16) = −7.56, p < .008).
Accuracy
A repeated-measures ANOVA on accuracy results for
the three cue types revealed a significant difference
between conditions, F(2,32) = 18.99, p < .001, η2p =
0.543. Search accuracy following the positive cue
(mean = 97.1%, SD = 2.3%) was not significantly
different from search accuracy following the negative
cue (mean = 96.1%, SD = 3.0%; t(16) = 1.51, p = .15),
but both positive and negative cues led to significantly higher search accuracy than the neutral
cue (mean = 91.0%, SD = 5.4%; positive vs. neutral:
t(16) = 4.81, p < .008; negative vs. neutral: t(16) =
4.53, p < .008).
These results collectively suggest a search benefit
for both positive and negative cues compared to
neutral cues in our task.
Imaging
Cue-related facilitation and inhibition of early
visual cortex activation
Our analyses were focused to the cue period prior to
search because we wanted to investigate specifically
preparatory activation as influenced by task goals.
We expected a modulation of the cue-related BOLD
signal in visual cortex that depended on the nature
of the cue. Attending to a positive cue colour was
expected to increase activation in early visual areas,
in line with previous research (e.g., Brefczynski &
DeYoe, 1999). In contrast, inhibiting negative cue
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colours should lead to lower activation if the inhibition
is based on neural down-regulation in visual areas.
Activation following the neutral cues should lie in
between activation elicited by positive and by negative cues because we expected the irrelevant neutral
cue colour to be unattended.
Stronger activation for positive cues than for negative cues was observed bilaterally at the occipital pole,
extending into lateral occipital cortex (LOC; Table 1,
Figure 2: note this activation is anterior to colour
area V4 according to the Harvard-Oxford Cortical
Structural Atlas; Desikan et al., 2006). In largely
overlapping areas, we also observed less activation
for negative compared to neutral cues (Table 2).
Probed at the voxel with maximum z-values of the
positive vs. negative cue contrast (38, −88, −4), activation was highest following positive cues, lowest
for negative cues, with neutral cues in between (see
Figure 2b).
Another cluster with less activation following negative cues versus neutral cues ranged from the supracalcarine cortex dorsally into SPL and more medially
into the precuneus (Table 2, Figure 2). The cluster
maximum for the neutral > negative cue contrast
(−14, −66, 18) shows, in absolute numbers, increasing
BOLD signal from negative via neutral to positive cues
(see Figure 2b), although the contrast positive >
neutral cues did not survive the cluster correction
threshold. The centre of neutral > negative activation
was distinctly more ventral than the region of precuneus that has been shown to be active during
preview search (Olivers & Humphreys, 2004; Pollmann
et al., 2003). Increased BOLD signal following positive
vs. neutral cues did not reach significance in posterior
brain regions. The negative cues did not elicit any
increased BOLD signal compared to either the positive
or neutral cues Activations obtained during the search
period are listed in Tables 3 and 4 for reference but are
not further detailed.
Visual cortex involvement in distractor inhibition
One of our main hypotheses was that sensory stimulus
attributes would be differentially enhanced or suppressed in visual cortex depending on if they were
presented as target or distractor features. While the
full-brain analysis confirmed this hypothesis, we
specifically wanted to know if our cues modulated
visual activation in early retinotopic areas (V1–V3) or
rather later in area V4 (see Figure 3). For early
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retinotopic areas, because our cues were presented
foveally, we hypothesized that attentional modulation
would occur in the foveal confluence zone (confluence
of foveal representations of V1, V2, and V3) around the
occipital pole (Dougherty et al., 2003). Therefore, we
conducted a region of interest (ROI) analysis on the
early visual cortex (combined V1–V3).
Here we found a significant contrast for positive >
negative cues (91 voxels) with a maximum z located
in the left occipital pole region (−24, −98, −4, max z
= 4.58, SD = 0.32). Additionally, there was a
significant contrast of neutral > negative cues (74
voxels) with a maximum z located in the right occipital
pole region (34, −92, −6, max z = 3.81, SD = 0.15).
These results confirm that activations for the different
cue conditions are modulated in early retinotopic
visual cortex. The ROI analysis on area V4 did not
reveal any significant difference between cue
conditions.
Superior parietal involvement in filtering irrelevant
features
A central aim of the study was to investigate the
involvement of superior parietal cortex at the border
of precuneus in inhibiting distractor colours or, alternatively, filtering (ignoring) irrelevant colours (the
neutral cue colour) compared to attending task-relevant features (the positive and negative cue
colours). We specifically investigated this region as
we previously found it to be involved in previewing
distractor items (Olivers & Humphreys, 2004; Pollmann
et al., 2003). We therefore conducted a ROI analysis
based on the preview search activation observed previously (see Figure 4a).
Negative cues did not elicit increased activation
relative to neutral (negative > neutral) or positive
cues (negative > positive) within this ROI; thus, we
could not confirm an involvement of superior parietal
cortex in the pre-search inhibition of distractor
colours. In absolute terms, the neutral cues produced
the largest signal here, whereas both the negative and
positive cues produced weaker signal within this ROI
(see Figure 4b).
The contrast of neutral cues versus positive + negative cues (i.e., task-irrelevant vs. task-relevant),
however, revealed a cluster of seven voxels with a
maximum at −16, −62, 56 (max z = 3.49, SD = 0.13)
within the ROI (see Figure 3), confirming an active
involvement of this region in filtering irrelevant
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Table 1. Positive > Negative Cue Period Clusters.
Voxels

p

ZMAX

1

433

0.00000173

4.27

2

359

0.0000163

4.58

Cluster

Z-MAX X
(mm)

Z-MAX Y
(mm)

Z-MAX Z
(mm)

38

−88

−4

−24

−98

−4

features. The opposite contrast (positive + negative
cues > neutral cues) did not reveal any significant
activity in this ROI.

Discussion
At a theoretical level, distractor suppression is an integral part of visual search (Duncan & Humphreys, 1989,
1992; Humphreys & Müller, 1993; Humphreys et al.,
1985; Humphreys et al., 1989; Humphreys et al.,
1992; Klein & MacInnes, 1999; Müller et al., 1994;
Treisman & Sato, 1990). At an empirical level, evidence
for distractor rejection has been found for distractors
presented during search (Hickey, Di Lollo, & McDonald,
2009; Sawaki & Luck, 2010) as well as for distractors
presented prior to search (Watson & Humphreys,

ROI (Harvard-Oxford Cortical Structures Atlas)
Right lateral occipital cortex extending into occipital fusiform gyrus
and occipital pole
Left occipital pole extending into lateral occipital cortex

1997; Watson et al., 2003). The latter studies provide
evidence that a preview of distractor locations can
improve subsequent inhibition of those same distractors in a search display. Here we found that cueing
subjects to ignore a distractor feature in a search
display (as defined by colour) leads to improved
search efficiency compared to a neutral condition,
consistent with the idea that observers can set up an
inhibitory “negative” template for distractors.
Beck and Hollingworth (2015) also recently used a
cued distractor paradigm very similar to the one we
employed in the current study. They presented observers with a colour indicating that subsequent distractors carrying that colour should be ignored. They did
not find any search benefit following the distractor
cues unless all distractors were grouped together by

Figure 2. a. Thresholded (z > 2.3, p < .05) BOLD signal for positive and neutral cues compared to negative cues. Neutral > negative
contrast is shown in yellow (o > −), positive > negative contrast is shown in blue (+ > −), and the overlap between these two contrasts
is shown in green. b. Left: The z values for positive (+), neutral (o), and negative (−) cues at the Montreal Neurological Institute (MNI)
coordinates of the maximum z within the largest cluster for the neutral > negative contrast (−14, −66, 18); right: The z values for
positive (+), neutral (o), and negative (−) cues at the MNI coordinates of the maximum z within the largest cluster for the positive
> negative contrast (38, −88, −4).
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Table 2. Neutral > Negative Cue Period Clusters.
Cluster
1
2
3
4

Voxels

p

Z-MAX

Z-MAX X (mm)

Z-MAX Y (mm)

Z-MAX Z (mm)

ROI (Harvard-Oxford Cortical Structures Atlas)

643
538
207
169

1.65e–008
0.000000238
0.00475
0.0193

3.72
3.81
3.56
3.55

−14
34
−16
−32

−66
−92
−102
−88

18
−6
2
36

Left supracalcarine cortex extending into bilateral precuneus
Right occipital pole extending into lateral occipital cortex
Left occipital pole
Left superior lateral occipital cortex

colour, allowing for exclusion by spatial region, rather
than by feature (i.e., observes could just ignore the left
or right half of the display; see also Arita et al., 2012).
Our study differed in that we allowed more time in
between the cue and the search display (2–6 s vs.
maximally 1 s), which may better accommodate
feature-based inhibitory processes, as they are
known to take some time to implement (e.g., Humphreys, Stalmann, & Olivers, 2004; Olivers & Humphreys, 2002; Watson & Humphreys, 1997).
Implementing a negative template may also be less
efficient than implementing a target template, as indicated by significantly slower target detection following negative cues compared to positive cues in our
behavioural results. Search benefits can nevertheless
be achieved with distractor feature cues compared
to neutral cues given a longer preparatory period
prior to search.
Our fMRI results revealed that the presentation of
negative cues led to a unique pattern of low activation
in visual cortex prior to the onset of the search display,
in line with the implementation of top-down featurebased suppression prior to search. Specifically, negative cues led to less activation than neutral or positive
cues in large parts of visual cortex, ranging from striate
and peristriate cortex into ventrolateral occipitotemporal cortex and dorsally into inferior parts of precuneus. Looking at the maximally activated voxels of
these two clusters, a progression of activation size
from negative via neutral to positive cues was
observed. Thus, the activation profile shows that
depending on cue type, activation of visual areas
was enhanced by positive cues, but reduced by negative cues. This rules out that negative cues were processed in the same way as positive cues, just with a
negative label for later processing. Even if negative
cues were used to distribute attention to the remaining four possible target colours, we should have

observed comparable activation for negative and
positive cues in visual cortex, which was not the
case. Earlier work has also shown such preparatory
suppression in visual cortex in anticipation of distractor locations, using tasks in which the upcoming distractor position was known, and thus the advance
information was spatial in nature (Serences, Yantis,
Culberson, & Awh, 2004). Here we show that feature
information leads to similar patterns, suggesting that
feature cues can be used to set up an advance template for rejection.
We further investigated if cues elicited attention
modulation of early (V1–V3) or late (V4) processing
of colour. ROI analyses provided evidence of early
modulation in that activation changes were observed
in the foveal confluence zone of V1–V3, but not in V4.
While V4 plays an important role in colour processing
(Zeki, 1983), colour is processed at multiple other
levels of the cortical visual pathway, including V1–V3
(Gegenfurtner, 2003). In fact, the strongest BOLDsignal changes to chromatic stimulation were
observed in striate cortex (Kleinschmidt, Lee,
Requardt, & Frahm, 1996) and BOLD-responses to
chromatic stimuli in V1 and V2 correlated with psychophysical thresholds (Engel, Zhang, & Wandell, 1997),
suggesting that colour processing in early visual
cortex is relevant for colour perception. Classification
of colour was most accurate in V1 in an fMRI study
of multiple visual areas including V1–V4 (Brouwer &
Heeger, 2009). It may be that the categorical representation of colour that is found in V4, but not in V1–V3
(Brouwer & Heeger, 2013), was of less importance in
the present experiment than the attentional activation
or suppression of a particular cue colour, represented
in V1–V3. This speculative hypothesis, however,
remains to be tested in further experiments with relevant and irrelevant colours from within or between
categorical colour boundaries.

Table 3. Positive > Negative Search Period Clusters.
Cluster
1
2

Voxels

p

Z-MAX

Z-MAX X (mm)

Z-MAX Y (mm)

Z-MAX Z (mm)

ROI (Harvard-Oxford Cortical Structures Atlas)

571
209

5.19e–009
0.00107

3,82
3,6

0
−18

48
−86

−18
−24

Frontal medial cortex extending into frontal pole
Left crus I cerebellum
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Table 4. Neutral > Negative Search Period Clusters.
Cluster
1
2
3
4
5

Voxels

p

Z-MAX

Z-MAX X (mm)

Z-MAX Y (mm)

Z-MAX Z (mm)

578
445
426
160
156

1.79e–008
0.000000775
0.00000143
0.0151
0.0179

3,6
3,83
3,62
3,31
3,68

−20
14
14
0
−38

−96
−96
60
48
2

6
−6
32
−4
−14

While we analysed regional activation changes,
indicative of the neural activation level within a
region, it might nevertheless be mentioned that our
results fit recent findings of working memory
content representation ranging from striate and peristriate cortex (Albers, Kok, Toni, Dijkerman, & de
Lange, 2013; Harrison & Tong, 2009; Kok, Failing, &
de Lange, 2014) to posterior temporal and lateral occipital cortex (Peelen & Kastner, 2011; Reeder, Hanke, &
Pollmann, 2017; Reeder, Perini, & Peelen, 2015). These
regions were also modulated by positive and negative
cues in the current study. Although the representation
of negative templates cannot be investigated in the
current study, our results indicate that it would be
an important next step to use, for example, representational similarity analysis (Kriegeskorte, Mur, & Bandettini, 2008) to study the similarities in activity
patterns within visual cortex between positive and
negative templates.
In our previous work on distractor exclusion in the
preview paradigm, increased activation in the SPL bordering the precuneus was observed following a
preview of distractor locations (Olivers & Humphreys,
2004; Pollmann et al., 2003). From this work, it
remained unclear if this activation was due to neural

Figure 3. The early visual cortex ROI is coloured in yellow. The V4
ROI is coloured in blue. Any overlap between the ROIs was
removed using the FSL function fslmaths.

ROI (Harvard-Oxford Cortical Structures Atlas)
Left occipital pole
Right occipital pole
Right frontal pole
Paracingulate gyrus
Left insular cortex

processes related to distractor inhibition in general
or rather to the actual presentation of the distractor
array. Here, an ROI analysis centred on the region previously reported to be involved in preview search
yielded increased activation by neutral cues relative
to positive cues, whereas we found no evidence for
increased activation induced by negative cues
(neither negative > neutral cue or negative > positive
cue contrasts yielded significant BOLD signal
increases). Therefore, our data support the view that
the area of posterior parietal cortex bordering precuneus is involved in filtering task-irrelevant distractor
features (neutral cue), but not in inhibiting task-relevant distractor features (negative cue). Please note
that this characterization relates only to the region
that we investigated, while other parts of posterior
parietal cortex, e.g., more lateral and anterior parts,
have been shown to support facilitative and inhibitory

Figure 4. a. A depiction of the ROI sphere (radius = 10 mm) at
MNI coordinates −8, −66, 58 on a brain in MNI space. b. The
z-stat values of the positive, neutral, and negative cues at the
MNI coordinates of the maximum z within the ROI (−16, −62,
56).
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attention biases derived from working memory contents (Kiyonaga, Korb, Lucas, Soto, & Egner, 2014;
Soto, Greene, Kiyonaga, Rosenthal, & Egner, 2012).
Finally, the present results provide new information
about the nature of distractor inhibition that could
contribute to our understanding of the preview
benefit as proposed by Watson and Humphreys
(1997). The preview benefit has been explained as
active inhibition of the previewed distractor set,
because it occurs only after a minimum of 400 ms
exposure to the previewed distractors (Watson &
Humphreys, 1997), dot probes at the previewed distractor locations are less visible (Watson & Humphreys,
2000), and a secondary task reduces the preview
benefit (Olivers & Humphreys, 2002). The present findings reveal a distinction between removing the
neutral cue from attentive processing and actively
down-regulating neural processing of the negative
cue. Until now, distractor rejection has been treated
as a single process. Future studies must investigate
this task-relevant/task-irrelevant distinction, especially
in researching negative templates.
In conclusion, we have shown that negative cues can
be used to set up a negative template for visual search,
resulting in improved search efficiency. Using fMRI, we
found that this process involves down-regulation of
neural processing in large parts of visual cortex, compared to neutral or positive cues. In addition, SPL/precuneus displayed increased activation following
neutral cues relative to both negative and positive
cues, suggesting an active role in the filtering of completely task-irrelevant features. This shows that it is
important to differentiate between distractor suppression and filtering of task-irrelevant features.
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