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observed a new form of frequency-specific cross-over; people showed left-biased prefer-
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ences when comparing the high spatial frequency (HiSF) components of the task and
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rightward biases when comparing low spatial frequencies (LoSFs). Here we investigated
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which mechanisms underlie the cross-over. (1) We found that leftward and rightward

Action editor Carlo Umiltà

biases were positively correlated, suggesting that the same set of mechanisms are involved
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in both versions of the task. (2) When we cued attention to the left or right side we found
transient effects on gratingscales biases that were symmetrical for the LoSF condition but
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asymmetrical for the HiSF condition. This indicates that the HiSF condition itself biased
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stimulus-driven attention more to the left side than the LoSF condition. (3) When we
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lowered the contrast of the HiSF or the LoSF stimulus components, specifically the latter
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case made HiSF and LoSF conditions more different. This suggests that HiSF and LoSF
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conditions differ because HiSF components are more salient and more likely stir stimulusdriven attention. Our data are consistent with the idea that the attentional bias results
from right-dominant control mechanisms of stimulus-driven attention potentially interacting with voluntary control mechanisms.
ª 2010 Elsevier Srl. All rights reserved.

1.

Introduction

Somewhat paradoxically, right-brain dominant functions of
attention and spatial awareness are most prominently studied
in their absence, that is, patients with right-brain damage,
more so than patients with left-brain damage, show abnormal
difficulties in perceiving and responding to stimuli on the left
side. These difficulties are called spatial neglect, and it has
been proposed to be associated with several lesion sites: the
inferior parietal cortex (Mort et al., 2003; Vallar and Perani,
1986), the superior temporal cortex (Karnath et al., 2001;

Rorden et al., 2006) as well as frontal (Damasio et al., 1980;
Husain and Kennard, 1996) and subcortical regions (Doricchi
et al., 2008; Karnath et al., 2002; Leibovitch et al., 1998). Interestingly, some of these lesion sites appear to be equivalent to
brain areas that constitute cortical networks involved in
attentional functions (Corbetta and Shulman, 2002). However,
the mechanisms underlying neglect remain poorly understood in that it is still unclear which right-dominant neurocognitive functions are disrupted in neglect patients.
To draw the connection to the intact brain, it is helpful to
investigate behavioural asymmetries indicating right-brain
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dominance in healthy people that potentially mirror the
asymmetries observed in patients. For example, the linebisection task and similar perceptual judgment tasks (Binder
et al., 1992; Heilman and Valenstein, 1979; Luh, 1995;
Mattingley et al., 1994, 2004; Milner and Harvey, 1995; Nicholls
et al., 1999; Schenkenberg et al., 1980) have been used to
measure ipsilesional, rightward biases of attention observed in
some patients (though not all: e.g., Binder et al., 1992; Ferber
and Karnath, 2001; Halligan and Marshall, 1992; McGlincheyBerroth et al., 1996), but they also reveal smaller, leftward
asymmetries in normal participants consistent with a rightbrain dominance (reviewed in Jewell and McCourt, 2000).
We recently proposed a novel measure of attentional bias,
called the gratingscales task (Niemeier et al., 2007, 2008a) that
was originally inspired by the greyscales task (Mattingley
et al., 1994). The gratingscales task is correlated with other
neglect tests measuring attentional bias (Niemeier et al., 2007).
It presents two rectangular gratingscales containing wavelets
that gradually increase in spatial frequency from left to right
in one rectangle and from right to left in the other rectangle
(Fig. 1). When we asked participants to select the gratingscale
that contains “more of the thinner stripes” (high spatial
frequency or ‘HiSF’ condition) they showed a preference for
the gratingscale that carried HiSF wavelets on the left side,
and the bias increased when we added pixel noise (Niemeier
et al., 2008b). Surprisingly however, when we reversed the
question, asking “which bar has more of the thicker stripes”
(low spatial frequency or ‘LoSF’ condition), leftward bias
disappeared (Niemeier et al., 2008a). Instead, participants
showed a bias to the right side.
Superficially, this cross-over resembles other forms of
cross-over which occur for the line-bisection task performed
on long versus short lines (Halligan and Marshall, 1988;
McCourt and Jewell, 1999; Mennemeier et al., 2005; Rueckert
et al., 2002). Nevertheless, there is an important difference in
that the frequency-specific cross-over occurs for stimuli with
identical length and only based on differences in instructions.
Given this, cross-over as observed in the gratingscales task is
likely to be different from cross-over observed in the linebisection task.
How can the frequency-specific cross-over effect be
explained? In principle four nested possibilities exist,

involving a single mechanism (model 1) or more than one
mechanism (model 2A, and two versions of model 2B).

1.1.

Model 1: one mechanism model

Which single mechanism could explain frequency-specific
cross-over? One example might be a peculiar effect of attention on perception. That is, attention cued to a certain location
can result in spatial frequencies in that area to be perceived as
higher than they really are (Gobell and Carrasco, 2005). We
have previously speculated (Niemeier et al., 2008a) that this
effect might apply to the gratingscales task: attention naturally biased to the left side of the gratingscales stimulus might
let gratings on the left appear higher in spatial frequency and,
thus, ‘stripes’ on the left to be thinner and more frequent than
‘stripes’ on the right. If so, the HiSF and the LoSF conditions of
the task should yield opposite results. In the HiSF condition,
people should be more inclined to choose the gratingscale
with the HiSF grating on the left side. But in the LoSF condition, they should be more inclined to choose the gratingscale
with the LoSF grating on the right side. As a consequence,
biases should be negatively correlated: someone with a strong
attentional bias to the left side should show a strong leftward
bias in the HiSF condition as well as a strong rightward bias in
the LoSF condition. But someone with a weak attentional bias
should show a weak leftward bias for HiSF and a weak rightward bias for LoSF.
The same relationship between HiSF and LoSF biases
would be expected for any other kind of single mechanism
that is responsible for the frequency-specific cross-over. For
example, people might be asymmetrical in how they perceive
spatial frequencies. Regardless of attention, they might
perceive frequencies in the left visual field as higher than
frequencies in the right visual field. Several other possibilities
might exist, yet what all these versions of the ‘one mechanism
model’ have in common is that the same biasing mechanism
should play a role in both versions of the gratingscales task,
but should have opposite consequences as to how participants respond. That is, they all predict HiSF and LoSF biases to
be negatively correlated, otherwise more than one mechanism must be involved in the frequency-specific cross-over.

Fig. 1 e Gratingscales stimulus. Participants were asked to indicate which rectangle contained “more of the thinner lines” in
the HiSF condition and which had “more of the thicker lines” in the LoSF condition. Dashed rectangle superimposed onto
the stimulus indicates the central area in which the gratingscales increased/decreased in spatial frequency (frequency
changed as a function of a half-cycle of a cosine wave, see Niemeier et al., 2007).
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1.2.

Model 2A: different mechanisms model

If frequency-specific cross-over involves more than one
mechanism, we need to consider two nested possibilities. The
first we will call ‘different mechanisms model’, and the
second ‘same mechanisms model’. According to the ‘different
mechanisms model’ there is essentially no overlap: one
mechanism A would cause leftward bias in the HiSF condition,
and another mechanism B would cause rightward bias in the
LoSF condition (or mechanisms A and B each could represent
entire sets of mechanisms).
Here we will not expand on what the different mechanisms
might be, except we can rule out one version of the ‘different
mechanisms model’. That is, Sergent’s model of a hemispheric specialization for spatial frequencies (Sergent, 1982)
argues that one mechanism residing in the left hemisphere is
specialized for high spatial frequencies, and another mechanism in the right hemisphere is specialized for LoSFs, at least
in certain tasks. Applied to the gratingscales task this would
mean attention to high frequencies should result in a rightward bias and attention to LoSFs should result in a leftward
bias (Monaghan and Shillcock, 2004). But that is opposite to
the cross-over that we observed (Niemeier et al., 2008a).
Nonetheless, frequency-specific cross-over might result from
some other version of the ‘different mechanisms model’.
Whatever the nature of those mechanisms, they should result
in uncorrelated leftward and rightward biases.

1.3.

Model 2B: same mechanisms model

In contrast, positively correlated leftward and rightward biases would indicate that the HiSF and LoSF conditions involve
the same set of two or more mechanisms. Some of these
mechanisms in isolation would cause biases to the right side,
others would cause biases to the left side, and together they
would amount to either a leftward or a rightward bias
depending on which mechanism is more prominent. For
example, left-biasing mechanisms might be stronger in the
HiSF condition. We will call this the ‘same mechanisms
model’. Or the LoSF condition might yield stronger rightbiasing mechanisms. This we will call the ‘alternative same
mechanisms model’.
To test which of the models best explains frequency-specific
cross-over, we conducted three experiments. Experiment 1
looked at the correlational structure of the gratingscales task.
We found biases to be positively correlated, in support of the
‘same mechanisms model’ or the ‘alternative same mechanisms model’. To distinguish between these two model
versions, Experiment 2 tested how attentional cues influence
gratingscales biases. We found that in the HiSF condition cues
on the right side moved biases to the right but biases on the left
had little influence much like what has been reported for the
line-bisection task (e.g., McCourt et al., 2005). However, cueing
in the LoSF condition had symmetric effects, shifting biases in
the direction of the cue. This supports the idea of a leftward
biasing attentional mechanism that is stronger in the HiSF
condition, consistent with the first version of the ‘same
mechanisms model’. Finally, Experiment 3 investigated why
people respond differently to cues depending on spatial
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frequency. We considered two potential frequency-dependent
anisometries. First, higher spatial frequencies might be more
salient than lower frequencies so that specifically the HiSF
condition activates neural control circuits for stimulus-driven
attention in the right hemisphere (Corbetta and Shulman,
2002). Second, lower spatial frequencies might inhibit higher
frequencies more than the other way round (Betts et al., 2009)
so that it is harder to process high spatial frequencies in the
HiSF condition than LoSFs in the LoSF condition, and this might
bias attention to the left side. To pit the two possibilities against
each other, we lowered the contrast of the high and/or the LoSF
components of the gratingscales in order to manipulate
salience or inhibitory effects. Our results are rather consistent
with the salience hypothesis.

2.

Methods

2.1.

Subjects

Fifty undergraduate students (36 females, median age: 18)
participated in Experiment 1, 34 students (21 females, median
age: 19) participated in Experiment 2, and 30 students
(18 females, median age: 20) participated in Experiment 3. All
had normal or corrected-to-normal vision, were healthy and
right-handed as confirmed with the Edinburgh handedness
inventory (Oldfield, 1971). All gave their written and informed
consent to participate in the present study. All procedures
were approved by the Human Participants Review Subcommittee of the University of Toronto and therefore have been
performed in accordance with the ethical standards laid down
in the 1964 Declaration of Helsinki.

2.2.

Apparatus and procedure

Participants sat in front of a CRT monitor (1900 , 100 Hz refresh
rate, Viewsonic E90fb) at a distance of 60 cm. A chin rest was
used to keep head movements to a minimum. Participants
were free to move their eyes, though from behavioural
observations we found that participants normally fixate the
centre of the monitor.
All experiments were programmed in Matlab together with
the Pschophysical Toolbox (Brainard, 1997; Pelli, 1997) using
the gratingscales task to quantify attentional bias (Fig. 1).
The task is a sensitive measure of attentional bias that is
correlated with other measures of attentional bias (Niemeier
et al., 2007).
For the task, two horizontal rectangles were presented on
a grey background. Each rectangle was filled with luminancedefined gratings that increased in spatial frequency from the
left to the right side in one bar and vice versa in the other bar
(relative position of the two bars was counterbalanced across
trials). More specifically, spatial frequency increased
smoothly, in a central area of each rectangle (see dashed
rectangle superimposed onto the gratingscales stimulus in
Fig. 1), and this area shifted randomly in 11 steps, from trial to
trial, between 12.5% relative to the length of the rectangles.
Gratings on the sides of the central area of the rectangles
remained constant in spatial frequency. This way, all
gratingscales stimuli covered the same range of spatial
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frequencies (for more details see Niemeier et al., 2007).
Frequency ranges were .6e2 cycles per degree (cpd, called ‘G2
stimulus’) for Experiment 1 and Experiment 3, and 1.2e4 cpd
(‘G4 stimulus’) for Experiment 2.
For each stimulus, participants pressed the arrow-up or
arrow-down key on the number pad of the keyboard to choose
the rectangle that appeared to contain more of the target
feature, that is, the one with “more of the thinner stripes” in
the HiSF condition or the one with “more of the thicker
stripes” in the LoSF condition. Based on each participant’s
responses we quantified the probability of choosing the
rectangle containing the target feature on the left side as
a function of stimulus asymmetry. For example, if in Fig. 1 the
central area in the two gratingscales was shifted 12.5% to the
left side the upper rectangle would contain substantially
“more of the thinner stripes” and so most participants would
be very unlikely to choose the lower rectangle as the one to
contain “more of the thinner stripes” ( p ¼ 0). But they would
choose the lower rectangle almost all the time ( p ¼ 1) if the
central area was shifted 12.5% to the right side, and in
between there would be a monotonic, sigmoid transition
between p ¼ 0 and p ¼ 1. This sigmoid or psychometric
function is well described by several parametric functions.
Here we used Weibull functions of the following form:
pðresponse ¼ left ¼ 1  expð  10mðx  kÞÞÞ;
where p is the probability of choosing the rectangle with the
target feature on the left and x is the asymmetry of the stimulus; m and k are free parameters that we determined with
a conventional data fitting method (GausseNewton) so that p
best described the actual data of the participant. Finally, based
on the fitted curve we could determine two psychologically
relevant parameters. The first is the degree of asymmetry that
yields a probability of .5 reflecting that the two gratingscales
appear (to a given participant) to be symmetrical. Note that
this point of subjective equality usually does not coincide with
the point at which the gratingscales are physically symmetrical. For instance, in Fig. 1 the two gratingscales are mirrorsymmetric, and yet most people would tend to see the lower
rectangle to carry “more of the thinner stripes” in the HiSF
condition, and in the LoSF condition they would tend to see
the same rectangle to carry “more of the thicker stripes”,
reflecting leftward and rightward biases respectively
(Niemeier et al., 2008a). In the present study we took these
biases to be our main dependent variable.
The second psychologically relevant parameter (and
second dependent variable examined in Experiment 1) is the
slope of the psychometric function, reflecting task difficulty.
That is, a shallow slope would indicate that a participant has
difficulties with the gratingscales task, and a steep slope
would reflect that the gratingscales task is easy. Though we
had no particular predictions about slope/task difficulty we
studied it to confirm that differences in slope did not simply
explain differences in bias (Niemeier et al., 2008a).

2.2.1.

300 msec) for exploratory reasons because we have previously
found that presentation times have differential effects on
subgroups of participants (Niemeier et al., 2007), so correlations might change with presentation time. Each of the
resulting six experimental conditions (2 instructions  3
presentation times) were tested in different blocks (a total of 2
blocks per condition, 88 trials per block) such that block order
was counterbalanced while we had to change instructions as
little as possible. Generally, the order was A1/A2/A3/B3/B2/B1/
B1/B2/B3/A3/A2/A1, where numbers could represent any of
the three presentation times, and letters A and B could mean
‘HiSF’ and ‘LoSF’, respectively, or vice versa. We chose the ‘G2’
gratingscales because we have previously found that participants have more leftward bias than with other frequency
ranges (Niemeier et al., 2007).

2.2.2.

Experiment 2: attentional cueing

Experiment 1 yielded positive correlations between HiSF and
LoSF biases, contrary to what we had expected. Therefore, in
the second experiment we chose the ‘G4’ gratingscales
because we have found that differences between HiSF and
LoSF biases are most pronounced (Niemeier et al., 2008a).
To study the effect of attentional cues on the gratingscales
task we first presented a white fixation square (.13 ) containing
a black dot (.07 ) in the centre of the screen. Participants fixated
it and pressed a button. Next, one or two white circular cues
(.13 across; 100 msec duration) appeared on the left, right, or
on both sides so that their outer edges were 20 away from the
fixation square. Participants were informed that the cues were
irrelevant for the gratingscales task. Then only the fixation
square remained until the gratingscales appeared briefly
(75 msec duration), 150, 200, or 300 msec after cue onset.
These stimulus onset asynchronies (SOAs) as well as the
three cue locations were chosen randomly within 12 blocks of
168 trials each. The third independent variable, Instructions
(HiSF vs LoSF), changed after blocks 3 and 9, resulting in the
following order of blocks: A/A/A/B/B/B/B/B/B/A/A/A where A
and B could mean HiSF or LoSF, respectively or vice versa.

2.2.3.

Experiment 3: contrast modulations

To investigate why attention is more leftward biased in the
HiSF condition than in the LoSF condition, we manipulated
stimulus contrast in four conditions. As reference, the first
condition showed the gratingscales with 100% contrast and
the second showed stimuli with 25% contrast. In the third
condition, contrast was 100% on the HiSF components of the
gratingscales and linearly declined to 25% on the LoSF
components. The fourth condition reversed the contrast
gradient: LoSF components had high contrast and HiSF
components had low contrast.
All contrast conditions were presented in random order in
blocks of 80 trials, and there were four blocks for the HiSF
condition and four for the LoSF condition, conducted in
a counterbalanced order: A/A/B/B/B/B/A/A or vice versa.

Experiment 1: presentation times

The main aim of the experiment was to investigate whether
biases observed in the HiSF and the LoSF conditions are
positively, negatively or not correlated. Also, we looked at
these correlations for different presentation times (75, 150,

3.

Results

We conducted Experiment 1 to look at the correlational
relationship between HiSF and LoSF biases for different
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presentation times. But first we calculated two repeated
measures ANOVAs to confirm previous observations. The first
ANOVA included Instructions (HiSF vs LoSF) and Presentation
time (75, 150, and 300 msec) as factors and tested bias (the
point of subjective equality of the psychometric functions, see
Section 2.2) as the dependent variable. We found only
Instructions to have a significant influence [F(1,49) ¼ 42.64,
p < .0001]. That is, participants showed a leftward bias in the
HiSF condition, and a rightward bias in the LoSF condition
(Fig. 2A), consistent with our previous study (Niemeier et al.,
2008a). Presentation time and the interaction were not
significant ( p ¼ .07 and p ¼ .411, respectively).
The second ANOVA had the same factors but tested task
difficulty (i.e., the slope of the psychometric functions, see
Section 2.2) as the dependent variable. We found no effect to
reach significance ( ps > .11). Therefore, task difficulty cannot
explain differences in bias in the HiSF and LoSF conditions.
This too is consistent with our previous data (Niemeier et al.,
2008a). For this reason and to simplify matters, subsequent

Fig. 2 e Biases measured in Experiment 1. (A) Group
averages of the point of subjective equality of the
psychometric functions (horizontal axis) are plotted as
a function of presentation time (vertical axis). Full squares:
HiSF, open squares: LoSF. Error bars indicate standard
errors. (B) Scatterplot of biases for the HiSF and LoSF
conditions. White, grey and black dots: 75, 150, and
300 msec presentation time, respectively.
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sections of the Results will focus on bias as the dependent
variable that is relevant to test our model predictions.
The model predictions differ in terms of how HiSF and
LoSF biases should be correlated. To look at this we plotted
LoSF biases of individual participants as a function of their
HiSF biases for the 3 presentation times separately (see the
differently coloured circles in Fig. 2B). Regardless of presentation time we found that HiSF biases correlated positively
with LoSF biases (75 msec: r ¼ .698, p < .0001; 150 msec:
r ¼.540, p < .0001; 300 msec: r ¼ .494, p ¼ .0003; Fig. 2b), and the
correlations were comparable to correlations among HiSF
(75/150 msec: r ¼ .579, 75/300 msec: r ¼ .575, 150/300 msec:
r ¼ .602) and LoSF biases (75/150 msec: r ¼ .757, 75/300 msec:
r ¼ .495, 150/300 msec: r ¼ .642). This argues against the ‘one
mechanism model’ (model 1) and the ‘different mechanisms
model’ (model 2A) predicting negative and zero correlations,
respectively. Instead the data support the ‘same mechanisms
model’ (model 2B) that assumes that HiSF biases and LoSF
biases result from the same set of multiple mechanisms some
of which in isolation would contribute to leftward biases while
others would cause rightward biases.
So then the next question arises: how do these mechanisms amount to overt leftward biases in the HiSF condition
and rightward biases in the LoSF condition? As one possibility,
overt rightward biases could result from certain default
mechanisms and these mechanisms could be equally
involved in the HiSF and the LoSF condition, whereas other
mechanisms would be more dominant in the HiSF condition
thus resulting in a net bias to the left side in that condition
(“same mechanisms model”). Or the opposite could be true:
leftward biases could be due to default mechanisms that are
the same in the HiSF and the LoSF condition, whereas other,
right-biasing mechanisms would be more dominant in the
LoSF condition (“alternative same mechanisms model”).
To distinguish between these two possibilities and to see
whether any mechanisms underlying the HiSF and the LoSF
conditions are associated with attention, in Experiment 2 we
presented attentional cues. Similar cues have been shown to
affect biases in line-bisection tasks such that cueing attention
to the left influences biases less than cueing to the right (e.g.,
McCourt et al., 2005), consistent with the idea that attention is
already biased to the left.
This asymmetry is what we observed in the HiSF condition.
In summary, cues on the right side biased people’s responses
more in that direction than bilateral cues, especially for the
short SOA of 150 msec (as expected for stimulus-driven cueing
effects), but cues on the left side did not have this effect
(Fig. 3A, Table 1). However, cueing effects in the LoSF condition were symmetrical. No matter whether the cue appeared
on the left or the right side, people’s responses shifted in the
same direction (Fig. 3B, Table 1). This effect was more
pronounced for the short SOA of 150 msec than later and it
was rather symmetrical.
We confirmed these observations with a series of tests. A
three-way ANOVA with factors Instructions (HiSF vs LoSF),
Cue location (left vs right), and SOA (150, 200, 300 msec) tested
cueing effects on biases (biases after cues on the left or right
relative to biases after bilateral cues). It yielded an effect of
Cue location [F(1,33) ¼ 20.40, p ¼ .0001], and a three-way
interaction [F(2,66) ¼ 5.84, p ¼ .005; other effects: p > .096].

Please cite this article in press as: Vaughan VW Singh, et al., Spatial frequency-specific effects on the attentional bias: Evidence
for two attentional systems, Cortex (2010), doi:10.1016/j.cortex.2010.03.006

ARTICLE IN PRESS
6

c o r t e x x x x ( 2 0 1 0 ) 1 e1 0

Fig. 3 e Cueing effects observed in Experiment 2. (A) Group
averages for the HiSF condition. (B) Group averages for the
LoSF condition. SOA, stimulus onset asynchrony. Error
bars indicate standard errors.

Next, we conducted a two-way ANOVA for each level of the
Instructions separately. The ANOVA for the HiSF conditions
showed an effect of Cue location [F(2,33) ¼ 13.88, p ¼ .0007,
significant after Holm correction]. The factor SOA and the
interaction showed trends [F(2,66) ¼ 3.11, p ¼ .051; F(2,66) ¼
3.09, p ¼ .052]. Follow-up t-tests looked at SOAs individually.
For an SOA of 150 msec we found that left-cue and right-cue

effects differed significantly [t(33) ¼ 2.44, p ¼ .020], and only
the right-cue effect was different from zero [t(33) ¼ 2.39,
p ¼ .023], but not the left-cue effect [t(33) ¼ .71, p ¼ .484]. For an
SOA of 200 msec these early asymmetric cueing effects
disappeared [t(33) ¼ .19, p ¼ .853]. However, for an SOA of
300 msec the difference in effect between left- and right-sided
cues reappeared [t(33) ¼ 3.76, p ¼ .0008; see Section 4 for an
interpretation of the effect].
Next, the ANOVA for the LoSF conditions revealed an
influence of Cue location [F(2,33) ¼ 11.26, p ¼ .002] and an
interaction with SOAs [F(2,66) ¼ 4.20, p ¼ .019]. Follow-up
t-tests for an SOA of 150 msec found an early cueing effect
(cues on the left vs right: t(33) ¼ 5.04, p < .0001) with left-cue
effects as well as right-cue effects being different from zero
[left: t(33) ¼ 2.72, p ¼ .010; right: t(33) ¼ 3.07, p ¼ .004]. No later
effects were observed ( p > .230).
These results confirm that cueing effects in the LoSF
condition were symmetrical, in contrast to the HiSF condition.
However, it is possible that symmetries and asymmetries
were simply due to the fact that we tested biases relative to
different bilateral cueing conditions. To rule out this possibility, we looked at uncorrected biases after an SOA of
150 msec (HiSF left-cue: .64%, HiSF right-cue: .19%, LoSF
left-cue: .78%, LoSF right-cue: .57%, see Table 1) relative to
biases after an SOA of 200 msec as baseline condition (HiSF:
average of .61% and .57%, LoSF: average of .30% and .11%,
Table 1). As before, we found asymmetric cueing effects for
the HiSF condition: there was no effect after left-sided cues
[t(33) ¼ .24, p ¼ .405] but there was a significant effect after
right-sided cues [t(33) ¼ 1.99, p ¼ .0275]. In contrast, for the
LoSF condition cues on either side yielded differences [left:
t(33) ¼ 3.27, p ¼ .002; right: t(33) ¼ 2.96, p ¼ .003; all tests were
one-tailed and evaluated using Holm’s criterion].
What is the reason for this frequency-dependent difference in cueing effects? In Experiment 3 we investigated two
possible explanations, the first that the task-relevant
components of the gratingscales (“thin stripes” in HiSF and
“thick stripes” in LoSF) might differ in salience, and the second
that the task-irrelevant components might differ in the degree
to which they inhibit perception of the task-relevant components. To test these possibilities we manipulated the contrast
of the gratingscales. If reducing the contrast of the “thick
stripes” increased the difference between biases in the HiSF
and LoSF condition this would indicate that leftward bias (or
the lack thereof) is due to higher spatial frequencies being

Table 1 Experimental effects in Experiment 2.
Bias

Cueing effect

HiSF

LoSF

HiSF

LoSF

Left

Both

Right

Left

Both

Right

Left

Right

Left

Right

150 msec

Avg
SD

.64
2.28

.82
2.10

.19
2.23

.78
1.62

.21
1.63

.57
2.00

.19
1.53

.63
1.55

.57
1.22

.78
1.48

200 msec

Avg
SD

.61
2.01

.27
2.13

.57
1.80

.30
1.56

.15
1.29

.11
2.20

.34
1.53

.30
1.76

.15
1.03

.26
1.73

300 msec

Avg
SD

.90
2.00

.45
1.82

.11
1.94

.42
1.46

.26
1.75

.06
2.24

.44
1.19

.34
.98

.16
1.54

.20
1.67
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more salient than lower ones. If however reduced contrast of
the “thin stripes” increased the differences in biases this
would indicate that the difference between the HiSF and the
LoSF condition is mainly due to stronger inhibition of lower
spatial frequencies.
As shown in Fig. 4A, HiSF conditions were consistently
more left-biased than LoSF conditions, and there appeared to
be a larger difference between HiSF and LoSF biases when
contrast of the “thick stripes” of the gratingscales was low
(Fig. 4B). However, when we conducted a two-way ANOVA
(Instructions: HiSF vs LoSF; Contrast condition: high contrast/
low contrast/low contrast on LoSFs/low contrast on high
spatial frequencies) we only found a main effect of Instructions [F(1,29) ¼ 12.06, p ¼ .002; other effects: p > .168]. Regardless of the non-significant interaction, we conducted two
additional, pre-planned tests to examine our model predictions. The first test compared differences in the ‘low contrast
on LoSF’ condition with average differences in the other
conditions and yielded a significant result (one-tailed: t(29) ¼
2.25, p ¼ .016) in support of the salience model. However, the
inhibition model was not supported: differences in the ‘low
contrast on HiSF’ condition were the same as average differences in the other conditions [one-tailed: t(29) ¼ .34, p ¼ 1.00
because the sign was opposite to what expected].

4.

Discussion

In the present study we investigated which mechanisms
underlie the attentional bias using the gratingscales task.
Interestingly, people performing this task show a leftward
bias when looking for the higher spatial frequency component
(“thinner stripes”: HiSF condition) of the stimulus, but show
a rightward bias when looking for its LoSF component
(“thicker stripes”: LoSF condition; Niemeier et al., 2008a).
We recently speculated that this cross-over might be due to
a single attentional bias to the left side that causes gratings on
the left to appear higher in spatial frequency than they really
are (Gobell and Carrasco, 2005). Consequently, people should
be more inclined to choose the gratingscale with the HiSF
grating on the left side when looking for “thinner stripes”, and
they should choose the same gratingscale when looking for
“thicker stripes”. However, this ‘one mechanism model’
would predict negative correlations between leftward and
rightward biases. Instead we found positive correlations.
Positive correlations also rule out the ‘different mechanisms
model’ which proposes that leftward and rightward biases
result from independent mechanisms and therefore should not
be correlated. Instead, the ‘same mechanisms model’ assumes
that there is substantial overlap in mechanisms that cause
biases to the left and the right side in the HiSF and the LoSF
conditions, respectively. Further, the model assumes that some
of the mechanisms are stronger in the one than the other
condition. Either the HiSF condition is associated with stronger
leftward biasing mechanisms, or the LoSF condition is associated with stronger rightward biasing mechanisms.
Using an attentional cueing paradigm in Experiment 2 we
found support for the former possibility. That is, for the HiSF
condition cues with brief SOAs were only effective if they
appeared on the right side. On the left side they had no effect

Fig. 4 e Results Experiment 3. (A) Biases for the HiSF
condition (filled circles) and the LoSF condition (open
circles). (B) Differences in bias for the HiSF versus LoSF
condition. Lo Contr on Hi, contrast decreased linearly from
100% down to 25% from the LoSF to the HiSF portions of the
gratingscales; Lo Contr on Lo, contrast decreased linearly
from 100% down to 25% contrast from the HiSF to the LoSF
portions of the gratingscales; Lo Contr, gratingscales
displayed at 25% contrast; Hi Contr, gratingscales displayed
at 100% contrasts. Error bars indicate standard errors.

compared to the control condition. This is consistent with the
idea that attention is already biased to the left side. In
contrast, the LoSF condition showed symmetrical cueing
effects, suggesting that attentional asymmetries have little
influence in this condition. Thus the rightward bias observed
in the LoSF condition seems to result from mechanisms that
have little to do with attention. In addition, Experiment 2
further disconfirms the ‘one mechanism model’. The model
would predict strangely crossed cueing effects for the LoSF
condition, cues on the right side would cause biases to shift to
the left side because shifting attention to the right side should
have increased apparent spatial frequency on that side which
in turn should have made stripes there look “thinner” and
stripes on the left look “thicker”.
However, one might wonder whether our interpretation of
the cueing effects is correct. One concern could be that cueing
effects in the HiSF condition might be asymmetric because of
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a ceiling effect that prevents leftward biases to shift further to
the left side. This is unlikely because all biases are quite
modest (e.g., Figs. 2A and 4A), and we have previously shown
(Niemeier et al., 2008b) that in principle leftward biases can be
substantially larger than those observed here.
A second concern might be that attention is not only
altered by the cues but also by the gratingscales stimulus
itself. That is, when gratingscales appear on the screen they
might re-centre attention thus making it difficult to interpret
cueing effects. However, as we will argue based on previous
research and on the control measures in the present study recentring cannot explain our results. Previous research in our
lab has shown that directing people’s attention to the centre
versus the periphery of the gratingscales stimulus has no
effect on biases (Niemeier et al., 2008a). Also, the cueing
effects in the HiSF condition are similar to previously reported
cueing effects on the line-bisection task (Bultitude and Aimola
Davies, 2006; Harvey et al., 1995, 2000; Ishiai et al., 1995;
McCourt et al., 2005; Mennemeier et al., 1997; Nichelli et al.,
1989; Nicholls and Roberts, 2002; Reuter-Lorenz et al., 1990;
Reuter-Lorenz and Posner, 1990; Riddoch and Humphreys,
1983). Crucially, cueing affected line-bisection biases no
matter whether people were cued before task onset (e.g.,
McCourt et al., 2005) or with the line-bisection task already
present (e.g., Harvey et al., 1995), that is, when no stimulus
onset could have re-centred attention. Even if in the present
study re-centring had played a small, so-far-overlooked role,
our data analysis should have filtered it out in two ways. The
first is that we analyzed effects of unilateral cues minus
effects of bilateral cues, so the re-orienting effect should have
cancelled out. Secondly, any leftover of the effect should have
occurred in the HiSF as well as the LoSF condition and therefore cannot explain the substantial difference in cueing
between the HiSF and the LoSF condition.
Why do people show distinct patterns of cueing effects
when they pay attention to the high versus LoSF component of
the gratingscales? Here we considered two possibilities. Either
the gratingscales component that is relevant for the respective task is processed differently. Specifically, the HiSF
component might be more salient, and this way the HiSF
condition might be more likely to activate attention-related
mechanisms in the right hemisphere. Or the respective gratingscales component that is task-irrelevant is differently
distracting. For example, under certain high contrast conditions LoSFs exert greater centre-surround suppression than
high spatial frequencies (Betts et al., 2009). It is possible that in
the case of the gratingscales task this frequency-specific
suppression results in greater perceptual effort when people
look for “thinner stripes” rather than “thicker stripes” and that
the effort biases attention to the left side.
To test the two possibilities, in Experiment 3 we manipulated the contrast of the gratingscales. We found more
pronounced differences between the HiSF and LoSF conditions when the LoSF components of the gratingscales were
reduced in contrast compared to the HiSF component having
reduced contrast. This rather supports the idea that looking
for “thinner” is different from looking for “thicker stripes”
because higher spatial frequencies are more salient.
What causes the difference in salience? Differences might
arise from properties of early visual areas. For example,

contrast sensitivity at a retinal eccentricity of 14 peaks for
spatial frequencies of 2e3 cpd (Rovamo et al., 1978), while
leftward bias in the gratingscales task peaks for the ‘G2’
stimulus, so when people compare frequency components of
2 cpd at a roughly similar eccentricity of about 10 away from
the centre of the stimulus (Niemeier et al., 2007). But even if
this is more than a coincidence, it can only be part of the
explanation because gratingscales components with the same
spatial frequency result in leftward as well as rightward biases
depending on whether they constitute the relative high or
LoSF component of the gratingscales, an effect that we found
to be quite large (Niemeier et al., 2008a). Therefore, additional
mechanisms sensitive to relative frequencies must contribute
to the difference in salience and require further investigation.
Moreover, salience differences might be only part of the
reason for the difference in cueing effects. Experiment 3
suggests that salience is the more dominant influence
compared to suppression but it does not rule out that both
play a role. A combination of both might explain why our
effects were relatively weak, and of course it is also possible
that there are other causes of frequency-specific differences
that we did not consider here.
Either way, the present results in Experiment 2 suggest that
the leftward biases observed in the gratingscales task are due
to an asymmetry in the spatial distribution of attention. The
reference frame in which the asymmetry occurs might be eyehead-, body-, or object-centred, or it might be a combination
of several reference frames (e.g., Niemeier and Karnath, 2002;
Karnath and Niemeier, 2002). For now we cannot tell them
apart because participants’ head and body were aligned with
the monitor and the gratingscales. This was also mostly true
for the eyes because based on behavioural observations
participants usually fixated the centre of screen (perhaps with
one exception that in Experiment 2 cues with long SOAs might
have triggered eye movements, also see below). Also, there
was not enough time to move the eyes while the gratingscales
were presented. Furthermore, HiSF and LoSF biases obtained
with and without fixation point (Experiment 2 as opposed to
Experiments 1 and 3) showed essentially the same differences
in bias.
Leftward biases observed here were similar to those shown
for the line-bisection task, and given that the line-bisection
task involves the right hemisphere more than the left (Fink
et al., 2001, 2002; Foxe et al., 2003) it is conceivable that leftward bias in the gratingscales task too indicates the right
hemisphere to be more involved than the left hemisphere.
What is more, the asymmetric transient cueing effects in
Experiment 2 and the contrast effects in Experiment 3
together seem to suggest that HiSF leftward biases observed in
the gratingscales task reflect asymmetries in the distribution
of stimulus-driven aspects of attention. This is particularly
interesting because it appears to agree well with Corbetta and
Shulman’s (2002) model of attention comprising two attentional systems. One of these systems is the ventral attentional
network that is associated with stimulus-driven control of
attention and that resides in parieto-temporal and inferior
frontal areas, rather in the right than the left hemisphere.
Corbetta and Shulman (2002) argued that brain lesions
causing a functional breakdown of the ventral attentional
network might be at the core of spatial neglect. Using a task
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derived from neglect tests, our data seem to confirm the
significance of stimulus-driven aspects of the right-brain
dominance associated with neglect.
The other attentional system proposed in Corbetta and
Shulman’s (2002) model, the dorsal attentional network, is
associated with voluntary control of attention and resides in
dorsal fronto-parietal areas in both hemispheres. It might also
be involved in neglect through interactions with the ventral
attentional network. Consistent with this idea, we have
previously found that patients with neglect show different
kinds of eye movement deficits depending on whether they
move their eyes in a stimulus-driven fashion by tracking
a target that jumps across a random stimulus array or
whether they move their eyes voluntarily to search for targets
within the array (Niemeier and Karnath, 2003).
Voluntary control might also have played a role in our
present data: we found that for the LoSF condition cueing
effects disappeared for SOAs of 200 msec, as expected for the
transient nature of stimulus-driven attention. However, for
the HiSF condition cueing effects re-appeared for SOAs of
300 msec, suggesting that the HiSF condition involved slower,
potentially voluntary attentional mechanisms associated
with the dorsal attentional network.
While this interpretation is speculative and requires
further investigation, three alternative explanations would
be either incomplete or unlikely: eye movements are an
incomplete explanation. Though we cannot rule out that eye
movements occurred after an SOA of 300 msec and that they
altered biases in some way, it remains unclear why there
were no late cueing effects in the LoSF condition. What is
more it is unlikely that this late difference between HiSF and
LoSF (whether or not eye movements were involved) was
due to differences in the earlier, transient mechanisms,
because the late cueing effects in the HiSF condition were
symmetrical whereas early effects in the HiSF condition
were asymmetrical. Finally, the symmetry of the late effect
and the fact that it was in the same direction as the early
effect also makes it unlikely that the late cueing effects
reflect inhibition of return.
In conclusion, in the present study we found evidence that
the leftward and rightward biases in the gratingscales task
largely involve the same set of two or more mechanisms. At
least one of these mechanisms is a form of left-biasing,
stimulus-driven attention that is more prominent in the HiSF
condition than the LoSF condition. As such it might reflect
activity in the right-dominant ventral attentional network
proposed by Corbetta and Shulman (2002). Furthermore, a late
cueing effect in the HiSF condition could indicate activation of
voluntary attentional processes. While these speculations
require further experimental confirmation, our present data
indicate that the contrast between the two gratingscales
conditions might be ideal to identify brain processes that,
when disrupted, give rise to certain kinds of spatial neglect.

Acknowledgements
This work was supported by NSERC and CFI/OIF.

9

references

Betts LR, Sekuler AB, and Bennett PJ. Spatial characteristics of
center-surround antagonism in younger and older adults.
Journal of Vision, 9(1):25, 1–15, 2009.
Binder J, Marshall R, Lazar R, Benjamin J, and Mohr JP. Distinct
syndromes of hemineglect. Archives of Neurology, 49(11):
1187e1194, 1992.
Brainard DH. The psychophysics toolbox. Spatial Vision, 10(4):
433e436, 1997.
Bultitude JH and Aimola Davies AM. Putting attention on the line:
Investigating the activationeorientation hypothesis of
pseudoneglect. Neuropsychologia, 44(10): 1849e1858, 2006.
Corbetta M and Shulman GL. Control of goal-directed and
stimulus-driven attention in the brain. Nature Reviews
Neuroscience, 3(3): 201e215, 2002.
Damasio AR, Damasio H, and Chui HC. Neglect following damage
to frontal lobe or basal ganglia. Neuropsychologia, 18(2):
123e132, 1980.
Doricchi F, Thiebaut de Schotten M, Tomaiuolo F, and
Bartolomeo P. White matter (dis)connections and gray matter
(dys)functions in visual neglect: Gaining insights into the brain
networks of spatial awareness. Cortex, 44(8): 983e995, 2008.
Ferber S and Karnath HO. How to assess spatial neglectdline
bisection or cancellation tasks? Journal of Clinical and
Experimental Neuropsychology, 23(5): 599e607, 2001.
Fink GR, Marshall JC, Weiss PH, and Zilles K. The neural basis of
vertical and horizontal line bisection judgments: An fMRI
study of normal volunteers. Neuroimage, 14(1 Pt 2): S59eS67,
2001.
Fink GR, Marshall JC, Weiss PH, Toni I, and Zilles K. Task
instructions influence the cognitive strategies involved in line
bisection judgements: Evidence from modulated neural
mechanisms revealed by fMRI. Neuropsychologia, 40(2):
119e130, 2002.
Foxe JJ, McCourt ME, and Javitt DC. Right hemisphere control of
visuospatial attention: Line-bisection judgments evaluated
with high-density electrical mapping and source analysis.
Neuroimage, 19(3): 710e726, 2003.
Gobell J and Carrasco M. Attention alters the appearance of
spatial frequency and gap size. Psychological Science, 16(8):
644e651, 2005.
Halligan PW and Marshall JC. How long is a piece of string?
A study of line bisection in a case of visual neglect. Cortex,
24(2): 321e328, 1988.
Halligan PW and Marshall JC. Left visuo-spatial neglect:
A meaningless entity? Cortex, 28(4): 525e535, 1992.
Harvey M, Milner AD, and Roberts RC. An investigation of
hemispatial neglect using the landmark task. Brain and
Cognition, 27(1): 59e78, 1995.
Harvey M, Pool TD, Roberson MJ, and Olk B. Effects of visible
and invisible cueing procedures on perceptual judgments in
young and elderly subjects. Neuropsychologia, 38(1): 22e31,
2000.
Heilman KM and Valenstein E. Mechanisms underlying
hemispatial neglect. Annals of Neurology, 5(2): 166e170, 1979.
Husain M and Kennard C. Visual neglect associated with frontal
lobe infarction. Journal of Neurology, 243(9): 652e657, 1996.
Ishiai S, Seki K, Koyama Y, and Okiyama R. Effects of cueing on
visuospatial processing in unilateral spatial neglect. Journal
of Neurology, 242(6): 367e373, 1995.
Jewell G and McCourt ME. Pseudoneglect: A review and metaanalysis of performance factors in line bisection tasks.
Neuropsychologia, 38(1): 93e110, 2000.
Karnath HO, Ferber S, and Himmelbach M. Spatial awareness is
a function of the temporal not the posterior parietal lobe.
Nature, 411(6840): 950e963, 2001.

Please cite this article in press as: Vaughan VW Singh, et al., Spatial frequency-specific effects on the attentional bias: Evidence
for two attentional systems, Cortex (2010), doi:10.1016/j.cortex.2010.03.006

ARTICLE IN PRESS
10

c o r t e x x x x ( 2 0 1 0 ) 1 e1 0

Karnath HO, Himmelbach M, and Rorden C. The subcortical
anatomy of human spatial neglect: Putamen, caudate nucleus
and pulvinar. Brain, 125(2): 350e360, 2002.
Karnath HO and Niemeier M. Task-dependent differences in the
exploratory behaviour of patients with spatial neglect.
Neuropsychologia, 40(9): 1577e1585, 2002.
Leibovitch FS, Black SE, Caldwell CB, Ebert PL, Ehrlich LE, and
Szalai JP. Brain-behavior correlations in hemispatial neglect
using CT and SPECT: The Sunnybrook stroke study. Neurology,
50(4): 901e908, 1998.
Luh KE. Line bisection and perceptual asymmetries in normal
individuals: What you see is not what you get.
Neuropsychology, 9(4): 435e448, 1995.
Mattingley JB, Bradshaw JL, Nettleton NC, and Bradshaw JA. Can
task specific perceptual bias be distinguished from unilateral
neglect? Neuropsychologia, 32(7): 805e817, 1994.
Mattingley JB, Berberovic N, Corben L, Slavin MJ, Nicholls ME, and
Bradshaw JL. The greyscales task: A perceptual measure of
attentional bias following unilateral hemispheric damage.
Neuropsychologia, 42(3): 387e394, 2004.
McCourt ME, Garlinghouse M, and Reuter-Lorenz PA. Unilateral
visual cueing and asymmetric line geometry share a common
attentional origin in the modulation of pseudoneglect. Cortex,
41(4): 499e511, 2005.
McCourt ME and Jewell G. Visuospatial attention in line bisection:
Stimulus modulation of pseudoneglect. Neuropsychologia,
37(7): 843e855, 1999.
McGlinchey-Berroth R, Bullis DP, Milberg WP, Verfaellie M,
Alexander M, and D’Esposito M. Assessment of neglect reveals
dissociable behavioural but not neuroanatomical subtypes. Journal
of the International Neuropsychological Society, 2(5): 441e451, 1996.
Mennemeier M, Vezey E, Chatterjee A, Rapcsak SZ, and
Heilman KM. Contributions of the left and right cerebral
hemispheres to line bisection. Neuropsychologia, 35(5):
703e715, 1997.
Mennemeier M, Pierce CA, Chatterjee A, Anderson B, Jewell G,
Dowler R, et al. Biases in attentional orientation and magnitude
estimation explain crossover: Neglect is a disorder of both.
Journal of Cognitive Neuroscience, 17(8): 1194e1221, 2005.
Milner AD and Harvey M. Distortion of size perception in
visuospatial neglect. Current Biology, 5(1): 85e89, 1995.
Monaghan P and Shillcock R. Hemispheric asymmetries in
cognitive modeling: Connectionist modeling of unilateral
visual neglect. Psychological Review, 111(2): 283e308, 2004.
Mort DJ, Malhotra P, Mannan SK, Rorden C, Pambakian A,
Kennard C, et al. The anatomy of visual neglect. Brain,
126(Pt 9): 1986e1997, 2003.
Nichelli P, Rinaldi M, and Cubelli R. Selective spatial attention and
length representation in normal subjects and in patients with
unilateral spatial neglect. Brain and Cognition, 9(1): 57e70, 1989.
Nicholls MER, Bradshaw JL, and Mattingley JB. Free viewing
perceptual asymmetries for the judgement of brightness,
numerosity and size. Neuropsychologia, 37(3): 307e314, 1999.

Nicholls MER and Roberts GR. Can free-viewing perceptual
asymmetries be explained by scanning, pre-motor or
attentional biases? Cortex, 38(2): 113e136, 2002.
Niemeier M and Karnath HO. Stimulus-driven and voluntary
saccades are coded in different coordinate systems. Current
Biology, 13(7): 585e589, 2003.
Niemeier M and Karnath HO. Simulating and testing visual
exploration in spatial neglect based on a new model for
cortical coordinate transformation. Experimental Brain Research,
145(4): 512e519, 2002.
Niemeier M, Stojanoski B, and Greco AL. Influences of time and
spatial frequency on the perceptual bias: evidence for
competition between hemispheres. Neuropsychologia, 45(5):
1029e1040, 2007.
Niemeier M, Stojanoski B, Singh VWA, and Chu E. Paradoxical
cross-over due to attention to high or low spatial frequencies.
Brain and Cognition, 67(1): 115e124, 2008a.
Niemeier M, Singh VWA, Keough M, and Akbar N. The
perceptual consequences of the attentional bias: Evidence
for distractor removal. Experimental Brain Research, 189(4):
411e420, 2008b.
Oldfield RC. The assessment and analysis of handedness: The
Edinburgh inventory. Neuropsychologia, 9(1): 97e113, 1971.
Pelli DG. The VideoToolbox software for visual psychophysics.
Transforming numbers into movies. Spatial Vision, 10(4):
437e442, 1997.
Reuter-Lorenz PA and Posner MI. Components of neglect from
right-hemisphere damage: An analysis of line bisection.
Neuropsychologia, 28(4): 327e333, 1990.
Reuter-Lorenz PA, Kinsbourne M, and Moscovitch M. Hemispheric
control of spatial attention. Brain and Cognition, 12(2): 240e266,
1990.
Riddoch MJ and Humphreys GW. The effect of cueing on
unilateral neglect. Neuropsychologia, 21(6): 589e599, 1983.
Rovamo J, Virsu V, and Nasanen R. Cortical magnification factor
predicts the photopic contrast sensitivity of peripheral vision.
Nature, 271(5640): 54e56, 1978.
Rorden C, Berger MF, and Karnath HO. Disturbed line bisection is
associated with posterior brain lesions. Brain Research, 1080(1):
17e25, 2006.
Rueckert L, Deravanesian A, Baboorian D, Lacalamita A, and
Repplinger M. Pseudoneglect and the cross-over effect.
Neuropsychologia, 40(2): 162e173, 2002.
Schenkenberg T, Bradford DC, and Ajax ET. Line bisection and
unilateral visual neglect in patients with neurologic
impairment. Neurology, 30(5): 509e517, 1980.
Sergent J. The cerebral balance of power: Confrontation or
cooperation. Journal of Experimental Psychology: Human
Perception and Performance, 8(2): 253e272, 1982.
Vallar G and Perani D. The anatomy of unilateral neglect after
right-hemisphere stroke lesions. A clinical/CT-scan
correlation study in man. Neuropsychologia, 24(5): 609e622,
1986.

Please cite this article in press as: Vaughan VW Singh, et al., Spatial frequency-specific effects on the attentional bias: Evidence
for two attentional systems, Cortex (2010), doi:10.1016/j.cortex.2010.03.006

