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Abstract

Most healthy individuals display a subtle spatial attentional bias, exhibiting relative inattention for
stimuli on one side of the visual field, a phenomenon known as pseudoneglect. Prior work in animals
and patients has implicated dopamine in spatial attention asymmetries. The current study therefore
examined - in healthy individuals - the relationship between the attentional bias and spontaneous
eye-blink rate (EBR), a putative measure of central dopaminergic function. We found that those
individuals, who blinked more often under resting conditions, displayed greater preference for the
right side of the visual display in a subsequent attention task. This finding may support the idea that
the observed attentional bias in healthy individuals reflects asymmetries in dopaminergic circuits,
and corroborates previous findings implicating dopamine in spatial attention.

Introduction

Following unilateral brain damage, patients often display a spatial attentional bias towards the
side of the lesion, and reduced awareness of stimuli on the other side of space (Heilman,
Watson, & Valenstein, 1985). Interestingly, healthy individuals display similar, although
generally more subtle attentional biases, reflecting the phenomenon of pseudoneglect
(Nicholls, Bradshaw, & Mattingley, 1999). For example, the greyscales (GS) task, which has
been shown to be sensitive to pathological attentional biases in patients, also revealed biases
in spatial attention in healthy individuals (Mattingley, Berberovic, Corben, Slavin, Nicholls &
Bradshaw, 2004). In this task, individuals are required to indicate which of two, mirror
reversed, incrementally shaded rectangles, from dark on one side to light on the other, appears
overall darker. Although the two rectangles are equal in luminance, healthy individuals
designate the rectangle that is darker on the left-hand side as darker overall on about two thirds
of trials (Nicholls et al., 1999). This consistent leftward bias is thought to reflect the preferential
activation of the right hemisphere, due to the spatial component of the brightness comparison,
which induces a contralateral bias of attention (Kinsbourne, 1993). Notably, although overall,
healthy individuals show a leftward bias, there is large individual variability in the magnitude
and direction of the attentional bias, with a small percentage of individuals (about 15%)
showing a bias towards the right side of space (Nicholls et al., 1999; Tomer, 2008). Using the
GS task, Tomer (2008) recently reported a consistent magnitude and direction of attentional
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bias across two separate testing sessions in healthy individuals, suggesting that this bias may
reflect an individual trait.

Based on findings in patient populations and animal studies, it has been suggested that the
observed attentional bias in healthy individuals may reflect asymmetries in dopaminergic
circuits (Tomer, 2008). First, improvement of neglect behavior has been reported in patients
treated with a dopamine (DA) agonist (Fleet, Valenstein, Watson & Heilman, 1987). Second,
it has been shown that intact rats consistently orient contralaterally to the striatum with higher
DA activity and that, following unilateral DA depletion induced by 6-OHDA, both rats (Glick
& Shapiro, 1985) and marmoset monkeys (Milton et al., 2004) exhibit an acute unilateral
syndrome, similar to contralesional spatial neglect resulting from an experimentally induced
middle cerebral artery stroke. Third, studies in both healthy children and children with attention
deficit hyperactivity disorder (ADHD) have reported associations with variants of the
dopamine transporter gene (DAT1) and the control of spatial attention across the hemifields
(Bellgrove et al., 2007; Bellgrove, Hawi, Kirly, Gill, & Robertson, 2005). Lastly, in ADHD,
left-sided inattention is improved by treatment with methylphenidate, which inhibits the DAT1
(Sheppard, Bradshaw, Mattingley, & Lee, 1999). These demonstrations that modulations of,
and disturbances in striatal DA function influence the attentional bias provide support for the
suggestion that the observed attentional bias in healthy individuals reflects asymmetries in
dopaminergic circuits (Tomer, 2008).

The present study aimed at gaining a better understanding of the neuropharmacology
underlying the attentional bias in healthy individuals. Specifically, it examined the relationship
between the direction and degree of attentional bias, as measured using the GS task, and
spontaneous eye-blink rate (EBR), a putative measure of tonic DA level (Karson, 1983).
Convergent evidence shows that EBR, or the frequency of blinks per minute under resting
conditions, is regulated in part by DA. Most importantly, EBR is elevated by DA agonists and
reduced by DA antagonists (Kleven & Koek, 1996; Lawrence & Redmond, 1990).
Furthermore, EBR is reduced in Parkinson’s disease (PD) and this reduction is correlated with
disease severity and occurs even when the signs and symptoms of the illness are mild (Karson,
Burns, LeWitt, Foster, & Newman, 1984). Since severity of motor signs in PD is correlated
with the degree of loss of DA activity in the striatum (Tatsch et al., 1997), the significant
relationship between EBR and motor signs in PD supports the notion that EBR may serve as
an index of dopaminergic activity in the striatum. This notion is further supported by
experimental manipulation of the dopaminergic system in monkeys; Taylor et al. (1999)
reported that in MPTP-treated monkeys, severity of Parkinsonism was inversely correlated
with EBR, and EBR significantly correlated with concentration of DA in the caudate nucleus.
Several other lines of research provide additional support for a link between EBR and striatal
dopaminergic activity. First, recreational cocaine users, who display reduced D2 receptor
activity, show reduced EBRs (Colzato, van den Wildenberg, & Hommel, 2008b). Second,
individuals with repetitive behaviour disorders, which are associated with lower levels of
plasma concentrations of the dopamine metabolite homovanillic acid (HVA) (Lewis et al.
1996), generally show lower EBR (Bodfish, Powell, Golden, & Lewis, 1995; MacLean et al.,
1985). Third and lastly, a genetic study in humans demonstrated a strong association between
EBR and the DRDA4/7 genotype, which is related to the control of striatal DA release (Dreishach
et al., 2005). Thus, convergent evidence from different lines of research indicates that striatal
DA activity regulates EBR.

Since spontaneous EBR reflects striatal DA activity, and given that the attentional bias has
been linked to asymmetries in the nigrostriatal DA circuits, the current study examined the
relationship between EBR and the direction and degree of attentional bias in healthy
individuals. As mentioned earlier, Bellgrove and colleagues (2005; 2007) reported that children
who were homozygous for the 10-repeat allele of the 3'-UTR VNTR of the DAT gene, had an
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attenuated leftward attentional bias as compared to children who were heterozygotes for this
allele. Based on in vitro studies showing association between the 10-repeat DAT1 allele and
increased expression level of the transporter (Fuke et al., 2001; Mill et al., 2002), the authors
interpreted their finding as suggesting that the 10-repeat allele is associated with decreased
dopamine signaling at the level of the right striatum (Bellgrove et al., 2005), or the right parietal
lobe (Bellgrove et al., 2007). If attention is biased ipsilaterally to the hemisphere with lower
dopamine signaling, this decreased dopaminergic signaling in the right hemisphere (associated
with the homozygous 10-repeat allele) should be associated with rightward attentional bias.
Taken together with evidence (described earlier) suggesting that EBR may be used as an index
of tonic DA activity, we predicted a correlation between EBR and attentional bias, with higher
blink rate associated with greater bias toward the right hemispace.

2. Methods
2. 1. Participants

23 right-handed participants (12 women, 18 to 29 years old, median age 20.0 years) were paid
$10 per hour for their participation. They had no clinically significant medical disease, no
history of mental or neurological illness, and normal or corrected-to-normal vision. The study
was approved by the university’s ethics committee.

2.2. Eyeblink rate recordings

Eye blinks were recorded with two vertical Ag—AgCl electrodes above and below the left eye,
for 6-min eyes-open segments under resting conditions (cf. Colzato, van Wouwe,, & Hommel,
2007; Colzato, Slagter, Spape, & Hommel, 2008; Colzato, Slagter, van den Wildenberg, &
Hommel, 2009). A ground electrode was placed on the forehead. Impedances were kept below
20 kQ. Given that spontaneous EBR is stable during daytime, but increases in the evening
(Barbato et al., 2000), data were never collected after 5 p.m. In addition, we asked participants
to avoid alcohol and nicotine consumption and to sleep sufficiently the day before the
recording. During recordings, participants did not wear contact lenses, were alone in the room,
and sat upright and silent. They were asked to look straight ahead, to not visually fixate on a
particular object, and were not instructed in any manner about blinking.

2.3. The greyscales task

After the EBR recordings, participants performed the computerized version of the greyscales
task (Nicholls et al., 1999). This task requires participants to judge which of two brightness
gradients (greyscales) appears darker overall. Each stimulus pair includes one greyscale shaded
(in 80 increments) from black on the left to white on the right and one greyscale shaded in the
reverse direction (Figure 1). The horizontal midlines of the stimuli are aligned with the center
of the display screen, and the stimuli are aligned vertically (one above the other), such that
choices (top vs. bottom) are orthogonal to the direction of the gradients, reducing the potential
influence of response biases. They are 79 pixels high. Their lengths vary between 320, 400,
480, 560, 640, and 720 pixels (the same for both stimuli in a pair). Each pair of stimuli is
presented on the screen until a response is made and maximally for 5000 ms. Following a
response, the screen is cleared and a central fixation cross is shown on which participants have
to fixate their gaze for 1000 ms before the next pair of greyscales is presented. Stimuli were
shown using Eprime 2.0.

During an initial practice block, participants familiarized themselves with the task by
performing 12 trials in which the relative luminance of the two stimuli was adjusted so that
one stimulus was clearly darker than the other. In a subsequent “test” block, they performed
96 trials in which the relative luminance of two stimuli was adjusted so that one stimulus was
only slightly darker than the other. Without any notice or break, they then continued to do
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another 72 trials in which greyscales within a pair were identical in overall luminance, but left—
right mirror-reversed. Thus, in this “bias” block, the two stimuli were physically identical, but
one greyscale was darker at the right end and the other was darker at the left end. This permitted
us to determine each individual’s attentional bias. Stimuli of each length were presented 12
times in pseudorandom order, with the positions of the rectangles (top/bottom)
counterbalanced.

Participants were asked to align their midlines with the center of the screen, and the viewing
distance was 65 cm. They were asked to press the up or down arrow key on the computer
keyboard to indicate the top or bottom rectangle, respectively. Accuracy of response was
stressed as important rather than speed, but participants were told to respond while the stimuli
are present on the screen. Responses were categorized as either left or right according to
whether participants selected the rectangle that was dark on its “left” or ‘right’ side, respectively.

3. Analysis

4. Results

Based on the behavioral data from the “bias” block, an asymmetry index (Al) was calculated
for each subject, according to the following formula: Al = [number of right responses—number
of left responses]/total. The values of this index can vary between —1.0 and +1.0, with negative
scores indicating a leftward bias and positive scores indicating a rightward bias. We also
calculated and compared the percentage of left vs. right errors in the test block to determine
the presence of a left attentional bias in this block. Each individual’s EBR was computed
according to automatic and manual procedures using Matlab. First, a voltage threshold was
determined that appeared to capture most blinks, and little artifacts (e.g., muscle-related
artifacts) in the data. Then, 20-sec epochs were visually inspected for detection accuracy, i.e.,
the presence/absence of blinks. To test our main hypothesis, that a higher blink rate is associated
with a greater bias toward the right hemispace, a Pearson correlation test was run which
examined the relationship between EBR and the Al.

Replicating previous findings, on average, participants displayed a slight bias towards the left
hemispace (mean Al = —0.18; standard deviation (SD) = 0.33; Nicolls et al., 1999; Tomer,
2008) and blinked 13.6 times per minute (SD = 5.9; Colzato et al., 2008, 2009; Depue et al.,
1994). A one sample t-test, comparing the mean Al to zero, confirmed the presence of a left
attentional bias at the group level (p=.011). Furthermore, as in previous studies, large variability
was observed across individuals both in the magnitude and direction of the attentional bias and
in EBR. Importantly, as predicted, those individuals who blinked relatively often, generally
showed a stronger bias towards the right hemispace, as reflected by a significant correlation
between EBR and Al (r(n=23) = 0.44; p=.036) (Figure 2).

The mean correct responses during the test block was 71.7% (£12.2). As would be expected,
participants as a group made slightly more errors choosing left when right was the correct
response (left errors; 58.2% + 21.96) than when choosing right when left would have been
correct (right errors; 41.8% + 21.96) (p=.087). This error bias was also reflected in a modest
left Al for the errors (i.e., (right errors — left errors)/total number of errors) in the test block:
—0.16 (differed at trend level from zero; p=.08). Thus, the test block also revealed a left
attentional bias, although this bias was somewhat weaker than the bias that was observed in
the bias block. The correlation between the Error Al and the Bias Al was highly significant (r
(23)=.73; p<.0001), suggesting that the attentional bias is reflected in both measures.
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5. Discussion

The current study examined the relationship between spontaneous EBR, a functional marker
of central DA function, and the attentional bias in healthy individuals. Our main finding was
that spontaneous EBR predicted the magnitude and direction of the attentional bias: Those
individuals who blinked relatively often, showed a stronger attentional bias towards the right
hemispace. Although the correlative nature of our finding does not directly speak to the
underlying causal relations, together with prior work in animals and patients (discussed below),
it supports the idea that asymmetries in striatal DA activity may influence the tendency of a
healthy individual to attend to one versus the other side of space (Tomer, 2008).

Asmentioned in the introduction, spontaneous EBR provides a well-established, albeit indirect,
measure of striatal DA function. Yet, at present, it is still unclear to what extent this measure
reflects left versus right striatal DA function. There is indirect evidence from two lines of
research suggesting that higher DA activity in the left striatum may drive both higher EBR and
a rightward attentional bias. First, in schizophrenic patients, both increased EBR (Karson,
1990; Mackert, Flectner, Woyth & Frick, 1991) and greater left than right dopaminergic activity
in the striatum have been reported (Farde et al.,1990; Nozaki et al., 2009). Second, children
with left, but not right, focal epileptic activity displayed significantly lower EBR than those
with a right focus (Caplan et al., 1998), and epilectic patients show lower DA D2 receptor
binding in the left basal ganglia (Ring et al., 1992). These findings provide indirect support for
the idea that greater activity in left striatal structures may drive both higher EBR and a rightward
attentional bias (Tomer, 2008). Neuroimaging studies using positron emission tomography
(PET) are necessary to further establish the link between asymmetries in striatal DA activity,
EBR, and the tendency of a healthy individual to attend to one versus the other side of space.

Other neurotransmitters likely also play a role in spatial attention. Indeed, contemporary
models of attention emphasize the importance of cholinergic and noradrenergic mechanisms
in modulating spatial attention (e.g., Coull, 1998; Posner & Peterson, 1990). Yet, as argued
above, and as others have previously argued (Bellgrove et al., 2007), there are good reasons
to expectarole for dopamine in directed attention, in particular across hemifields. First, clinical
neglect in humans improves by treatment with dopamine agonists (Fleet et al., 1987). Second,
following unilateral DA depletion induced by 6-OHDA, rats (Glick & Shapiro, 1985) and
monkeys (Milton et al., 2004) display neglect of the hemispace contralateral to the lesion.
Third, studies in both healthy children and children with attention deficit hyperactivity disorder
(ADHD) have reported associations with variants of the dopamine transporter gene (DAT1)
and the control of spatial attention across the hemifields (Bellgrove et al., 2007; Bellgrove,
Hawi, Kirly, Gill, & Robertson, 2005). Also, in ADHD, left-sided inattention is improved by
treatment with methylphenidate, which inhibits the DAT1 (Sheppard, Bradshaw, Mattingley,
& Lee, 1999). The current observation that spontaneous eye blink rate, a functional marker of
central DA activity, predicts spatial attention asymmetries in healthy adults adds to this body
of work supporting a role for dopamine in directing spatial attention. Clearly, future studies
using dopamine neuromodulators or PET are needed to determine more precisely the role of
dopamine in spatial attention asymmetries and spatial attention in general.
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Figure 1.
Example of one of the greyscale stimuli.
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Figure 2.
Relationship between the magnitude and degree of attentional bias and central dopaminergic
activity, as indexed by EBR.
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