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Abstract Clinical neglect patients overattend to stimuli on
their right, whereas the general population overattend to the
left (pseudoneglect). Both phenomena are affected by viewing
distance, whereby the attentional biases are attenuated as the
stimulus moves from near to far space. Both are also affected
by stimulus length and reduce in strength, or even reverse (the
crossover effect), as length decreases. To gain an insight into
the cognitive/neural mechanisms that underlie the effects of
viewing distance and stimulus length, in two experiments we
examined the interaction between the variables. In Experiment
1 we asked university students (n = 20) to perform a horizontal
landmark bisection task with lines presented at varying
lengths (1.2°, 6.3°, and 18.4° of viewing angle) and distances
(450 and 1,350 mm). A crossover effect and pseudoneglect
were observed for the short and the long lines, respectively.
An effect of viewing distance was only observed for long
lines. Experiment 2 was the same, except that the lines were
rotated to form vertical lines. No crossover effect was ob-
served for the short lines, but an upward bias was observed
for the long lines. Once again, an effect of viewing distance
was only apparent for the long lines. These results demon-
strate that the crossover effect is not a general property of short
lines and is specific to the horizontal dimension. Models of
crossover therefore need to incorporate processes related to
left-right asymmetries. The results also demonstrate that
viewing distance only affects long lines, and that this happens
irrespective of orientation. A model of viewing distance is
discussed that incorporates a right hemisphere mechanism
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specialized for an interaction between the ventral and dorsal
streams.
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Spatial attention is not distributed evenly across the visual
field, and asymmetries exist along the horizontal, vertical,
and radial axes. Along the horizontal axis, the most dramatic
example comes from clinical neglect patients with damage to
the right parietal lobe, who ignore the left side of space and
overattend to the right (Heilman, Watson, & Valenstein,
1993). More subtle attentional asymmetries also occur in the
general population. One such asymmetry, known as
pseudoneglect (Bowers & Heilman, 1980), appears to mirror
many of the features of clinical neglect (Jewell & McCourt,
2000). Pseudoneglect causes people to overestimate the left-
ward side of a stimulus as compared to the right. The leftward
bias can be seen in tasks, such as line bisection, in which
participants overestimate the relative length on the left
(McCourt, 2001; McCourt & Jewell, 1999; Thomas,
Castine, Loetscher, & Nicholls, 2015). A leftward overestima-
tion is seen for a range of other discriminations, such as lumi-
nance discrimination (Nicholls, Bradshaw, & Mattingley,
1999), for visual search (Nicholls et al., 2014), and even for
the left/right mental representations of stimuli (Loftus &
Nicholls, 2012; Loftus, Nicholls, Mattingley, Chapman, &
Bradshaw, 2009).

Pseudoneglect is often explained with reference to models
of attentional asymmetry generated by the left and right cere-
bral hemispheres (e.g., Heilman & Van Den Abell, 1980).
These models assume that the right hemisphere is specialized
for tasks that engage spatial attention (see Fink et al., 2000).
Therefore, when faced with a task such as line bisection,
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which requires spatial attention, the right hemisphere is more
activated than the left. Kinsbourne (1993) proposed that dif-
ferential levels of activation between the hemispheres cause a
bias of attention toward the hemispace contralateral to the
more activated hemisphere. As a result, the act of spatial pro-
cessing during line bisection precipitates a bias of attention to
the left hemispace, causing the features of the stimulus on that
side to appear more salient. More recent models have pro-
posed a revised activation—orientation model, in which
pseudoneglect and neglect are explained in terms of asymmet-
ric interhemispheric neural activation and connectivity
(Siman-Tov et al., 2007). Neuroanatomical support for these
models has come from a diffusion tensor-imaging study by
Thiebaut de Schotten et al. (2011), which showed that indi-
vidual differences in the strengths of pseudoneglect were re-
lated to asymmetries in the neural pathways connecting the
ventral and dorsal attentional systems in the right hemisphere.
Besides imbalances in attention, it has been proposed that
cultural effects, such a reading, affect perceptual asymmetries
(Chokron & Imbert, 1993). Readers of English may therefore
overestimate the left of a stimulus because of their left-to-right
reading habits, as compared to readers of Hebrew, with a right-
to-left reading direction. Although it appears that reading
habits do affect perceptual asymmetries (Chokron & Imbert,
1993), it also seems that the effect of reading direction is a
moderator rather than a generator of pseudoneglect (Rinaldi,
Di Luca, Henik, & Girelli, 2014).

Viewing distance is known to be an important factor in the
manifestation of both clinical neglect and pseudoneglect. For
clinical patients, a dissociation is observed whereby symptoms
of leftward neglect are strong for stimuli placed within reach
(peripersonal space), and abate for stimuli placed outside of
reach (extrapersonal space) (Aimola, Schindler, Simone, &
Venneri, 2012). A similar effect of distance is observed in the
general population. For example, Longo and Lourenco (2006)
presented lines at distances ranging between 300 and 1,200 mm
and asked participants to bisect the lines using either a stick or a
laser pointer. When the lines were bisected with a stick, which
brought the stimuli “within reach” (see Iriki, Tanaka, &
Iwamura, 1996, for an animal model, and Berti & Frassinetti,
2000, for a human model), a consistent leftward bisection was
observed. Conversely, when the lines were bisected using a
laser pointer, which allowed the lines to pass out of reach, a
leftward bias was observed for the near lines, which turned into
a rightward bisection bias for the far lines. Similar results have
been reported by Gamberini, Seraglia, and Priftis (2008) for
near and far stimuli in both a real and a virtual reality environ-
ment. Although a rightward bisection bias for lines in far space
has also been reported by Nicholls, Jones, and Robertson
(2016), it should be noted that sometimes the leftward atten-
tional bias is only reduced in the far condition (Bjoertomt,
Cowey, & Walsh, 2002; Longo Trippier, Vagnoni, &
Lourenco, 2015). As an example, McCourt and Garlinghouse
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(2000) presented prebisected lines at viewing distances of 450
and 900 mm and found a leftward bias for close lines, which
was significantly reduced for far lines.

The effect of viewing distance on asymmetries in line bi-
section is commonly explained with reference to the relative
activations of different neural systems that are specialized for
the processing of near and far space (for a review, see Konen
& Kastner, 2008). Building upon findings of primate research
by Rizzolatti, Matelli, and Pavesi (1983), Weiss et al. (2000)
used regional cerebral blood flow to demonstrate the activa-
tion of brain regions associated with the dorsal (intraparietal
sulcus) and ventral (medial temporal cortex) streams for the
bisection of lines placed in near and far space, respectively. It
is therefore possible that stimuli located in near space activate
parietal/dorsal mechanisms, which are also implicated in the
generation of pseudoneglect (Bjoertomt et al., 2002; Foxe,
McCourt, & Javitt, 2003; Waberski et al., 2008)—Ieading to
a leftward bias. In contrast, stimuli located in far space activate
temporal/ventral mechanisms, which are not so closely tied to
the generation of pseudoneglect. Recent support for such a
model has come from Longo et al. (2015). They measured
electroencephalography (EEG) while participants carried out
a landmark task in near and far space and found strong, typical
activation of right parietal/occipital regions when the stimuli
were located in near space, which diminished as the stimuli
moved into far space. The effect of viewing distance on hemi-
spheric asymmetry was especially pronounced between 240
and 400 ms, suggesting a relatively late stage of processing.
Longo et al. went on to suggest that the right ventral superior
longitudinal fasciculus, identified by Thiebaut de Schotten
et al. (2011) as a neural substrate of pseudoneglect, may be
particularly important for the visuospatial processing of lines
located in near space.

Stimulus length is another important factor that affects the
degree and direction of both clinical neglect and
pseudoneglect (see Jewell & McCourt, 2000, for a review).
As an example of this research, McCourt and Jewell (1999)
asked participants to indicate whether prebisected lines (i.e.,
the landmark task) were transected to the left or right of true
center. The lines varied in length from 1.48° to 31.47° of
viewing angle (VA), in six steps. McCourt and Jewell found
the expected leftward attentional bias for the longer lines,
which was reduced as the lines became shorter. Finally, for
the shortest line (1.48°), a reversal toward a rightward atten-
tional bias was observed. This reversal, known as the cross-
over effect, was first noted in patients with spatial neglect,
whereby the rightward bisection bias for longer lines crosses
over to a leftward bisection bias for very short lines
(Moonaghan & Shillcock, 1998). A similar effect has been
observed in the general population. In this case, however,
the leftward bisection bias for longer lines crosses over to a
rightward bias for very short lines (Rueckert, Deravanesian,
Baboorian, Lacalamita, & Repplinger, 2002).
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Benwell, Harvey, Gardner, and Thut (2013) suggested that
pseudoneglect and the crossover effect both stem from atten-
tional processes related to the activity of the hemispheres. For
example, long lines are known to engage right hemisphere
processing mechanisms more than short lines do (Benwell,
Harvey, & Thut, 2014). The additional right hemisphere acti-
vation caused by longer lines may therefore combine with the
existing right hemisphere activity for the task to increase the
leftward overestimation of the line. To support their theory,
Benwell et al. (2013) independently manipulated line length
and arousal during a line bisection task. Reductions in both
line length and arousal are known to reduce leftward atten-
tional biases—and possibly to lead to rightward biases instead
(Benwell et al., 2013). Results have shown that line length and
fatigue have additive effects, suggesting that the bisection
asymmetries for short and long lines are governed by a
common set of processes. A similar additive effect was
observed by Benwell, Thut, Grant, and Harvey (2014) for
the effect of ageing, which is also known to reduce right
hemisphere activity.

To investigate the neural mechanisms that underlie the ef-
fect of length more closely, Benwell, Harvey, and Thut (2014)
asked participants to make estimates of the relative lengths of
the left and right sides of a prebisected line presented at a
viewing distance of 1.0 m, which were either short (1° of
VA) or long (15.3° of VA). Significant leftward overestima-
tion (pseudoneglect) was observed for the long lines, whereas
the short lines produced a leftward bias that was not signifi-
cantly different from zero (no bias). EEG recordings were
made while participants carried out the task. Source localiza-
tion showed that the effect of line length was associated with
activity of the tempero-parietal junction in the right hemi-
sphere, which is associated with the ventral attentional system.
Benwell, Harvey, and Thut suggested that long lines selective-
ly activate resources within the right hemisphere ventral net-
work, whereas short lines do not activate these same arcas—
causing a reduction of pseudoneglect. It is noteworthy that the
EEG asymmetries arose between 100 and 200 ms—suggest-
ing a relatively early stage of processing. The effect of line
length therefore contrasts with the data reported by Longo
et al. (2015), which showed late processing for the effect of
viewing distance—suggesting a temporal dissociation in the
effects of stimulus length and viewing distance on line bisec-
tion. Finally, although Benwell, Harvey, and Thut observed a
dissociation between the ventral and dorsal attentional areas as
a function of line length, it should be noted that this effect may
be specific to the effect of line length. The implication that
long lines, which generate stronger pseudoneglect, are associ-
ated with ventral-stream processing is not compatible with the
larger literature pointing to a role of the right dorsal stream in
the generation of pseudoneglect in near space (e.g., Bjoertomt
et al., 2002; Foxe et al., 2003; Waberski et al., 2008; Weiss
et al., 2000).

Important insights into the cognitive/neural mechanisms
that underlie the effects of viewing distance and stimulus
length can be gained by examining the interaction between
the two variables. If an interaction is found, it suggests a dis-
sociation in the mechanisms engaged by the task. One study to
do this was carried out by Varnava, McCarthy, and Beaumont
(2002). They asked participants to move a cursor along a
horizontal line to indicate the perceived middle. The lines
were presented at four viewing distances, ranging from 300
to 1,200 mm. The lines ranged in length from 3.8° to 14.9° of
VA. Finally, the cursor could start on the left or the right side.
Varnava et al. found the expected effect of distance, whereby a
leftward bias was found in near space, which changed to a
rightward bias in far space. Surprisingly, they observed no
effect of line length and no evidence of a crossover effect for
the shortest line. The lack of a crossover effect may be related
to the fact that the shortest stimulus was significantly longer
than the stimuli used by Rueckert et al. (2002), which
subtended approximately 1.4° of VA. In addition, no interac-
tion between viewing distance and line length emerged. There
was, however, a three-way interaction—suggesting that disso-
ciated neural systems are responsible for processing informa-
tion in near and far space.

Heber, Siebertz, Wolter, Kuhlen, and Fimm (2010) also
examined the interaction between stimulus length and viewing
distance. Using a virtual-reality technique, stimuli were pre-
sented at a virtual viewing distance of 300 or 2,700 mm and
ranged in length from 22.6° to 46.6° of VA. Participants were
asked to carry out a greyscales task as well as a landmark task.
For the horizontal trials, pseudoneglect was stronger for both
tasks in near than in far space. Both tasks also showed the
expected effect of length, which did not interact with viewing
distance. They found no crossover effects—as might be ex-
pected for relatively long stimuli.

Although the studies by Varnava et al. (2002) and Heber
et al. (2010) manipulated viewing distance and stimulus
length within single experiments, neither found an interaction
between viewing distance and stimulus length. Both studies
therefore suggest that similar sets of cognitive/neural mecha-
nisms are engaged by manipulations of both variables (not-
withstanding the third-order interaction with scanning direc-
tion observed by Varnava et al., 2002). The failure to find an
interaction, however, may have been related to the fact that a
limited range of stimulus lengths were used. In particular,
neither study used very short lines, which might have induced
a crossover effect. In the present study, we sought to address
this issue by using stimuli specifically designed to induce
pseudoneglect and the crossover effect and to examine the
effects of viewing distance on both phenomena. In the first
experiment, we examined the effects of stimulus length and
viewing distance for horizontally aligned lines. The second
experiment generalized the experimental paradigm to the ver-
tical dimension, in which attentional asymmetries are also
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known to exist (Drain & Reuter-Lorenz, 1996; McCourt &
Olafson, 1997; Nicholls, Mattingley, Berberovic, Smith, &
Bradshaw, 2004). By applying the same paradigm across the
two dimensions, we sought to gain a much better insight into
the mechanisms that are affected by viewing distance and
stimulus length.

Experiment 1

In the first experiment, we examined the effect of viewing
distance (near [450 mm] and far [1,350 mm]) on bisection
asymmetries in a horizontal landmark line bisection task,
using (a) short, (b) medium, and (c) long lines.

(a) The short lines subtended 1.27° of VA. Given that
Rueckert et al. (2002) had observed a crossover effect
for lines of approximately 1.4° VA, a similar crossover
effect was expected. How the response asymmetry
would be affected by viewing distance was not certain,
given that this condition had not been tested before. If an
interaction were found, it would suggest that the ventral/
dorsal mechanisms purported to play a role in the effect
of viewing distance (Bjoertomt et al., 2002) are specific
to long lines.

(b) The medium lines subtended 6.34° of VA. At this length,
minimal pseudoneglect has been reported (McCourt &
Jewell, 1999). No response asymmetry or only a weak
bias toward the left was therefore expected in this condi-
tion. How the data would be affected by viewing distance
was once again uncertain—though an interaction would
suggest a dissociation in the underlying mechanisms.

(c) The long lines subtended 18.43° of VA. In the near view-
ing condition, an overestimation of the leftward features,
consistent with the effect of pseudoneglect, was expected
(McCourt, 2001; McCourt & Jewell, 1999; Thomas
et al., 2015). In the far condition, the leftward bias was
expected to be either reversed to a rightward bias (Longo
& Lourenco, 2006; Nicholls et al., 2016) or extinguished
(Bjoertomt et al., 2002; Longo et al., 2015; McCourt &
Garlinghouse, 2000).

Method

Participants Twenty university students (15 females, five
males) participated in the experiment to receive course credit.
The participants’ ages ranged between 17 and 19 years (M =
18.25 years), and all had normal or corrected-to-normal vi-
sion. Handedness was assessed using the FLANDERS hand-
edness inventory (Nicholls, Thomas, Loetscher, & Grimshaw,
2013), which gives scores ranging from —10 (completely left-
handed) to +10 (completely right-handed). The present
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experiment included participants who were all right-handed
with scores ranging between +6 and +10 (M = +9.25). The
study was approved by the Human Research Ethics
Committee at Flinders University.

Apparatus Stimulus presentation was controlled with a PC
running the E-Prime 2.0 software and was displayed on an
LCD screen (Dell U3014) with a diagonal width of 750 mm.
The screen was run at a resolution of 2,560 x 1,600 pixels at
60 Hz. Responses were recorded using the “f” and “j” keys of
the computer’s keyboard. A height-adjustable chinrest main-
tained participants’ head position so that the center of the
display panel was in line with their midsagittal plane at eye
level at a distance of either 450 or 1,350 mm.

Stimuli Prebisected horizontal lines were drawn in black
against a white background. In the “near” condition, in which
stimuli were viewed at a distance of 450 mm, the lines were
one pixel (0.25 mm, 0.03° of VA) thick and 10, 50, or 150 mm
long (1.27°, 6.34°, or 18.43° of VA). The ends of the lines
were marked with a vertical stroke of the same width and
5 mm high (0.63° of VA). The lines were transected with a
vertical stroke of the same dimensions as the end markers (see
Fig. 1). The transector was placed either in the exact horizon-
tal middle of the line or 1 or 3 mm (0.12° or 0.36° VA) to the
left or right of the true middle (i.e., there were five different
placements of the transector). To prevent participants from
using a landmark on the screen to facilitate their judgments
(e.g., a speck of dust on the screen), the horizontal positions of
the stimuli were “jittered” by 10 mm (1.2° of VA) to the left or
right of the true horizontal middle of the screen between trials.
In the “far” condition, stimuli were viewed at a distance of
1,350 mm. The stimuli in this condition were exactly the same
as those in the near condition, except that they were scaled up
by a factor of 3 in both the vertical and horizontal dimensions.
Thus, when viewed at the greater distance, they subtended
exactly the same visual angle on the retina. Although this
procedure did control for the relative size of the image as it
fell on the retina and has successfully been used by Longo and
Lourenco (2006), it should also be acknowledged that the
absolute size of the image may also affect line bisection judg-
ments in near and far space (Wilkinson & Halligan, 2003).

Procedure The experiment was carried out in a well-lit room
that contained a long table along which the monitor could be
moved. Participants were seated at the end of the table with
their head in a chinrest. The monitor was placed at eye level in
line with participant’s midsagittal axis, and was moved be-
tween blocks to create the near and far viewing conditions
(see Fig. 1). Each trial began with the presentation of a
prebisected line. Participants were asked to inspect the line
and decide whether the left or right segment of the line ap-
peared longer. Responses were made using a computer
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Fig. 1 Diagram showing the experimental setups in the near and far
conditions. The screen and keyboard are aligned for the horizontal
stimuli used in Experiment 1. Both the keyboard and screen were
rotated 90° for the vertical stimuli used in Experiment 2

keyboard on the table aligned with the participant’s midsagit-
tal axis. To indicate that the left or right segment appeared
longer, participants pushed the “f” or the “j” key with the
index finger of the left or the right hand, respectively.
Because of the intuitive mapping between the stimulus and
response positions, the hand of response was not varied be-
tween participants. Following a response the display was
cleared, and a new trial was begun after a delay of 1.5 s.

The near and far conditions were run as two separate blocks
of'trials, with order balanced between participants. Each block
contained 150 trials and had a 3 (length: short 1.27°, medium
6.34°, long 18.43° of VA) x 5 (bisection point: —0.36°,—0.12°,
0°, +0.12°, +0.36° of VA) x 2 (jitter: —1.2°, +1.2°) factorial
structure. Therefore, 30 unique stimuli were presented, with
five repeats within each block. The order in which the differ-
ent factorial combinations occurred within a block was ran-
domized and balanced within the block. Participants

completed one block of 12 practice trials prior to commencing
the experimental trials.

Results and discussion

A measure of error was calculated by first removing the trials
in which the transector was in the exact center of the line—
that is, in which there was no correct response. The remaining
errors were then summed and converted into a percentage of
the total number of trials. The average overall error rate was
22.2% (SD = 9.6). It is therefore clear that participants were
attending to the task and were able to carry out the bisection
judgments within an expected range of accuracy.

To gauge asymmetries in the estimation of length, a mea-
sure of response asymmetry was calculated by subtracting the
number of “left longer” responses from the number of “right
longer” responses. This difference score was then converted
to a percentage of the total number of trials in that condition.
Scores therefore ranged from —100 to +100, with negative and
positive scores reflecting overestimations of the left and right
sides of the transector, respectively. The data were summed
across the different transector and jitter positions—Ileaving the
factors of length and distance.

The data were analyzed using a series of one-sample 7 tests
to determine whether the response asymmetry was signifi-
cantly different from zero in any of the six length/distance
combinations. We observed a significant rightward bias for
short lines in both the near [#(19) = 3.645, p = .002] and the
far [#(19) = 2.346, p = .030] conditions. This rightward bias is
consistent with the crossover effect observed by Rueckert et
al. (2002) for very short lines. For the medium lines (6.34° of
VA), there was no response asymmetry for either the near or
the far condition. A similar null effect has been reported for
lines with lengths around 5.90° of VA by McCourt and Jewell
(1999), and this may reflect an attenuation of pseudoneglect
with decreases in length (notwithstanding the crossover ef-
fect). Finally, for the long lines, we found a significant left-
ward bias in the near condition [#(19) = 3.664, p = .002]—but
not in the far condition. The leftward bias in the near condi-
tion is consistent with the effect of pseudoneglect (McCourt,
2001; McCourt & Jewell, 1999; Thomas et al., 2015). The
fact that pseudoneglect was present in the near but not the far
condition most likely reflects the effect of viewing distance
on pseudoneglect (Longo & Lourenco, 2006; Nicholls et al.,
2016). In this case, however, the asymmetry does not seem to
have reversed to a rightward bias—but instead is in accord
with reports of an attenuation of the leftward bias in far space
(Bjoertomt et al., 2002; McCourt & Garlinghouse, 2000).
Longo et al. (2015) suggested that the failure to observe a
reversal to a rightward bias in the far condition is related to
the level of manual activation involved. For example, overt
manual line bisections with a laser pointer (e.g., Longo &
Lourenco, 2006) may increase activation in the left

@ Springer



1356

Atten Percept Psychophys (2016) 78:1351-1362

hemisphere—producing a rightward bisection bias. In con-
trast, covert button presses (as in the present study) may pro-
duce less activation in the left hemisphere—resulting in a
reduction of the leftward bisection bias. Figure 2 marks the
conditions that were significantly different from zero with
asterisks.

The response asymmetry data were analyzed with an anal-
ysis of variance (ANOVA) with Length (short, medium, long)
and Distance (near, far) as within-participants factors. Effect
size is represented by the partial eta-square value. We found a
significant effect of length [F(2, 38) = 12.951, p <.001, np2 =
.405]. Post-hoc analyses with a Bonferroni-corrected p value
of .016 revealed a significant difference between the short and
medium lines [#(19) = 3.115, p = .006], as well as between the
medium and long lines [#(19) = 3.088, p = .006]. No effect of
distance was apparent [F(1, 19)=1.195, p =288, 77p2 =.059].
There was, however, a significant interaction between length
and distance [F(1, 19) = 5.716, p = .007, npz =.231] (see
Fig. 2). Post-hoc analyses demonstrated that distance had no
effect on the response asymmetries for short [#(19) = 0.024, p
=.981] and medium lines [#(19) = 1.450, p =.163]. In contrast,
for long lines, the leftward asymmetry was weaker in the far
than in the near condition [/(19) = 2.391, p = .027]—though
this effect was not significant according to the Bonferroni
correction.

Of particular importance to the present study, the data
showed an interaction between line length and distance.
Long lines produced the expected effect of distance, whereby
pseudoneglect was present for the near viewing condition, but
absent for the far condition (Bjoertomt et al., 2002; McCourt
& Garlinghouse, 2000). The effect of viewing distance is con-
sistent with differential activation of the ventral and dorsal
visual pathways by far and near objects, respectively
(Bjoertomt et al., 2002) and with the idea that the dorsal
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Fig. 2 Graph showing the mean response asymmetry scores for
horizontal lines in Experiment 1. The data show the interaction between
viewing distance and stimulus length. Error bars show +SEs of the means.
Conditions that are significantly different from zero (no bias) are marked
with an asterisk
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pathway may be particularly important in landmark line bisec-
tion tasks and pseudoneglect (Foxe, McCourt & Javitt, 2003;
Waberski et al., 2008). In contrast, there was no effect of
viewing distance for the short and medium lines. An explana-
tion for this dissociation between line lengths will be devel-
oped in the General Discussion.

Experiment 2

In the second experiment, we adapted the techniques used in
Experiment 1 to investigate the effects of stimulus length and
viewing distance in the vertical dimension. The stimuli and
procedure used in this experiment were exactly the same as
those in the first experiment. The second experiment therefore
provided an opportunity to test whether the effects observed in
Experiment 1 are a general property of changes in stimulus
length and viewing distance, or whether they relate specifical-
ly to mechanisms associated with the processing of horizontal
lines—and by implication, the left and right cerebral
hemispheres.

As with the horizontal axis, there are also asymmetries in
attention along the vertical axis. These asymmetries are re-
ported for patients with neglect (Halligan & Marshall, 1993;
1994) and for the general population (Bradshaw, Nettleton,
Nathan, & Wilson, 1985; Drain & Reuter-Lorenz, 1996;
McCourt & Olafson, 1997; Nicholls et al., 2004; van Vugt,
Fransen, Creten, & Paquier, 2000). For both groups, there is a
bias toward bisecting lines above the true center.

Upward biases for line bisection have been explained with
reference to the relative activations of the dorsal and ventral
streams, which are connected to the lower and upper visual
fields, respectively (Drain & Reuter-Lorenz, 1996; Previc,
1990). The dorsal stream is thought to process where a stim-
ulus is located, whereas the ventral stream is specialized for
processing what the stimulus is (Goodale & Milner, 1992).
Therefore, the act of line bisection, which favors the “what”
mechanism, may cause more activation of the ventral process-
ing stream, which causes a bias of attention toward the upper
hemispace. In this respect, this model is quite similar to the
activation model proposed by Kinsbourne (1993) for the hor-
izontal axis—except that differential activation of the visual
streams rather than the hemispheres drives the asymmetry.

In addition to the horizontal dimension, Heber et al. (2010)
investigated the interaction between line length and viewing
distance for the vertical dimension. For the greyscales task,
they found that the upward attentional bias was stronger in
near than in far space. Thus, vertical stimuli appear to be
affected by changes in viewing distance in a similar fashion
to horizontal stimuli (McCourt & Jewell, 1999). Heber et al.
also observed an effect of stimulus length for the greyscales
task, whereby the upward bias was stronger for longer stimuli.
The factors of viewing distance and length did not interact for
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the greyscales task. Heber et al. also administered a vertical
version of the landmark task and, contrary to what might be
predicted, found no significant effect of length or viewing
distance.

The experimental design used in Experiment 2 was identi-
cal to that used in Experiment 1—except that the display was
simply rotated by 90° to produce vertical lines. The following
predictions were made for short, medium, and long lines.

(a) The horizontal short lines produced a reliable crossover
effect in Experiment 1. To our knowledge, no research
has investigated whether a crossover effect can also be
observed for vertical lines. If this effect is simply related
to having a very short line, a crossover effect should be
observed. Conversely, if no crossover effect were found,
it would suggest that the effect is related to something
specific to the processing of left and right along the
horizontal axis.

Another issue to be considered is how any asymmetry
for short lines is affected by viewing distance. Heber et
al. (2010) demonstrated that the upward bias for the
greyscales task was stronger in near than in far space
for relatively long stimuli. If this effect of viewing dis-
tance generalizes to short stimuli, a similar effect should
be observed for very short lines.

(b) The medium lines produced no response asymmetry in
Experiment 1. If the vertical and horizontal alignments
behave in the same way, a similar null effect would be
predicted in Experiment 2. Like the short lines, if the
effect of viewing distance expected for long lines gener-
alized to medium lines, an effect of viewing distance
would be expected.

(¢c) The long lines were expected to yield an upward re-
sponse bias consistent with other research in the area
(Bradshaw et al., 1985; Drain & Reuter-Lorenz, 1996;
McCourt & Olafson, 1997; Nicholls et al., 2004; van
Vugt et al., 2000). In line with the effect of distance
reported by Heber et al. (2010), the upward bias was
expected to be stronger for lines in near than in far space.

Method

Participants Nineteen university students participated in
this experiment. One participant was removed for clear-
ly not understanding the task and achieving an error
score of 72%. The remaining 18 students (13 females,
five males) had ages ranging between 18 and 26 years
(M = 19.50 years). All participants were right-handed
according to the FLANDERS handedness survey (range
+5 to +10, M = +9.22). All other characteristics were
the same as in Experiment 1.

Apparatus, stimuli, and procedure All aspects of the meth-
od used in Experiment 2 were identical to those of Experiment
1, with the following exceptions. First, the stimuli were pre-
sented vertically rather than horizontally. To accommodate
this change, the monitor was simply rotated by 90° in a clock-
wise direction. It was necessary to rotate the monitor rather
than redraw the stimuli because of the very long lines used in
the “far long-line” condition, which would not fit on the
screen otherwise. In relation to the response, participants were
asked to indicate whether the upper or the lower line segment
appeared longer. To provide a natural mapping between re-
sponse and stimulus location, the keyboard was also rotated
by 90°. Participants pressed the “j” key to indicate that the
upper segment was longer, and the “f” key to indicate that the
lower segment was longer. The responses were made with the
index fingers of the left and right hands, and the hand of
response was balanced between participants. Participants
completed one block of 12 practice trials prior to commencing
the experimental trials.

Results and discussion

A measure of error was calculated using the method
described in Experiment 1. The average overall error
rate was 41.98% (SD = 6.9). An independent-samples
t test demonstrated that the error rate was significantly
higher for the vertical than for the horizontal condition
[(36) = 7.163, p < .001]. The increased difficulty for
the vertical trials may reflect the operation of a special-
ized mechanism for symmetry detection along the hori-
zontal axis, which makes horizontal trials easier
(Wenderoth, 1994).

The response asymmetry was calculated using a procedure
similar to that described in Experiment 1. In this case, howev-
er, “upper longer” responses were subtracted from “lower
longer” responses. Negative scores therefore indicated a bias
toward perceiving the upper segment of the lines as longer. A
series of one-sample ¢ tests revealed no significant differences
from zero (i.e., no response asymmetry) for the very short
lines in either the near or the far condition. It is therefore
apparent that the crossover effect is limited to horizontal lines
and does not occur in the vertical dimension. The implications
for this dissociation will be outlined in the General
Discussion. For the medium lines, there was also no signifi-
cant asymmetry toward either “upper” or “lower” responses.
This null effect is consistent with Experiment 1 and may in-
dicate that lines of moderate length do not elicit an attentional
asymmetry. Finally, for the long lines, we observed an asym-
metry for the near condition [#17) =2.488, p = .023], which is
in accord with the upward bias reported by many other re-
searchers (Bradshaw et al., 1985; Drain & Reuter-Lorenz,
1996; McCourt & Olafson, 1997; Nicholls et al., 2004; van
Vugt et al., 2000). In contrast, no significant upward bias for
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long lines emerged in the far condition, and this may reflect
the effect of viewing distance reported by Heber et al. (2010).

The response asymmetry data were then analyzed using the
ANOVA described for Experiment 1. We found a significant
effect of length [F(2, 34) =4.362, p = .021, np2 =.204]. Post-
hoc analyses (Bonferroni corrected) revealed no significant
difference between the short and medium lines [#(17) =
0.064, p = .950] or between the short and long lines [#(17) =
2.189, p =.042]. In contrast, there was a significant difference
between the medium and long lines [#(17) = 3.089, p = .007].
It therefore appears that length did affect the response asym-
metry—but that this effect was confined to the long lines. The
lack of a difference between the short and medium lines most
likely reflects the fact that a crossover effect did not occur. No
effect of distance emerged [F(1, 17) = 0.022, p = .883, 77p2 =
.001]. Despite the fact that the one-sample ¢ tests detected a
difference in the biases for long lines, but not for medium or
short lines, the interaction between viewing distance and stim-
ulus length failed to reach statistical significance [F(2, 34) =
1.374, p = 267, n,> = .075] (see Fig. 3).

Unlike the first experiment, Experiment 2 failed to demon-
strate an interaction between stimulus length and viewing dis-
tance. That said, the patterns of results are remarkably similar
between the experiments. To test this explicitly, an omnibus
ANOVA was carried out on all of the data, with Experiment
(1, 2) as a between-participants factor. The ANOVA produced
a strong effect of length [F(2, 74) = 14.772, p < .001, 77p2 =
.285]. We also observed a trend for length to interact with
experiment [F(2, 74) = 2.740, p = .071, n,> = .069], most
likely reflecting the fact that a crossover effect was observed
in Experiment 1, but not Experiment 2. There was no effect of
viewing distance [F(1, 37) = 0.798, p = .377], but a strong
interaction was apparent between viewing distance and length
[F(2, 74) = 7.104, p = .002, np2 = .161]. Importantly, this
interaction was not affected by experiment [F(2, 74) =
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Fig. 3 Graph showing the mean response asymmetry scores for vertical
lines in Experiment 2. The data show the interaction between viewing
distance and stimulus length. Error bars show +SEs of the means. The
condition that is significantly different from zero (no bias) is marked with
an asterisk
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0.378, p = .687]. This lack of an interaction supports the prop-
osition that both experiments showed no effect of viewing
distance for short and medium lines, whereas the attentional
bias was stronger in the near than in the far condition for long
lines.

General discussion

In Experiment 1, we examined the effects of stimulus length
and viewing distance on attentional asymmetries along the
horizontal axis for a landmark task. In accord with previous
research, the leftward bias for long lines (pseudoneglect) re-
versed to a rightward bias for very short lines (the crossover
effect; McCourt & Jewell, 1999; Rueckert et al., 2002). In
Experiment 2, we used exactly the same procedure as in the
first experiment—except that the screen was rotated 90° to
form vertical lines. In this case, the expected upward bias
was found for long lines (Bradshaw et al., 1985; Drain &
Reuter-Lorenz, 1996; McCourt & Olafson, 1997; Nicholls
et al., 2004; van Vugt et al., 2000). There was, however, no
reversal of this response asymmetry for the very short lines.
The data therefore demonstrate that the crossover effect is not
a general property of short lines, and pertains specifically to
horizontal lines.

Although it seems reasonable to suggest that the dissocia-
tion in the crossover effect between the horizontal and vertical
axes is related to differences in cognitive/neural mechanisms,
another possibility cannot be completely ruled out at this
stage. It is known that asymmetries exist in judgments of
length in the vertical and horizontal dimensions. This asym-
metry is clearly demonstrated by the horizontal vertical illu-
sion (Avery & Day, 1969), in which the length of the vertical
segment of an inverted “T” is overestimated relative to the
horizontal segment. This overestimation is thought to arise
from a vertical bias (in which the length of vertical lines is
overestimated) and a bisection bias (in which bisected lines
appear shorter) (Josev, Forte & Nicholls, 2011). The vertical
bias is more relevant to the present study and results in an
overestimation of length of 5% in vertical as compared to
horizontal lines (Charras & Lupiafiez, 2010). Bearing this in
mind, it is possible that participants perceived the vertical line
to be slightly longer than the horizontal line. Given that the
shortness of the line is of paramount importance to the gener-
ation of the crossover effect, it is therefore possible that the
vertical lines failed to produce a crossover effect because they
were not short enough. That said, the difference in perceived
length was likely very small. A 5% increase in the length of
the shortest vertical line would increase the perceived visual
angle from 1.27° to 1.33°. This slightly larger perceived visual
angle is still well within the range of stimulus lengths reported
to produce a crossover effect in the general population
(Rueckert et al., 2002). We therefore believe that the failure
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to observe a crossover effect for vertical trials is not related to
an overestimation of length in the vertical dimension.

The finding that the crossover effect is specific to the hor-
izontal axis is relevant to models that attempt to explain the
effect within the general population. For example,
Mennemeier et al. (2005) suggested that crossover occurs be-
cause of the interplay between two separate processes: (1)
magnitude estimation and (2) orientation bias. Magnitude
estimation refers to a phenomenon whereby the length of short
lines is systematically overestimated, whereas the length of
long lines is underestimated (Tegner & Levander, 1991).
Orientation bias refers to a rightward shift of attention caused
by a stronger inhibitory influence of the left hemisphere.
Whereas Kinsbourne (1970) hypothesized a dominant role
for the left hemisphere and a rightward attentional bias in the
general population, it should be noted that most of the litera-
ture reviewed in the introduction of this article suggests the
opposite—right hemisphere dominance for spatial attention
and a leftward attentional bias. Notwithstanding this point,
Mennemeier et al. (2005) suggested that once attention is di-
rected to the right, overestimation of the length of short lines
will cause the bisection mark to fall short of the true center
(rightward bias). Conversely, for long lines, underestimation
of length will cause the bisection mark to be placed past the
true center (leftward bias).

The upshot of the theory proposed by Mennemeier et al.
(2005) is that short lines have the effect of reversing the
preexisting attentional bias, whereas long lines exacerbate
the existing bias. If this were the case, however, one would
expect a crossover effect for the vertical dimension.
Specifically, the bias of attention toward the upper hemispace
caused by activation of the ventral system (Drain & Reuter-
Lorenz, 1996; Previc, 1990) should be reversed to a bias to-
ward the lower hemispace by the overestimation of length for
very short lines. Figure 3 clearly shows no evidence of a
downward bias for the very short lines—contradicting the
theory proposed by Mennemeier et al. (2005).

It therefore appears that a mechanism pertaining specifical-
ly to left-right asymmetries needs to be incorporated into a
model of the crossover effect in the general population. One
such model was developed by Rueckert et al. (2002).
Although Rueckert’s model also refers to attentional biases
and an under-/overestimation of line length, the model was
not discussed by Mennemeier et al. (2005)—despite the fact
that the results of that study were reviewed. The model pro-
posed by Rueckert et al. refers to a leftward attentional bias
generated by spatial attention mechanisms located in the right
hemisphere. This leftward attentional bias underlies most the-
ories of pseudoneglect (Bultitude & Aimola-Davies, 2006;
Nicholls & Roberts, 2002) and the neural/cognitive models
that underlie them (Siman-Tov et al., 2007; Thiebaut de
Schotten et al., 2011). Rueckert et al. (2002) also discussed
the relative under- and overestimations of lines of different

lengths. In this case, however, cerebral asymmetries for the
processing of line length were also discussed. Tsal and Shalev
(1996) demonstrated that the length of short lines was
overestimated more in the right visual field, whereas Masin
and Sartori (1988) demonstrated that the length of long lines
was overestimated on the left. Combined, these asymmetrical
length estimation effects can account for the slight rightward
bias observed for very short lines and the larger leftward bias
for longer lines. Because the mechanism includes
asymmetries between the hemispheres in their estimations of
relative length, the model can explain why crossover only
occurs for the horizontal dimension.

An alternative model has been proposed by Benwell et al.
(2013). In this case, they argued that long lines may load more
heavily on right hemisphere resources because they need to
incorporate bilateral peripheral input, or a larger spotlight of
attention. Alternatively, the researchers suggested an
extinction-like process in which the larger extension of long
lines into the periphery exacerbates the attentional imbalance.
Such attentional accounts draw on Anderson’s (1996) mathe-
matical model of line bisection in neglect patients, which de-
scribed the salience of lines as a function of their spatial posi-
tion. The model developed by Anderson provides a unitary
mathematical model to describe rightward bisection in neglect
patients as well as the leftward bias for very short lines (cross-
over effect). That said, Anderson’s model does not refer to
pseudoneglect and the crossover effect in a healthy
population. It is, therefore, still difficult to know how the
reduced engagement of the right hemisphere discussed by
Benwell et al. (2013) would actually lead to left hemisphere
activation and a rightward bias for line bisection (i.e., the
crossover effecty—like that observed in the present study.

The present set of experiments also identified an interaction
between viewing distance and stimulus length. The expected
effect of viewing distance, in which the response bias is atten-
uated for far viewing conditions, was found only for long
lines. No effect of viewing distance was observed for short
or medium lines. The pattern of interaction was found for
horizontal lines and also occurred for vertical lines—albeit
just failing to reach statistical significance. An omnibus
ANOVA revealed no difference in the patterns of interaction
between the horizontal and vertical dimensions. It is therefore
evident that this effect is a general property of line length and
is processed in the same way along the horizontal and vertical
axes. Such a proposition fits with fMRI research carried out by
Fink, Marshall, Weiss, and Zilles (2001). They measured brain
activation during horizontal and vertical landmark tasks and
found the same activation of the inferior parietal cortex irre-
spective of orientation.

Within the context of the present experiments, one can only
speculate about the cognitive/neural mechanisms that might
underlie the interaction between stimulus length and viewing
distance. One possibility is that short and long lines favor
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different processing strategies, which may differentially en-
gage the cerebral hemispheres. For example, long lines are
more likely to engage a global processing strategy, as well
as visual processing associated with low spatial frequencies.
Both global processing (Poynter & Roberts, 2012; Van
Kleeck, 1989) and the processing of low spatial frequencies
(Sergent, 1982) are suited to the processing style of the right
hemisphere. In contrast, short and medium lines may favor
local/high-frequency processing, which load more heavily
on left hemisphere processing (Sergent, 1982; Van Kleeck,
1989). The processing of long lines within the right hemi-
sphere may favor differential activation of the ventral and
dorsal streams within that hemisphere, which are specialized
for processing far and near stimuli (respectively). Although
both hemispheres contain ventral and dorsal visual
pathways, the interaction between these pathways may be
especially important. As we noted in the introduction,
Thiebaut de Schotten et al. (2011) found that the middle su-
perior longitudinal fasciculus in the right hemisphere plays a
particularly important role in communication between the
ventral and dorsal systems. In addition, clinical research has
shown that dissociations in neglect between near and far space
are restricted to lesions in the right hemisphere (Halligan &
Marshall, 1991; Vuilleumier, Valenza, Mayer, Reverdin, &
Landis, 1998). It is therefore possible that a dissociation be-
tween ventral (far) and dorsal (near) processing occurs only
when the stimuli are suited to a right hemisphere style of
processing. Although this mechanism relates to a cerebral
asymmetry, it would apply equally to vertical and horizontal
lines. Although no specific evidence supports this proposal,
research by Szpak, Thomas, and Nicholls (2016) has demon-
strated that the distal bias is strongest for radial lines when
they are presented to the left hemispace. Given that the distal
dimension mapped onto the upper visual field in their study, it
would be interesting to see whether the upward bias would be
stronger for vertical lines presented in the left hemispace. Such
an effect would be consistent with the proposal that the right
hemisphere plays a dominant role in ventral-dorsal
dissociations.

In summary, the present set of experiments both point to-
ward the importance of right hemisphere processing in effects
related to line bisection. In relation to the crossover effect,
cerebral asymmetries in the under-/overestimation of line
length may give rise to the rightward bias observed in the
general population. In relation to the effect of viewing dis-
tance, the interaction between the ventral and dorsal pathways
within the right hemisphere may give rise to the dissociation
observed for long lines.

Author note This study was supported with funding from an ARC
Discovery Project grant (No. DP130100541). Thanks are extended to
Lauren Nicholls for drawing Fig. 1, and to the reviewers for their feed-
back on the manuscript.
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