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Neurologically normal subjects misperceive the midpoints of lines (PSE) as reliably leftward of veridical
center, a phenomenon known as pseudoneglect. This leftward bias reflects the dominance of the right
cerebral hemisphere in deploying spatial attention. Transient visual cues, delivered to either the left or
right endpoints of lines, modulate PSE such that leftward biases are increased by leftward cues, and
are decreased by rightward cues, relative to a no-cue control condition. We ask whether lateralized audi-
tory cues can similarly influence PSE in a tachistoscopic visual line bisection task, and describe how visual
and auditory cues, in spatially synergistic or antagonistic combinations, jointly influence PSE. Our results
demonstrate that whereas auditory and visual cues both modulate PSE, visual cues are overall more
potent than auditory cues. Visual and auditory cues are weighted such that visual cues are significantly
more potent than auditory cues when visual cues are delivered to left hemispace. Visual and auditory
cues are equipotent when visual cues are delivered to right hemispace. These results are consistent with
the existence of independent lateralized networks governing the deployment of visuospatial and audio-
spatial attention. An analysis of the weighting of unisensory visual and auditory cues which optimally
predicts PSE in multisensory cue conditions shows that cues combine additively. There was no evidence

for a superadditive multisensory cue combination.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction
1.1. Asymmetries of spatial attention: hemineglect

Hemispatial neglect syndrome entails a deficiency of attention
directed towards stimuli located within contralesional (typically
left) hemispace which can occur in egocentric or allocentric coor-
dinates (Arguin & Bub, 1993; Behrmann, 1999; Bisiach, Bulgarelli,
Sterzi, & Vallar, 1983; Driver, Baylis, Goodrich, & Rafal, 1994;
Driver & Halligan, 1991; Heilman & Valenstein, 1979; Mesulam,
1982; Nichelli, Rinaldi, & Cubelli, 1989). Left hemispatial neglect
occurs most commonly after lesions to right inferior parietal or
temporoparietal cortex, but may also result from lesions to frontal
or cingulate cortex, or to subcortical structures (Damasio, Damasio,
& Chui, 1980; Heilman & Valenstein, 1979; Karnath, Berger, Kiiver,
& Rorden, 2004; Mesulam, 1982; Vallar, 1993; Watson, Valenstein,
& Heilman, 1981). Line bisection is commonly employed to assay
asymmetries of spatial attention, where neglect patients bisect
horizontal lines of moderate length significantly rightward of
veridical center (Kerkhoff, 2001; Robertson & Halligan, 1999;
Schenkenberg, Bradford, & Ajax, 1980).
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1.2. Asymmetries of spatial attention: pseudoneglect

It is well established that visuospatial attention in neurologi-
cally normal subjects is also distributed asymmetrically, resulting
in a modest but systematic and significant leftward deviation of
perceived line midpoint (PSE) in line bisection tasks (Bradshaw,
Nathan, Nettleton, Wilson, & Pierson, 1987; Bradshaw & Nettleton,
1983; Bradshaw, Nettleton, Nathan, & Wilson, 1985; Foxe,
McCourt, & Javitt, 2003; Jewell & McCourt, 2000; Leone & McCourt,
2010; McCourt, 2001; McCourt, Freeman, Tahmahkera-Stevens, &
Chaussee, 2001; McCourt & Garlinghouse, 2000a, 2000b; McCourt,
Garlinghouse, & Butler, 2001; McCourt, Garlinghouse, & Reuter-
Lorenz, 2005; McCourt, Garlinghouse, & Slater, 2000; McCourt &
Jewell, 1999; McCourt & Olafson, 1997; McCourt, Shpaner, Javitt,
& Foxe, 2008; Sosa, Teder-Sdlejarvi, & McCourt, 2010). It leads also
to a systematic overestimation of stimulus saliency (e.g., size,
brightness, and numerosity) in the left versus right visual hemi-
field (Charles, Sahraie, & McGeorge, 2007; Luh, Rueckert, & Levy,
1991; Nicholls, Bradshaw, & Mattingley, 1999), to a differential
ability to detect changes within the left visual half of complex vi-
sual stimulus arrays (Du & Abrams, 2010; lyilikci, Becker, Gun-
turkun, & Amado, 2010), and to a selective enhancement of
memory for objects located within the left half of scenes (Della
Sala, Darling, & Logie, 2010; Dickinson & Intraub, 2009). This left-
biased asymmetry of normal visuospatial attention is called
pseudoneglect (PN) (Bowers & Heilman, 1980; Jewell & McCourt,
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2000). The phenomena of neglect and PN, as their names suggest,
are theorized to be twin manifestations of the fundamental hemi-
spheric asymmetry in the neural substrates of visuospatial atten-
tion (Heilman & Van Den Abell, 1980; McCourt & Jewell, 1999;
Weintraub & Mesulam, 1987). Supporting this idea are experi-
ments illustrating that a variety of stimulus and task-related vari-
ables modulate the magnitude and direction of both neglect and
PN in a complimentary fashion (Anderson, 1996; McCourt & Jewell,
1999).

1.3. Exogenous recruitment of visuospatial attention

Spatial attention can be exogenously recruited by transient vi-
sual cues (Posner, 1980). For example, in the induced line motion
effect (Hikosaka, Miyauchi, & Shimojo, 1993) a briefly flashed line
appears to grow outward away from the spatial location of a pre-
viously presented visual cue. The visual cue recruits attention to
its spatial location, with a gradient of enhanced attention radiating
outward for some distance. The speed of neural processing is in-
creased by attention, causing sensory data from the line end near-
est the cued location to be centrally processed more rapidly
(sooner) than data from more remote regions, leading to the per-
cept of sequential line appearance, i.e., motion. That the induced
line motion effect is attentional in origin is illustrated by the fact
that the illusion can be produced by cue and line stimuli that are
perceptually dissimilar in color, luminance and stereo depth (von
Grlinau, Saikali, & Faubert, 1995), and by the ability of both audi-
tory and somatosensory cues to elicit this visual effect (Shimojo,
Miyauchi, & Hikosaka, 1997).

1.4. Spatial cueing effects in line bisection

Numerous studies show that lateralized visual cues affect
performance on line bisection tasks, such that PSE shifts signifi-
cantly towards the cued line end. In hemineglect patients left cues
ameliorate the typical rightward bias whereas right cues can exac-
erbate such errors (Halligan & Marshall, 1989; Harvey, Milner, &
Roberts, 1995; Ishiai, Seki, Koyama, & Okiyama, 1995; Mennemeier,
Vezey, Chatterjee, Rapcsak, & Heilman, 1997; Reuter-Lorenz &
Posner, 1990; Riddoch & Humphreys, 1983 Bultitude & Aimola
Davies, 2006). Although the leftward bisection errors of normal sub-
jects are smaller than the rightward errors of hemineglect patients,
they are similarly influenced by lateralized visual cues such that
PSE is drawn significantly towards the cued line end (Harvey et al.,
1995; McCourt et al., 2005; Milner, Brechmann, & Pagliarini, 1992;
Nichelli et al., 1989; Pizzamiglio, Frasca, Guariglia, Incoccia, &
Antonucci, 1990; Reuter-Lorenz, Kinsbourne, & Moscovitch, 1990).

1.5. Audiospatial attention

While many properties of normal visuospatial attention are
well documented, the manner whereby spatial attention is de-
ployed toward and within the auditory environment (audiospatial
attention) is less well understood. Recent evidence suggests that
audiospatial attention possesses a rightward bias, in contrast to
the leftward bias of visuospatial attention which gives rise to PN
(Corral & Escera, 2008; Cusak, Carlyon, & Robertson, 2001; Dufour,
Touzalin, & Candas, 2007; Ocklenburg, Hirnstein, Hausmann, &
Lewald, 2010; Sosa et al., 2010).

1.6. Audiovisual cue combination

One strategy used by the nervous system to combine informa-
tion from sensory signals (such as cues) is to weight their influence
in proportion to their reliability, a process described by the rules of
Bayesian inference (Alais & Burr, 2004; Ma & Pouget, 2008). There

is also physiological and psychophysical evidence that multisen-
sory signals can combine superadditively (Stein & Meredith,
1993), such that the response to the sum of two sensory inputs
may exceed, in some cases by an order of magnitude or more,
the algebraic sum of the separate responses to the unisensory stim-
uli. Conversely, multisensory integration can be subadditive, where
the response to joint stimulus presentation is significantly smaller
than the sum of the responses to the individual unisensory stimuli
(Molholm et al., 2002; Stanford & Stein, 2007). One objective of the
present experiment is to quantify how exogenous auditory and vi-
sual cues combine to capture visuospatial attention and influence
PSE in a line bisection task. Results reported by Cusak, Carlyon,
and Robertson (2001), Dufour et al. (2007), Corral and Escera
(2008), Ocklenburg et al. (2010) and Sosa et al. (2010) suggest that
visuospatial and audiospatial attention possess opposite spatial
biases, owing perhaps to right versus left hemispheric control,
respectively. If visuospatial and audiospatial attention are de-
ployed by different hemispheres then the salience and potency of
auditory and visual cues, and the nature of their combination,
might critically depend on the hemifield within which they are
presented.

1.7. Present experiment

We evaluate these questions using a tachistoscopic visual line
bisection task (McCourt & Olafson, 1997). Using the method of con-
stant stimuli, perceived line midpoint (PSE: a measure of bisection
accuracy) and the slope of the psychometric function (¢: a measure
of bisection precision) were obtained in a no-cue condition and in
conjunction with lateralized auditory and visual cues, presented
alone or in spatially congruent and incongruent pairings.

2. Methods
2.1. Subjects

A total of 46 (25 male, mean age = 20.1 years; 21 female, mean
age = 21.3 years) right-handed subjects participated in the experi-
ment. Handedness was assessed using a standard instrument (Old-
field, 1971) on which a combined score of —100 denotes exclusive
left-handedness, and +100 denotes exclusive right-handedness.
Mean handedness scores for males and females were +66.8 and
+81.2, respectively. There was no significant difference in the mean
age of male and female subjects (t44=.67, p=0.51), but female
subjects were significantly more right-handed than male subjects
(tas = 3.23, p =0.002). Despite the difference in handedness scores
male and female subjects were both strongly right-handed and
subsequent inferential statistical tests were performed on data col-
lapsed across subject sex. All subjects had normal or corrected-to-
normal vision and audiometric tests confirmed that all subjects
had normal auditory thresholds.

The study was conducted in accordance with The Code of Ethics
of the World Medical Association (Declaration of Helsinki) for
experiments involving human subjects. Prior to their participation
in the study all subjects provided written informed consent, and all
procedures were approved by the Institutional Review Board of
North Dakota State University.

2.2. Instrumentation and calibration

Visual stimuli were presented on a screen using a digital projec-
tor (Dell 5100MP) with a resolution of 640 x 480 pixels and a re-
fresh rate of 100 Hz. Mean display luminance was 500 cd/m?.
Luminance and contrast calibrations were performed using a spot
photometer (Konica Minolta LS110). Auditory calibrations were
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made using a sound level meter (Extech instruments 407764).
Mean ambient noise level was 45 dB, SPL. A microcomputer
sensed and collected subject responses. Stimulus presentation
and response collection were performed using Presentation
(Neurobehavioral Systems, Albany, CA).

2.3. Stimuli

2.3.1. Line stimuli

Stimuli were horizontal lines of 100% contrast presented on a
homogeneous (mean luminance) background. Lines measured
23.17 x 3.22° at a viewing distance of 175 cm, and were centered
with respect to the midsagittal plane of each subject and within
the display. Lines were pre-transected at one of 15 locations span-
ning +0.65° with respect to veridical line midpoint. This range of
transector locations is sufficient to produce asymptotic “left” or
“right” judgments in most subjects. Fig. 1 illustrates examples of
line stimuli. Line A is transected leftward (—0.14°) of center. Line
B is veridically transected, and line C is transected rightward
(0.27°). Lines B and C are opposite in contrast polarity to line A.
Lines of opposite contrast polarity appeared with equal frequency
and the order of appearance of lines with different transector loca-
tions was randomized within blocks of trials.

2.3.2. Visual cues

Preceding the presentation of some line stimuli was a visual
cue. Cues consisted of circular cosine functions (i.e., bullseye tar-
gets; 0.5% contrast; 3.22° diameter; radial spatial frequency = 2.0
cycles/degree). Cue contrast was deliberately set to a low value
in order to enhance the relative salience of the inherently less well
localizable auditory cues (Alais & Burr, 2004). Cue and line stimuli
are superimposed to illustrate their relative positions in Fig. 2a.
The lateral extent of the visual cue coincided with the end of the
line stimuli, such that line stimuli completely occluded the preced-
ing cue. Note that cue and line stimuli were never synchronously
presented, and that the line and cue contrasts in Fig. 2a are not
accurately portrayed. By positioning the cue such that it was com-
pletely occluded by the subsequent line stimulus we control for the
potential confound that line stimuli might be perceptually elon-
gated by being grouped with a more laterally positioned cue
(Fischer, 1994; Harvey, Pool, Roberson, & Olk, 2000; Mattingley,
Pierson, Bradshaw, Phillips, & Bradshaw, 1993; McCourt et al.,
2005). This procedure ensures that any visual cueing effects on

Fig. 1. Examples of line stimuli used in the experiments. Line A is transected to the
left of veridical line midpoint by 0.14° (0.60% line length). Line C is transected
rightward of veridical line midpoint by 0.27° (1.17% line length). Line B is veridically
transected. Line A differs from lines B and C in contrast polarity. Lines of opposite
polarity appeared with equal frequency and were counterbalanced within and
across blocks of trials.

(b)

Cue Line Stimulus
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Fig. 2. (a) Visual cue and line stimuli are superimposed to illustrate their relative
positions. The most eccentric edge of the visual cue always coincided with the end
of the line stimulus, such that no portion of the cue ever extended beyond the
endpoint of the line. Auditory cues were delivered from speakers mounted behind
the projection screen in the same position as the visual cues. Line and cue contrast
are not accurately portrayed in the figure and cues and lines were never
simultaneously presented. (b) A timeline illustrating cue and line presentation.
Trials began with the presentation of cue stimuli for 70 ms. After an interstimulus
interval of 150 ms line stimuli were presented for 150 ms. Cue-line stimulus onset
asynchrony was 220 ms. Subsequent trials began 500-1000 ms after subject
response.

perceived line midpoint are attentional rather than perceptual in
origin.

2.3.3. Auditory cues

Auditory cues were pure tones (4.4 kHz) presented from speak-
ers mounted directly behind the visually opaque but acoustically
transparent projection screen. Speaker location coincided with
the spatial location of the visual cues. Auditory cues possessed
an intensity of 75 dB, SPL as measured at the subjects’ ears.

2.4. Procedure

Subjects were seated in straight-backed chairs with their mid-
sagittal plane aligned with the midpoint of the visual display and
made single-interval two-alternative forced-choice judgments of
transector location relative to perceived line midpoint using their
right forefinger to depress the left or right mouse button as appro-
priate. Subjects were told that cues were uninformative with re-
spect to transector location and were instructed to ignore them.
The experiment was conducted in a single session for each subject.

As illustrated in Fig. 2b cue stimuli were delivered at line end
locations for 70 ms. Following a cue-line onset asynchrony of
220 ms line stimuli were presented for 150 ms. Responses were


https://www.researchgate.net/publication/15156512_Less_Attention_and_More_Perception_in_Cued_Line_Bisection?el=1_x_8&enrichId=rgreq-e9eab62b3f5ce0214b830c0524dc1d07-XXX&enrichSource=Y292ZXJQYWdlOzUwOTA2OTQ5O0FTOjEwMjA0MzQzMTczNTI5NkAxNDAxMzQwNDU4MDQ1
https://www.researchgate.net/publication/7703595_Unilateral_Visual_Cueing_and_Asymmetric_Line_Geometry_Share_a_Common_Attentional_Origin_in_the_Modulation_of_Pseudoneglect?el=1_x_8&enrichId=rgreq-e9eab62b3f5ce0214b830c0524dc1d07-XXX&enrichSource=Y292ZXJQYWdlOzUwOTA2OTQ5O0FTOjEwMjA0MzQzMTczNTI5NkAxNDAxMzQwNDU4MDQ1
https://www.researchgate.net/publication/7703595_Unilateral_Visual_Cueing_and_Asymmetric_Line_Geometry_Share_a_Common_Attentional_Origin_in_the_Modulation_of_Pseudoneglect?el=1_x_8&enrichId=rgreq-e9eab62b3f5ce0214b830c0524dc1d07-XXX&enrichSource=Y292ZXJQYWdlOzUwOTA2OTQ5O0FTOjEwMjA0MzQzMTczNTI5NkAxNDAxMzQwNDU4MDQ1
https://www.researchgate.net/publication/51363006_Effects_of_visible_and_invisible_cueing_procedures_on_perceptual_judgments_in_young_and_elderly_subjects?el=1_x_8&enrichId=rgreq-e9eab62b3f5ce0214b830c0524dc1d07-XXX&enrichSource=Y292ZXJQYWdlOzUwOTA2OTQ5O0FTOjEwMjA0MzQzMTczNTI5NkAxNDAxMzQwNDU4MDQ1
https://www.researchgate.net/publication/7611755_The_Ventriloquist_Effect_Results_from_Near-Optimal_Bimodal_Integration?el=1_x_8&enrichId=rgreq-e9eab62b3f5ce0214b830c0524dc1d07-XXX&enrichSource=Y292ZXJQYWdlOzUwOTA2OTQ5O0FTOjEwMjA0MzQzMTczNTI5NkAxNDAxMzQwNDU4MDQ1
https://www.researchgate.net/publication/223281096_To_see_or_not_to_see_The_effects_of_visible_and_invisible_cues_on_line_bisection_judgements_in_unilateral_neglect?el=1_x_8&enrichId=rgreq-e9eab62b3f5ce0214b830c0524dc1d07-XXX&enrichSource=Y292ZXJQYWdlOzUwOTA2OTQ5O0FTOjEwMjA0MzQzMTczNTI5NkAxNDAxMzQwNDU4MDQ1
https://www.researchgate.net/publication/223281096_To_see_or_not_to_see_The_effects_of_visible_and_invisible_cues_on_line_bisection_judgements_in_unilateral_neglect?el=1_x_8&enrichId=rgreq-e9eab62b3f5ce0214b830c0524dc1d07-XXX&enrichSource=Y292ZXJQYWdlOzUwOTA2OTQ5O0FTOjEwMjA0MzQzMTczNTI5NkAxNDAxMzQwNDU4MDQ1

1210

not speeded and subsequent trials began at random intervals be-
tween 500 and 1000 ms following previous responses. PSEs were
assessed in a total of nine experimental conditions: auditory cue
only (A;, Ag), visual cue only (V;, Vg), spatially congruent audiovi-
sual cues (A; Vi, AgVz), spatially incongruent audiovisual cues (A; Vg,
ArV}), and a no-cue control condition (NC). Subjects made 10 bisec-
tion judgments in conjunction with 15 different transector loca-
tions in each cue condition such that PSEs were based on a total
of 150 (10 trials x 15 transector locations) trials. Following exper-
imental sessions all subjects completed an auditory cue localiza-
tion test in which they heard a sequence of left and right
auditory cue stimuli and indicated their source location (left versus
right). All subjects were able to localize the direction of the audi-
tory cues with 100% accuracy.

2.5. Data analysis

The dependent measure was the proportion of trials on which
subjects indicated that lines were transected to the left of veridical
midpoint. The method of constant stimuli was used to derive psy-
chometric functions and nonlinear optimization was used to fit a
logistic function to the psychometric data using a maximum likeli-
hood criterion. The logistic function is described by the equation:

1

PO =1 e (-5

where x refers to transector location, y is the point of subjective
equality (PSE; a measure of bias), and ¢ indexes the slope of the
function as it passes through the inflection point (u) of the logistic
function (a measure of sensitivity). Based on these fits transector
locations corresponding to a probability of 0.5 for a “left” response
(u), and slope (o) were extracted. Subsequent inferential statistical
tests are performed on distributions of these parameter values.

3. Results
3.1. Omnibus PSE analysis

Mean PSEs (x1 sem) in all nine experimental conditions are
plotted as a function of visual cue condition in Fig. 3a, with audi-
tory cue condition indicated as a parameter. A 3 x 3 within-subject
ANOVA performed on the PSE data revealed a highly significant
main effect of visual cue condition [F; 45 = 34.61, p <.001], and a

highly condition
condition

significant main effect of auditory cue

[F1.45=8.36, p<.001]. The visual cue x auditory cue
interaction was not significant [F; 45 = 1.13, p =.35].
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To trace the source of the significant main effect of visual cueing
Fig. 3b plots mean PSE as a function of visual cue condition col-
lapsed across the three auditory cue conditions. Paired-samples
t-tests reveal a significantly greater leftward error in the V; versus
both the Vy and Vi cue conditions [ti37=-8.12, p<.001, and
ti37=—7.92, p<.001, respectively], but no significant difference
in PSE between the Vy versus Vi cue condition [ti37=0.04,
p=.97].

To trace the source of the significant main effect of auditory
cueing Fig. 3¢ plots mean PSE as a function of auditory cue condi-
tion collapsed across the three visual cue conditions. Paired-sam-
ples t-tests reveal a significantly greater leftward error in the Ay
versus both the A; and Ag cue conditions [ty37 = —2.04, p =.043,
and t;37=-3.98, p <.001, respectively]. While the difference in
PSE between the A; versus Ag cue conditions failed to reach signif-
icance using a two-tailed test [t;37 = 1.79, p =.08], there is never-
theless a spatial orienting effect of auditory cues, as revealed by
the strong trend for PSE to deviate in the direction of the auditory
cue.

3.2. Pseudoneglect analysis

A series of Holm-Bonferroni-corrected (Holm, 1979) single-
sample t-tests comparing PSE in the nine experimental conditions
against veridical bisection (zero) reveal significant leftward error
(PN) in eight cue conditions: No-cue (NC) [t45 = —3.05, p =.004];
Vi [t45 =-547, p< .001 ], Vi [t45 = -3.58, p= .001 ], AL [t45 =-2.88,
p= 006], AR [t45 =-241, p= 020]. VLAL [t45 =-5.09, p< .001 ]. V]_AR
[tas = —5.60,p<.001]; and VRA, [ts5 = —2.90, p = .006]. While exhib-
iting a trend for leftward error, mean PSE in the spatially congruent
audiovisual right-cue condition was not significantly biased left-
ward: VRAR [t45 =-1.86, p= 070]

3.3. Cue weighting analysis

A primary motivation of the present experiment was to deter-
mine how transient lateralized A and V cues combined to jointly
influence judgments of line midpoint in tachistoscopic visual line
bisection. To address this question we quantified the potency of
A and V cues to bias PSE as a function of their spatial location (left
or right hemifield) by analyzing the difference in PSE (A PSE), as
compared with the no-cue condition, obtained in the four multisen-
sory cue conditions (i.e., ViA;-NC; V;Ag-NC; VpA;-NC; and VzAg-NC
cue conditions) with respect to PSE differences obtained in the four
unisensory cue conditions (i.e., V;-NC; A;-NC; Vx-NC; and Ag-NC).
The questions we address in this analysis include: What is the
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Fig. 3. (a) Mean PSE (degrees visual angle relative to veridical line midpoint +1 sem) in all nine conditions of the audiovisual cued line bisection task plotted as a function of
visual cue condition (abscissa: left, no-cue, right) and auditory cue condition (shown as a parameter: left, no-cue, right). There is a significant main effect of visual cue
condition and a significant main effect of auditory cue condition, but no significant interaction. (b) Mean PSE as a function of visual cue condition collapsed across auditory
cue condition. (c) Mean PSE as a function of auditory cue condition collapsed across visual cue condition.
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relative potency of A and V cues to bias PSE? Is relative or absolute
cue potency influenced by hemifield of presentation? Is the joint
effect of A and V cues additive, or do these cues combine in a super-
or sub-additive fashion? Finally, does the mode of cue combination
depend on the hemifield in which they are presented?

Fig. 4a-d plots A PSEs obtained in the four multisensory cue
conditions as a function of those obtained in the component uni-
sensory cue conditions for the entire sample of 46 subjects.
Least-squares multiple regression (Foxe, 1997) was used to fit
planes to these data to derive weighting coefficients for the A PSEs
obtained in the unisensory cueing conditions which optimally pre-
dict the A PSEs obtained in the audiovisual multisensory cue con-
ditions. This analysis provided an excellent fit to the A PSE data
and explained a significant proportion of the variance in all four
multisensory cue conditions: VjA; [rsa=0.77, p<.001]; VA
[r4aqa=0.53, p=.005]; VRrA; [ra4=0.85, p<.001]; VRAg [r4s=0.70,
p<.001].

The slopes of the fitted planes (which graphically represent the
values of the optimal unisensory weighting coefficients) are reveal-
ing. Irrespective of the spatial congruity of the A and V cues, when
V cues are presented in left hemispace (left column: Fig. 4a and b),
the predictive value of unisensory A cues is poor, as indicated by
the low slope of the plane along the A A; or Az axes. However,
when V cues are presented in right hemispace (right column:
Fig. 4c and d), the predictive value of unisensory A cues is in-

creased, as indicated by the steeper slope of the planes along the
A A; and Ay axes.

The optimal unisensory A and V weighting coefficients obtained
from the regression analysis (1 sem) appear in Fig. 5, where the
ordinate plots unisensory visual and auditory weights in the four
multisensory cue conditions. A 4 (multisensory cue condition) x 2
(unisensory cue type) within-subjects ANOVA was conducted on
the regression weights which revealed no significant main effect
of multisensory cue condition [F337 = 0.20, p =.949], no significant
main effect of unisensory cue type [F; 37 =0.97, p =.331], but a sig-
nificant interaction [F;37=3.87, p=.017]. Paired-samples t-tests
were conducted to reveal the source of the significant interaction.
In multisensory cue conditions where visual cues are within left
hemispace (i.e., the V/A; and VA conditions) the weighting coeffi-
cients for unisensory visual cues were significantly larger than for
unisensory auditory cues [ts5s=2.38, p=.022 and t45=2.05,
p =.046, respectively]. However, the optimal weighting coefficients
for auditory and visual cues were not significantly different when
visual cues were presented in right hemispace: ViA; [t45 = —0.49,
p =.625]; VpAg [tss = —0.31, p=.757].

In each multisensory cue condition the visual and auditory
weighting coefficients were summed, and a one-way ANOVA was
conducted to determine whether the sum of the V and A unisenso-
ry cue weights differed across the four multisensory cue condi-
tions. The summed weights (.887, .818, .608, and .695 for the
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Fig. 4. Panels (a-d) plot delta PSEs obtained in the four multisensory cue conditions as a function of those obtained in the component unisensory cue conditions for the entire
sample of 46 subjects. Least-squares multiple regression was used to fit planes to these data to derive weighting coefficients for the delta PSEs obtained in the unisensory
cueing conditions which optimally predict the delta PSEs obtained in the audiovisual multisensory cue conditions.



1212 Y. Sosa et al./Vision Research 51 (2011) 1207-1215

* * [ ]Visual
0.8 {» [ Auditory |1
()]
=
= %
R /é\
o 0.6
=93
O «—
a* ns ns
> 2
o &
g ™ 1L 1L
<g
©
E°
a 02
o m W

VIAL VIAR VRAL VrRAR
Multisensory Cue Conditions

Fig. 5. The optimal unisensory A and V weighting coefficients obtained from the
multiple regression analysis (+1 sem). In multisensory cue conditions where visual
cues are within left hemispace (i.e., the V;A; and V,Ag conditions) the weighting
coefficients for unisensory visual cues were significantly larger than for unisensory
auditory cues. The optimal weighting coefficients for auditory and visual cues were
not significantly different when visual cues were presented in right hemispace.
Single-sample t-tests revealed that in no multisensory cue condition did the sum of
unisensory weights differ significantly from 1.0.

ViAL, ViAgr, VRAL, and ViAr conditions, respectively) did not differ
significantly from each other [F33;=0.16, p=.924], and single-
sample t-tests revealed that in no multisensory cue condition did
the sum of unisensory weights differ significantly from 1.0: V;A;
[t45 =41, p= 683], VLAR [t45 =.61, p= 544], VRAL [t45 =1.39,
p=.173]; VgAg [tss = 1.02, p=.315].

4. Discussion
4.1. Visuospatial and audiospatial attention

Our results, which reveal significant leftward error in visual line
midpoint estimation, are consistent with the established body of
evidence that visuospatial attention in neurologically normal sub-
jects exhibits a modest but consistent leftward bias known as
pseudoneglect (Bowers & Heilman, 1980; Jewell & McCourt,
2000; McCourt, 2001; McCourt & Jewell, 1999; McCourt & Olafson,
1997; McCourt et al., 2005; Nicholls et al., 1999; Leone & McCourt,
2010; Nicholls & Roberts, 2002; Sosa et al., 2010). While the mag-
nitude of the subtle leftward LB errors of normal subjects contrasts
with the florid rightward biases exhibited by neglect patients, both
biases are conceptualized to be manifestations of an underlying
specialization of neural networks housed in the right hemisphere
which deploy visuospatial attention (Heilman & Valenstein,
1979; Heilman & Van Den Abell, 1980; Kastner & Ungerleider,
2000; Kinsbourne, 1970, 1977, 1993; Nobre et al., 1997). Thus,
the intact dominant (right) hemisphere projects a prepotent vector
of visuospatial attention into contralateral (left) hemispace, differ-
entially increasing the salience of left hemispace (within an ego-
centric reference frame), and the left halves of visual objects
such as lines (within an allocentric reference frame), thereby
inducing a leftward bias in the perceived midpoint of space or ob-
jects (Anderson, 1996; McCourt & Jewell, 1999; McCourt, Mark,
Radonovich, Willison, & Freeman, 1997), an overestimation of the
relative size, brightness/darkness or numerosity (Charles et al.,
2007; Luh et al., 1991; Nicholls, Mattingley, & Bradshaw, 2005;

Nicholls et al., 1999), and an enhanced contingent attentional
capture of stimuli in the left visual field (Du & Abrams, 2010).

In contrast to the leftward bias of normal visuospatial attention,
audiospatial attention in neurologically normal subjects has been
reported to exhibit a modest but significant rightward bias (Corral
& Escera, 2008; Cusak et al., 2001; Dufour et al., 2007; Sosa et al.,
2010). Sosa et al. (2010) interpreted the rightward bias of audio-
spatial attention to suggest that the left hemisphere, which plays
a prominent role in auditory spatial localization generally
(Schonwiesner, Krumbholz, Rubsamen, Fink, & von Cramon,
2007) and in speech perception in particular, might also play a
dominant role in the deployment of spatial attention toward the
auditory environment.

4.2. Spatial cueing effects in line bisection

4.2.1. Visual cues

Numerous studies in the clinical literature describe the effects of
visual cues on line bisection performance in patients with neglect.
Almost universally, cueing the left or right side of a line shifts per-
ceived line midpoint toward the cued line end. Hence, left cues
ameliorate rightward bisection error whereas right cues can exac-
erbate it (Biltitude & Aimola Davies, 2006; Halligan & Marshall,
1989; Harvey et al.,, 1995; Ishiai et al., 1995; Mennemeier et al.,
1997; Reuter-Lorenz & Posner, 1990; Riddoch & Humphreys,
1983). Neurologically normal subjects are similarly influenced by
lateral cues such that perceived line midpoint is drawn significantly
towards the cued line end (Bultitude & Aimola Davies, 2006; Harvey
et al., 1995; McCourt et al., 2005; Milner et al., 1992; Nichelli et al.,
1989; Pizzamiglio et al., 1990; Reuter-Lorenz et al., 1990). Visual
cueing effects are frequently explained by attentional recruitment
(Yantis & Jonides, 1990), such that cues delivered in the vicinity
of a line endpoint recruit attention toward the cued line end, thus
increasing the salience of this segment of the line and leading to
an overestimation of its size or extent. The perceived midpoint of
the line is thus drawn into the overestimated (cued) segment,
although this phasic cueing effect is superimposed on the tonic left-
ward or rightward bias exhibited by normal observers or neglect
patients, respectively.

We report a significant effect of unisensory visual cues, such
that left visual cues significantly shifted PSE leftward relative to
the no-cue and right-cue conditions, whereas PSE in the right-
cue condition did not differ significantly from the no-cue condi-
tion. The greater potency of left visual cues is consistent with find-
ings that stimuli delivered to the left hemifield possess greater
saliency than those delivered to the right hemifield. For example,
stimuli in the left hemifield enjoy an enhancement of perceived
luminance, as well as exaggerated numerosity and size relative
to those in the right hemifield (Charles et al., 2007; Nicholls
et al., 1999), and in feature search tasks left hemifield distractors
are significantly more potent in capturing attention than those in
the right hemifield (Burnham, Rozell, Kasper, Bianco, & Delliturri,
2011; Du & Abrams, 2010). The fact that perceived line midpoint
deviates leftward of veridical center is thought to result from an
excess of attention toward, and consequent magnification of, the
left line half (McCourt et al., 2005; Toba, Cavanagh, & Bartolomeo,
2011). The greater potency of left cues that we observe does, how-
ever, differ from results reported by Michel et al. (2007), Michel,
Bidot, Bonnetblanc, and Quercia (2011), Bultitude and Aimola
Davies (2006) and Toba et al. (2011), who report that right and left
cues are roughly equipotent, and from those of Nicholls and
Roberts (2002) and McCourt et al. (2005), who report a bias favor-
ing right hemifield cues. In comparing these results it should be
kept in mind, however, that there are numerous differences in
stimuli, methodology, and even subject populations across these
studies which could explain the discrepant findings.
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4.2.2. Auditory cues

While the difference in PSE between left and right auditory cue
conditions is not significant, it nevertheless shows a strong trend
for PSE to deviate in the cued direction [t;37 = 1.79, p =.08]. Thus,
while the potency of auditory cueing to modulate spatial orienting
is relatively weak compared to visual cuing, it is not entirely
absent.

We also find that both leftward and rightward auditory cues
cause significant rightward shifts of PSE relative to the no-cue con-
dition. According to activation-orientation theory (Kinsbourne,
1970, 1977, 1993) the two cerebral hemispheres compete for con-
trol of various functions through mutual inhibition. One interpre-
tation of the rightward shift of PSE in response to auditory cues
begins by recognizing that many aspects of the auditory cues
(e.g., their frequency, timbre, onset, offset, spatial location, loud-
ness) are preferentially processed by networks in the left hemi-
sphere. Therefore, relative to no-cue trials, auditory cue-related
activation of the left hemisphere, particularly of mechanisms
responsible for the involuntary recruitment and deployment of
audiospatial attention, might subsequently inhibit homologous
areas of the right hemisphere, thus decreasing the normal tonic
leftward bias of visuospatial attention.

We further suggest that the weaker potency of right versus left
visual cues could be due to an auditory-cue-related ceiling effect.
Auditory cues were presented on two-thirds of all trials. If auditory
stimuli are preferentially processed in the left hemisphere then
one effect of this frequent auditory cueing may have been to ele-
vate activity in left hemisphere attentional networks, thereby
antagonizing right hemisphere attentional deployment and induc-
ing a tonic rightward bias in PSE relative to visual line bisection
experiments lacking auditory cues. This auditory-cue-induced to-
nic rightward bias would, in turn, provide less “headroom” for
right visual cues to induce any additional rightward deviation in
PSE. This explanation, which hypothesizes a compressive trans-
ducer function for exogenous attention, was suggested previously
by McCourt et al. (2005) to account for the weaker effect of right-
ward cues on PSE when line geometry itself induced rightward
bisection error, and vice versa for leftward cues.

Robertson, Mattingley, Rorden, and Driver (1998) and Chica
et al. (in press) found that phasic auditory cues delivered several
hundred milliseconds prior to a visual stimulus ameliorated the to-
nic rightward bias of neglect patients. The explanation offered for
this effect is that the auditory alerting system involves networks
housed within the right hemisphere, and that the activation of this
alerting system by phasic auditory cues serves, in a Kinsbournian
manner, to co-activate the right hemisphere spatial orienting
system, thus lessening the rightward bias of neglect patients.
Similarly, Manly, Dobler, Dodds, and George (2005) and Fimm,
Willmes, and Spijkers (2006) report that low arousal (the opposite
of phasic alertness) induced by sleep-deprivation causes a right-
ward shift in the distribution of spatial attention. These results,
and their explanation, does not explain our results since we find
that phasic auditory cues cause, in addition to a directional effect
produced via the spatial orienting system, a global rightward shift
of spatial attention relative to the no-cue condition. If the results
of Robertson et al. (1998), Chica et al. (in press), Manly et al.
(2005) and Fimm et al. (2006) are a guide, then any phasic alerting
effect of the auditory cues should have shifted PSE leftward.

4.3. Multisensory cue integration

We inferred the potency of transient visual and auditory stimuli
to capture visuospatial attention and so alter perceived line mid-
point under conditions of multisensory audiovisual cueing and find
that their influence sums linearly. Surprisingly, the most signifi-
cant factor moderating relative cue potency is not spatial congruity

(where, for example, one might have expected a superadditive
combination for spatially congruent A and V cues, and a subaddi-
tive combination for spatially incongruent cues), but is instead
the location of the visual cue. Thus, visual cues in the left visual
field are simply significantly more potent than auditory cues,
whereas visual cues in the right visual field are equipotent
with auditory cues with respect to influencing perceived line
midpoint.

4.4. Ventriloquism

A celebrated interaction between visual and auditory stimuli is
the phenomenon of ventriloquism (Alais & Burr, 2004; Howard &
Templeton, 1966; Welch & Warren, 1980). Here, the perceived
location of an auditory stimulus is “captured” by a simultaneously
presented visual stimulus. We did not ask subjects to indicate the
perceived location of auditory cues on multisensory trials but we
can indirectly assess visual capture since if the perceived spatial
location (and cueing effect) of auditory cues was captured by con-
current visual cues, then PSEs in the AgVy and A;Vy conditions
should be identical, since they would be determined only by the
V cue. A similar logic applies to the AgV; and A;V; conditions, since
the spatially incongruent auditory cues would be assigned to the
spatial location of the visual cue. To test this hypothesis we com-
pared PSEs in the unisensory auditory cue conditions (Ag and A;)
against those obtained in the multisensory cue conditions (AgV;
and A;V}) and (AgVg and A;Vy), using two-way repeated-measures
ANOVAs, where the independent variables were the number of
cues (A only versus AV) and auditory cue location (A; versus Ag).
Comparing the effect of unisensory auditory cues (A; and Ag) with
their multisensory effect when combined with Vi cues revealed no
significant effect of the number of cues [F; 45 = 0.49, p = .484], but a
highly significant effect of A cue location [F;45=6.07, p=.018],
where leftward A cues led to significantly greater leftward shifts
of PSE. The interaction was not significant [F; 45 = 0.01, p =.972].
The same comparison of the effect of unisensory auditory cues
with their multisensory effect when combined with V; cues, how-
ever, revealed a significant effect of the number of cues
[F145=55.30, p<.001], no significant effect of A cue location
[F1.45=1.85, p=.181], and no significant interaction [F; 45 =1.15,
p=.288].

Thus, V cues presented in the right hemifield appear not to cap-
ture the spatial location of A cues, since the location of A cues sig-
nificantly modulates PSE in this condition. However, when V cues
are presented in the left hemifield there is no modulating influence
of A cue location on PSE. These results indicate a greater potency of
visual capture (ventriloquism) in the left versus right visual hemi-
field. Aside from a report by Slutsky and Recanzone (2001), who
found a greater mislocalization of A stimuli in the left versus right
hemifield (at 8° eccentricity) in the presence of a concurrently pre-
sented foveal V stimulus, the issue of whether there is differential
hemifield susceptibility ventriloquism has not received systematic
investigation.
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