
Vol.:(0123456789)

Attention, Perception, & Psychophysics          (2026) 88:158  
https://doi.org/10.3758/s13414-026-03305-9

Modality‑dependent bottom‑up attention and eye gaze direction 
affect auditory spatial discrimination

René Šebeňa1 · Jyrki Ahveninen2 · Virginia Best3 · Barbara Shinn‑Cunningham4 · Norbert Kopčo5

Received: 4 September 2025 / Accepted: 3 June 2026 
© The Author(s) 2026

Abstract 
A combined behavioral and EEG experiment examined the effects of intramodal and crossmodal cueing on auditory spa-
tial discrimination. On each trial, the participant fixated a neutral location and was presented with an auditory target (two 
broadband “buzzes” with a slight relative spatial offset) from one of two locations (central or lateral). The target was pre-
ceded by a cue varying in its validity (presented from the same or a different location than the target with a 50% probability) 
and modality (auditory or visual, in separate blocks). The participant’s task was to indicate the direction of the target shift, 
irrespective of the noninformative cue. Behavioral results showed that valid auditory cues improved discrimination sensi-
tivity relative to invalid cues, while visual cue validity had no effect. Moreover, discrimination responses were biased away 
from the gaze direction for both cue modalities, with an additional bias away from the invalid auditory cues. EEG analysis 
identified neural correlates of the behavioral effects; specifically, both cue validity and modality modulated target-elicited 
auditory N1 and N2 components, while the more posteriorly distributed P3 correlated weakly with response biases. Finally, 
an auditory cue-evoked posterior contralateral positivity (ACOP) was consistent with a visual (eye-centered) rather than an 
auditory (head-centered) reference frame, suggesting that auditory signals are converted into a visual representation prior 
to directing bottom-up attention.
Open practices statement  The data supporting the findings of this study are openly available on Zenodo [10.5281/
zenodo.17035882]. The repository includes trial-level behavioral data and raw EEG data associated with the present stud-
ies. The studies reported in this manuscript were not preregistered.
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Introduction

Real-world environments are often rich, challenging our sen-
sory systems as our brain only can process limited amounts 
of information. Attention helps prioritize objects, events, or 
areas in complex scenes, shifting the processing resources to 
the relevant stimuli (Gazzaniga et al., 2002; Johnson & Proc-
tor, 2004; Posner, 1980). To achieve this, attention can be 
directed voluntarily, by our goals, or involuntarily, captured 
by sudden events in the environment (Monsell & Driver, 
2000).

Some previous behavioral studies showed that an auditory 
orienting cue that precedes the stimulus can improve reac-
tion times and accuracy for an auditory spatial discrimina-
tion task at the cued location (Sach et al., 2000; Spence & 
Driver, 1997). However, other studies reported either a cuing 
benefit restricted to a subregion of auditory space (Maier 
et al., 2010) or no effect of cuing on localization accuracy 
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(Kopčo et al., 2001). On the other hand, preceding stimuli 
that direct attention away from the target can have detri-
mental effects, such as when irrelevant auditory stimuli that 
share characteristics with the target (“flankers”) cause slower 
or less accurate responses to the target (Chan et al., 2005).

In addition to “intramodal” cueing, there is also evidence 
that “crossmodal” cueing can affect orienting of auditory 
spatial attention (Spence & Driver, 1997). One previous 
study showed that, in an auditory spatial discrimination task, 
performance improved when the gaze followed a visual cue 
to the target location, but not when an auditory cue was used 
and the eyes did not move (Maddox et al., 2014). However, 
the study could not separate the effect of visually guided 
attention from the effect of the eye gaze shifts.

Recent EEG studies have begun to investigate the neural 
mechanisms underlying intramodal and crossmodal invol-
untary spatial orienting (Störmer et al., 2019). Several stud-
ies showed the importance of natural spatial cues in EEG 
studies of sound localization and auditory attention (Baum-
gartner et al., 2017; Deng et al., 2019; Ito et al., 2019). In 
particular, unnatural spatial cues tend to reduce the neu-
ral markers of spatial auditory attention, as spatial selec-
tive attention networks are only partially engaged by these 
impoverished cues (Deng et al., 2019). Therefore, instead of 
only using simple binaural cues to simulate space (Maddox 
et al., 2014; Sach et al., 2000), the current study was per-
formed in a virtual auditory environment created using full 
Head-Related Transfer Functions (HRTFs; Carlile, 1996).

Multiple studies showed that prominent lateralized 
sounds, when used as cues for attentional orienting in a vis-
ual or auditory discrimination task, trigger an enlarged con-
tralateral positive potential in the visual cortex (Feng et al., 
2014; McDonald et al., 2013). This auditory-evoked com-
ponent, labeled as contralateral occipital positivity (ACOP), 
was observed within the interval of 200–450 ms after the 
cue onset even when the cues were spatially and temporally 
nonpredictive of subsequent target events. These crossmodal 
cueing effects likely result from the orienting of visual atten-
tion towards the location of the salient sound, which occurs 
even when the targets are auditory. However, since visual 
and auditory space are encoded in different reference frames 
(RFs, eye-centered vs. head-centered, respectively; Groh & 
Sparks, 1992; Kopčo et al., 2019), this process must rely 
on an alignment of the auditory and visual signals in the 
same RF. The current study examined the neural correlates 
of such auditory cuing with focus on ACOP-like responses 
and their RFs.

Here, we report the results of a combined behavioral and 
EEG experiment exploring how bottom-up attention affects 
auditory spatial discrimination. We examined both beneficial 
and detrimental effects of stimulus-driven orienting, with 
the cue provided in either the auditory or visual modality 
to contrast intramodal and crossmodal mechanisms. We 

used a similar approach to that of Maddox et al. (2014), 
employing a cue that varied in location (valid or invalid) 
and modality (auditory or visual) and an auditory spatial 
discrimination task, but in our design the participants fix-
ated on a neutral location to eliminate the influence of gaze 
shifts. The main goal was to determine whether directing 
covert bottom-up orienting attention affects performance in 
a spatial discrimination task, and whether the effect depends 
on the modality of the attentional cue when the gaze direc-
tion is fixed at a neutral location. We hypothesized that valid 
cues would improve performance while invalid cues would 
have a negative effect. We also expected that the effect would 
be stronger for the intra-modal auditory cue than the cross-
modal visual cue, as the effect of eye gaze was expected 
to be eliminated by keeping fixation at a neutral location 
equidistant from valid and invalid cues in the current study. 
EEG activity was recorded during the experiment and target-
evoked and cue-evoked ERPs were analyzed. We expected 
neural responses to targets to correlate with the behavioral 
effects of the cue validity and modality. For the auditory cue-
elicited responses, we expected the ACOP-related response 
strength to correlate with cued discrimination performance. 
Finally, since the spatial setup of the experiment differed in 
eye-centered and head-centered RFs, we aimed to identify 
the RF in which the ACOP-related responses are encoded.

Methods

Participants

Thirteen subjects (ages 20–38 years, nine men) participated 
in the experiment. All participants had normal hearing by 
self-report, and all provided written informed consent as 
approved by the Ethical Committee of the P. J. Šafárik Uni-
versity in Košice.

Setup

The experiment was performed in a double-walled sound-
proof booth with electromagnetic shielding (Eckel Labora-
tories, Cambridge, MA). The subject was seated on a chair 
in front of a 24-inch LCD monitor and a keyboard. The head 
was positioned at the start of each experimental block by 
adjusting the chair and screen so the eyes were aligned with 
the center of the screen at a distance of 42 cm to ensure 
the correct visual cue and fixation point (FP) azimuths of 
0°, ±12.5°, and ±25°. The subject was instructed to keep 
the head fixed throughout the session. However, the head 
position was not stabilized by any support or monitored, 
to prevent any interference with the EEG cap/wiring. Also, 
the subject was instructed to keep the eyes fixated at the FP 
during trials. The experiment was controlled by a PC (placed 
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outside the booth) using MATLAB (MathWorks, Natick, 
MA) with the Psychtoolbox 3 extension (Brainard, 1997). 
Auditory stimuli were delivered using Etymotic Research 
(Elk Grove Village, IL) ER-1 insert headphones connected 
to a Datapixx system (VPixx Technologies, Saint-Bruno, 
Quebec Canada), with a programmable USB audio device 
(Texas Instruments TLV320AIC3256EVM-U). Subjects 
followed on-screen instructions and entered their responses 
using the PC keyboard. Subjects wore a 32-electrode EEG 
cap (Biosemi ActiveTwo, Amsterdam, Netherlands) with 
additional electrodes at the temples to monitor eye-gaze 
direction. EEG data were recorded during the whole experi-
ment on a separate data acquisition PC.

Stimuli

The auditory stimuli were 100-ms broad-band “buzz” sounds 
with 5-ms on/off ramps, created as pulses (single  1 s among  
0 s in the digital signal) presented repetitively at a repeti-
tion rate of 170 Hz. They were sampled at 48828 Hz and 
presented at average level of 70 dB SPL. The target (Fig. 1) 
consisted of two such buzz sounds (referred to as T1 and 
T2), presented without any temporal gap from two neighbor-
ing locations. T1 locations were 0° or ±25° while T2 was 
shifted from T1 by ±4.2°, for the 0° T1, or by ±8.4°, for the 
±25° T1 (the T2 offsets at each location were determined 

prior to the experiment as average just-noticeable differences 
in location for a group of five pilot subjects). The auditory 
cue consisted of one such buzz, preceding the target from 
the azimuth of 0° or ±25°. The auditory stimulus locations 
were simulated using KEMAR HRTFs (Gardner & Martin, 
1994) interpolated by CSOUND functions (Lazzarini & 
Carty, 2008). Visual stimuli included a fixation point (FP), 
shown during the whole duration of a trial as a white cross 
at the azimuth of ±12.5° on the black computer screen, and 
a visual cue, shown as a 100-ms white dot at the azimuths 
of 0° or ±25°, subtending 0.8°. All stimuli were presented 
at an elevation of 0°.

Procedure

The structure of individual trials is illustrated in Fig. 1. Each 
trial started with an FP appearing on the screen at +12.5° 
(shown in Fig. 1) or −12.5°. Subjects were required to hold 
their gaze at the FP throughout the entire trial (monitored 
off-line based on EOG) and they generally kept the eyes 
steady even during the inter-trial intervals (confirming this, 
an analysis of the EOGs did not show any systematic eye 
movements in response to FP; data not shown). After 100 
ms, the auditory or visual cue was presented with equal 
probability from one of the two locations +12.5° or −12.5° 
re. the FP location (thus, if the FP was at +12.5°, the cue 

Fig. 1   Experimental setup and trial structure. Each trial started with 
the onset of the FP, followed by the presentation of a cue (visual or 
auditory) and a target (consisting of two sounds, T1 and T2). The cue 
validity and target shift directions were randomly chosen on each trial 
(50% probability), while the FP location and cue modality were fixed 

within a block. In the figure the FP is located at +12.5° and the cue 
and target are presented in the right hemifield. In half of the blocks, 
the setup was left–right mirrored, with the FP at −12.5° and the stim-
uli presented in the left hemifield
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could come from 0°, as shown in Fig. 1, or from +25°). 
The target, presented 600–700 ms after the cue offset (cho-
sen randomly on each trial from a uniform distribution), 
consisted of two components, T1 and T2. Like the cue, the 
T1 component was presented with equal probability from 
+12.5° or −12.5° re. the FP (on valid trials, the cue and T1 
locations were the same, as illustrated by the upper alterna-
tive for T1 in Fig. 1 where both cue and T1 are at 0°; on 
invalid trials, the cue and T1 came from different locations, 
as illustrated by the lower alternative for T1 in Fig. 1 where 
the T1 is at +25°). Finally, T2 was presented immediately 
after T1 and offset from it with equal probability to the left 
or to the right by 4.2° (if T1 was at 0°) or by 8.4° (if T1 
was at ±25°). The subject’s task was to indicate whether the 
target moved to the left or right (i.e., whether T2 was to the 
left or right of T1) using the keys “1” or “2” on the numeric 
keypad. No feedback was provided. The next trial started 
700 ms after the response. Note that since the cue and target 
locations were offset relative to the FP, the setup was always 
left–right symmetrical in the eye-centered RF (targets and 
cues always ±12.5° from the FP), while in the head-centered 
RF the cues and targets were presented either in the left 
hemifield (−25° and 0° from the straight ahead orientation) 
or the right hemifield (+25° and 0°).

The experiment consisted of two sessions, performed 
on two separate days, with an additional practice session 
performed immediately before Session 1. The practice ses-
sion started with a block of 30 no-cue trials with the subject 
fixating at +12.5° and target presented at [T1, T2] of [0°, 
±12°] or [25°, 25°±18°]. This block served to ensure that 
the subjects could perform the task. Each subject had to 
achieve performance above 50% correct without feedback, 
with the block repeated until this criterion was reached. The 
practice session proceeded with four 20-trial blocks, one for 
each combination of FP location (+12.5° or −12.5°) and cue 
modality (visual or auditory). The subject had to reach an 
average of 60% correct responses across these four blocks. 
All subjects exceeded this criterion.

The two experimental sessions consisted of 20 blocks 
each, with 40 trials per block. Within each block, fixation 
location and cue modality were held constant, while tar-
get position, target shift direction, and cue validity varied 
randomly from trial to trial with equal probability (i.e., the 
cue was valid on 50% of trials). Subjects were free to take 
breaks between blocks. The first session began with a block 
of trials using left fixation and a visual cue, followed by a 
block with right fixation and a visual cue. Next came a block 
with left fixation and an auditory cue, followed by a block 
with right fixation and an auditory cue. This sequence of 
four blocks was repeated five times throughout the session. 
In the second session, the order of the blocks was reversed, 
starting with right fixation and auditory cue. The choice of 
fixing the eyes and cue modality within a block was made, 

respectively, to minimize potentially distracting eye move-
ments and uncertainty that the randomized cue modality 
could cause otherwise. The order in which the subjects were 
exposed to auditory and visual cues was counterbalanced 
across sessions, but not randomized within session, to pre-
vent the effects of prolonged exposure to the same cue or 
to the same FP location which could otherwise occur (e.g., 
if the same cue modality is randomly selected on two con-
secutive blocks. In total, 1,600 trials were performed in the 
experiment, 50 for each combination of 2 [target locations] 
× 2 [shift directions] × 2 [cue validities] × 2 [cue modalities] 
× 2 [fixations]. Each session lasted approximately 40 min.

Behavioral data analysis

For each condition with FP at +12.5°, there was a left–right 
symmetric condition with FP at −12.5°. Since the results 
in the corresponding left–right symmetric conditions were 
largely mirrored, data collected with −12.5° FP were mir-
ror-flipped and combined with the data collected with the 
+12.5° FP. Moreover, unless stated otherwise, the data 
are presented as if the FP was always at +12.5°. Sensitiv-
ity index d′ and criterion location c were used to evaluate 
performance, computed by considering separately the per-
cent correct data for the target shift towards and away from 
the FP, and assigning the correct response when the target 
moved away as a ”hit” and an incorrect response when the 
target moved towards FP as a “false alarm.” A repeated-
measures analysis of variance (ANOVA) in SPSS software 
was used to evaluate statistical significance, with α = 0.05 
and all reported p values corrected for potential violations 
of the sphericity assumption using the Box–Geissler–Green-
house epsilons.

EEG acquisition and preprocessing

EEG data were recorded at a sampling rate of 4096 Hz from 
32 scalp electrodes positioned in the standard 10/20 configu-
ration. Flat-type electrodes with individual leads/connectors 
were placed on the earlobes for reference. Two electrodes 
were placed above and below the left eye and two additional 
ones at the outside corners of each eye to measure the EOG. 
The processing of the EEG data involved epoching the tri-
als between −0.5 to 1 s relative to the onset of the auditory/
visual cue condition and −1 to 1 s relative to the onset of the 
target stimulus. For ERP analysis, data were filtered using 
a 1-Hz high-pass and 40-Hz low-pass filter, and the signals 
were referenced against the two electrodes on the subject's 
earlobes and down-sampled to 256 Hz. The number of tri-
als per condition was 50. For each electrode, all trials with 
raw EEG values exceeding 100 μV were rejected to reduce 
noise. EOG data were epoched between −0.9 s to 0.2 s rela-
tive to the onset of target T1. This epoch interval allowed us 
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to evaluate the eye gaze direction during the presentation of 
FP, cue and target stimulus. EEG trials contaminated with 
eye blink artifacts (voltage threshold ± 100 μV relative to 
pretrial baseline), determined by vertical EOG data analysis, 
were rejected. Trials where the subject did not hold his/her 
gaze steady at the FP, as determined from the horizontal 
EOG data analysis, were also rejected. In total, 8.7% of tri-
als were rejected.

Target ERP analysis

To quantify the amplitudes of individual ERP components, 
we defined time windows based on the grand-average ERP, 
obtained by averaging across all conditions, electrodes, 
and subjects. The grand average ERP showed a stand-
ard response consisting of the components of P1 (peak at 
39 ms), N1 (102 ms), P2 (188 ms), N2 (254 ms), and P3 
(359 ms), referenced to the onset of target T1. The time 
ranges over which temporal components were considered 
were determined from the mid-points between the peaks and 
troughs of the grand average potentials: P1 (16–70 ms), N1 
(74–145 ms), P2 (148–219 ms), N2 (223–305 ms), and P3 
(309–453 ms). Based on previous studies (Feng et al., 2014; 
McDonald et al., 2013), the analysis focused on two topo-
graphic regions. To analyze the early ERP components (P1, 
N1, P2), data from four fronto-central channels (Cz, Fc1, 
Fc2, Fz) were averaged. To examine the later ERP compo-
nents (N2 and P3), responses were averaged across seven 
posterior electrodes (Pz, CP1, CP2, P3, P4, PO3, PO4). 
Averaged ERP components from selected channels were 
then compared across different conditions using repeated 
measures ANOVA, with all reported p values Box–Green-
house–Geissler corrected for potential violations of the sphe-
ricity assumption.

Auditory cue ERP analysis

The auditory cue-elicited ERP analysis focused on parieto-
occipital orienting effects, similar to the ACOP effects 
reported in previous studies (Feng et al., 2014; McDonald 
et al., 2013). These components were analyzed in relation 
to behavioral discrimination accuracy. The orienting-related 
component was quantified as the mean amplitude over eight 
posterior electrode sites (P7/P8, PO3/PO4, P3/P4, O1/O2) 
within the 300–400 interval after cue onset, similar to the 
selection in the previous studies (Feng et al., 2014; McDon-
ald et al., 2013). The analysis was performed in head-cen-
tered and eye-centered RFs. For the head-centered RF analy-
sis, ERP waveforms were collapsed across auditory stimulus 
location (left, right) and hemisphere of recording (left, right) 
to obtain ERPs recorded on the contralateral and ipsilat-
eral hemispheres relative to the FP and peripheral auditory 
stimulus location. Averaged ERP hemispheric difference 

(contra − ipsi relative to fixation) components from selected 
channels were then averaged and compared across different 
conditions using repeated-measures ANOVAs with the fac-
tors of discrimination accuracy (correct/incorrect), validity 
(valid/invalid), cue position (peripheral/central), and fixation 
(left/right). For the eye-centered RF analysis, the data were 
recoded so that the cortical hemispheres were referenced 
as contralateral versus ipsilateral relative to the cue loca-
tion encoded in the eye-centered RF (i.e., left vs. right re. 
fixation).

Results and discussion

The results are presented in three parts. First, the behavioral 
data analysis examines how cue validity, cue modality, and 
fixation direction influenced covert bottom-up orienting in 
spatial discrimination. Next, an analysis of target-elicited 
ERPs aims at identifying the ERP components that correlate 
with the behavioral effects. Finally, the auditory cue-elicited 
ERP analysis links behavioral performance and the ACOP-
like responses and their RF.

Behavioral performance

Results

The effect of cueing on spatial discrimination was analyzed 
in terms of sensitivity index d′ and criterion location c. 
Based on the results of Maddox et al. (2014), we hypoth-
esized that covert bottom-up orienting of attention to the tar-
get location would improve the discrimination sensitivity on 
valid trials vs. invalid trials. We also expected that the effect 
would be stronger for the auditory cue than the visual cue, as 
eye gaze was fixed to a neutral location in the current study.

Figure 2A shows the d′ as a function of cue validity, 
separately for the visual versus auditory cue (dashed vs. 
solid lines, respectively), collapsed across the central ver-
sus peripheral target locations (additionally, the circles and 
triangles aligned with each corresponding error bar show the 
central and peripheral target data separately). Valid auditory 
cues resulted in improved discrimination sensitivity com-
pared to invalid auditory cues (solid line), while the visual 
cues had a negligible validity effect (dashed line). Confirm-
ing this, a repeated-measures ANOVA on the d′ data with the 
factors of cue modality (visual, auditory), cue validity (valid, 
invalid), target location (central, peripheral) and fixation 
location (left, right) found a significant interaction of cue 
modality and cue validity, F(1,13) = 6.513, p = 0.024, with 
post hoc t tests showing a significant difference between the 
auditory valid versus invalid cues, t(13) = 4.28, p = 0.001, 
but not between the visual valid and invalid cues, t(13) = 
1.54, p = 0.146. Since no visual cuing effect was observed, 
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an average of the visual valid and invalid cue values was 
computed and used as a no-cue reference estimate for deter-
mining whether the auditory cuing effect was mainly driven 
by the valid or the invalid cue. Pairwise comparisons to this 
reference found that the invalid auditory cue caused a signifi-
cant decrease in sensitivity, t(13) = 3.76, p = 0.002, while 
the improvement caused by the valid auditory cue was not 
statistically significant, t(13) = −1.79, p = 0.095, suggesting 
that the observed auditory cuing effect was driven mainly 
by a detrimental effect of the invalid cue. The ANOVA also 
found a weakly significant Target Location × Fixation Loca-
tion interaction, F(1,13) = 2.971, p = 0.046, as well as a 
significant main effect of target location, F(1,13) = 13.497, 
p < 0.001. This main effect reflected better performance 
for the peripheral targets than for central targets (triangles 
vs. circles in Fig. 2A), while the interaction indicated that 
the central vs. peripheral difference was slightly stronger 
with the right fixation (central vs. peripheral d′ of 0.91 vs. 
1.64) than the left fixation (0.99 vs. 1.26). Since the differ-
ence between central and peripheral targets is likely due to 
the larger T1–T2 target separation used at the peripheral 
location, and the modulation by FP was weak and did not 

affect the effect of cuing, which is of primary interest here, 
these effects of target and fixation locations were not fur-
ther considered. No other main effects or interactions were 
significant.

The analysis of the criterion placement examined whether 
there were biases in discrimination responses due to the rela-
tive location of the targets re. the gaze direction, and pos-
sibly also re. the cue location. While gaze direction-related 
biases were not analyzed by Maddox et al. (2014), biases 
away from the FP were previously reported for studies of 
absolute localization and motion perception (Brimijoin, 
2018; Cui et al., 2010). Cue location-related biases were 
expected mainly for the auditory cue, where the similarity of 
the cue and target stimuli may have induced the perception 
of stimulus motion, even though the interval between the cue 
and the target was relatively long.

Figure 2B plots the criterion location c in a format simi-
lar to Fig. 2A, with positive bias values corresponding to 
criterion placement in the direction towards the FP (i.e., 
representing a subjects’ tendency to perceive the target as 
moving away from the FP). For the visual cues, there was 
a slight positive bias, independent of cue validity (dashed 

Fig. 2   Behavioral performance. Across-subject mean (±SEM) sensi-
tivity d′ (A) and criterion location c (B) in responses as a function 
of cue validity, plotted separately for the visual cue (dashed lines) 
and auditory cue (solid lines). Lines show data averaged across tar-
get locations, while symbols show performance separately for the 
central versus peripheral target location. All data are averaged across 

left and right fixations. Note that a shift of criterion location “towards 
FP” corresponds to responses being biased “away from FP” and vice 
versa. Horizontal lines connect conditions with significant post hoc 
pairwise differences (significance levels: **p < 0.01, ***p < 0.001), 
while curly brackets covering pairs of conditions indicate that an 
average value across the conditions was used in significance testing
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line), while for the auditory cue, there was no bias when it 
was valid and a large positive bias when it was invalid (solid 
line). These effects were very similar for the central and 
peripheral target locations (symbols) and independent of fix-
ation location (not shown). Confirming these observations, 
repeated-measures ANOVAs performed on the criterion 
data, with the same factors as described above for sensitiv-
ity, found a significant Cue Modality × Validity interaction, 
F(1,13) = 23.945, p < 0.001, with post hoc analysis show-
ing a strong effect of the validity of auditory cue, t(13) = 
−4.941, p < 0.001, and no effect of validity of the visual 
cue, t(13) = −1.229, p = 0.241. Finally, t tests found that 
the criterion locations were significantly different from zero 
for the visual cue, t(13) = 2.25, p = 0.04, as well as for the 
auditory invalid cue, t(13) = 5.026, p < 0.001, but not for 
the auditory valid cue, t(13) = 1.07, p = 0.30.

Discussion

The d′ results support the hypothesis that bottom-up orient-
ing affects auditory spatial discrimination sensitivity when 
it is controlled by the intramodal auditory cue, while no 
change in sensitivity is induced by the crossmodal visual 
cue. However, importantly, the auditory cuing effect appears 
to arise because invalid cues reduce sensitivity, by distract-
ing listeners’ attention, not because valid cues enhance sen-
sitivity. The null visual cue results confirm that the visually 
induced improvements observed in the study of Maddox 
et al. (2014) were driven by directing the eye gaze, not atten-
tion, to the target location. On the other hand, the lack of an 
auditory cuing effect in that previous study, compared to 
the mainly distracting effect of the invalid auditory cue in 
the current study, is likely to be driven by the experimental 
differences. Specifically, the effect observed here may have 
been driven by the realistic HRTF-based spatial simulation 
and the use of similar sounds for the cue and target, both of 
which may have increased the potency of the auditory cue.

The criterion results for the visual cue show that listeners 
had a tendency to perceive the sounds as moving away from 
the fixation, independent of cue validity. This bias might be 
related to the bias away from FP reported in static localiza-
tion (Cui et al., 2010). However, the bias observed here is in 
relative localization of two consecutive sounds, suggesting 
that the bias either grows with time (since T2 is perceived 
as further away from FP than T1) or that it is enhanced by 
the presentation of T1. Alternatively, previous studies also 
reported motion perception distortions observed relative to 
the head, suggesting that frontal sources are perceived as 
moving faster than lateral sources (Brimijoin, 2018). The 
current results indicate that such distortions might also 
depend on the target location re. the gaze fixation.

The criterion results for the auditory cue show that 
there is a strong preference to hear the target as moving 

away from the FP when the cue is invalid, while there 
is no bias for the valid cue. Both of these results can be 
explained by assuming that there is a flanker-effect-like 
interference from the cue-to-T1 motion direction (Chan 
et al., 2005) that affects the ability to determine the direc-
tion of motion from T1 to T2. In the visual flanker phe-
nomenon, the perception of the direction of an arrow is 
affected when the arrow is surrounded by multiple arrows 
pointing in the opposite direction. In the current study, for 
the invalid auditory cue, the apparent motion from the cue 
to T1 covers 25° and thus might dominate over the near-
detection-threshold T1–T2 separation of 4–8°, inducing 
the observed bias. For example, consider a trial in which 
participants fixate the +12.5° FP and an invalid auditory 
cue is played from a central location (0°) followed by the 
target sound presented from the peripheral location (+25° 
T1 followed by +25°±8° T2). The proposed mechanism 
predicts that the large rightward cue-to-T1 apparent motion 
interferes with the difficult small location change from T1 
to T2, biasing the subjects to report the cue-to-T1 direction 
(which in this scenario is the same direction as away from 
FP). This interference hypothesis is also consistent with 
the no bias re. FP observed for the valid cue, as in this case 
the cue and T1 are at the same location, thus not causing 
any interference with the T1-to-T2 direction perception. 
On the contrary, having the cue aligned with T1 appears 
to counteract the away-from-FP bias observed with visual 
cues. An alternative to the flanker explanation is that the 
effect might be related to the visual apparent motion iner-
tia illusion (Anstis & Ramachandran, 1987), leading to the 
perception that the target continues along the cue-to-target 
trajectory, even if the physical motion does not. Another 
related observation is that cue predictivity has asymmet-
ric effect on visual reorienting driven by valid vs. invalid 
cues, possibly due to validity-dependent speed of reori-
enting to the cue (Doricchi et al., 2010, 2020; Lasaponara 
et al., 2011, 2017).

Whatever the mechanism, the bias effect of the audi-
tory cue might have been enhanced in the current study 
by the fact that the cue and target were identical sounds. 
However, it is likely that it would be also observed if the 
cue and target differed. Finally, these biases might also 
be related to the auditory localization aftereffect induced 
by a preceding adaptor. Even though auditory spatial dis-
crimination studies with a preceding adaptor did not report 
any similar biases in perception (Getzmann, 2004; Ling-
ner et al., 2018; Maier et al., 2010), localization studies 
do show clear adaptor-induced biases (Andrejková et al., 
2023; Laback, 2023) and the previous discrimination stud-
ies did not examine criterion location.
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Target‑elicited ERPs

Results

Target-elicited auditory ERPs were analyzed to identify 
physiological correlates of the behaviorally observed effects 
of cuing and eye-gaze direction on spatial discrimination. 
The analysis focused in two scalp topographical areas, cen-
tral and parieto-occipital, previously shown to play a role 
in attentional cuing (Feng et al., 2014; McDonald et al., 
2013). Figure 3A shows the effect of cue validity on the 

ERP amplitudes across the central electrodes (highlighted 
in the topography insets), separately for the visual and audi-
tory cues (left vs. right panel) and temporally aligned with 
the target onset (indicated along the x-axis in the bottom 
left panel).

A separate exploratory repeated-measures ANOVA was 
performed on the across-channel average amplitude for each 
of the five components (P1, N1, P2, N2, P3; indicated by 
vertical lines in Fig. 3), with the factors of cue modality 
(auditory, visual), cue validity (valid, invalid), target loca-
tion (central, peripheral), fixation location (left, right), and 

Fig. 3   Target-elicited ERPs as a function of time, averaged over two 
scalp regions (central and occipital) and referenced to the target onset 
(indicated along the x-axis in the bottom left panel). A) Across-sub-
ject average responses over central electrodes (see bold dots in the 
inset topographies) for valid versus invalid cues (brown vs. orange) 
and visual versus auditory cues (left vs. right column). Shaded areas 
represent ±1 across-subject SEM. Vertical dotted lines indicate the 
ERP components P1, N1, P2, N2, and P3. Insets show the topography 
of valid–invalid differences for the component indicated by the con-

necting line—for N1 and N2 corresponding to significant differences 
across the central electrodes (for P3 the topography is shown because 
of a significant difference across the parietal electrodes; see text for 
details). B) Responses over parietal electrodes plotted separately for 
the towards versus away (beige vs. grey) from FP shift directions, 
using the same layout as in panel A. Insets show the topography of 
the significant differences of towards FP–away from FP shift direction 
for the P3 component. (Color figure online)
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target shift direction re. FP (towards, away). Bonferroni cor-
rection was used to compensate for the multiple compari-
sons (considering five components and two areas, criterion 
p was adjusted to 0.005). Only the ANOVAs on N1 and 
N2 components found significant effects. The ANOVA on 
N1 data revealed a significant main effect of cue modality, 
F(1,13) = 43.00, p < 0.001, and a significant Cue Modal-
ity × Validity interaction, F(1,13) = 13.71, p = 0.003. Fig-
ure 3A shows that the target-elicited N1 for the visual cue 
was around −9 µV, independent of cue validity (brown and 
orange lines are on top of each other), while for the auditory 
cue it was smaller, reaching only approximately −6 µV for 
the invalid cue (orange) and −5 µV for the valid cue (brown). 
The N1 topography inset in Fig. 3A shows the auditory cue 
valid–invalid target-elicited N1 difference topography, with 
largest contrasts observed for the central and frontal elec-
trodes, with a slight dominance on the left-hand side.

For the N2 component, only the four-way interaction 
of cue modality, cue validity, fixation location, and shift 
direction was significant, F(1,13) = 13.81, p = 0.003. A 
separate partial ANOVA performed on the visual-cue data 
found no significant effects, while a similar ANOVA on the 
auditory-cue data found a significant Fixation × Validity × 
Shift Direction interaction, F(1,13) = 19.86, p = 0.0006. 
This complex three-way interaction was dominated by the 
effect of validity (difference between valid and invalid cues 
was around 1.5 µV; N2 orange vs. brown graph in the right 
panel of Fig. 3A). Topographically, this effect of validity 
was concentrated around the fronto-central electrodes (N2 
difference topography inset in Fig. 3A). Fixation and shift 
direction only had minor effects (smaller than 1 µV; data not 
shown) and thus were not considered further.

Figure 3B shows the effect of the target shift direction 
re. FP on the ERPs across the parietal electrodes, using a 
layout similar to Fig. 3A. As with the central electrodes, 
five separate ANOVAs were performed on different compo-
nents of the across-channel average signal, out of which only 
the ANOVA on P3 found significant effects. First, the main 
effect of shift direction was significant, F(1,13) = 15.37, p = 
0.002, with the away-from-FP signal more positive for both 
visual and auditory cues (see the P3 beige vs. gray graphs in 
Fig. 3B). The topographies of the contrast show maximums 
over the parietal electrodes (insets in Fig. 3B). Second, the 
Cue Modality × Validity interaction was significant, F(1,13) 
= 13.71, p = 0.003, exhibiting a pattern similar to the cen-
tral-region N2 pattern shown in Fig. 3A. Specifically, the 
visual cue P3 values were approx. 3.6 µV independent of 
cue validity, while the auditory valid cue responses were 
slightly lower (3.1 µV) and the auditory invalid responses 
were considerably higher (4.4 µV) (while the ERP values 
are not shown for these contrasts in Fig. 3B, the P3 topogra-
phy in Fig. 3A shows the valid-invalid contrast was broadly 
concentrated around the parietal electrodes).

Discussion

The effects of cue modality and validity on the central-
electrode N1 and N2 (Fig. 3A) are both generally consist-
ent with the behavioral observation that cue validity had no 
influence on d′ for the visual cue but a large influence for 
the auditory cue. Behaviorally, a valid auditory cue caused 
a small improvement in spatial discrimination (compared to 
the average visual cue performance), while an invalid audi-
tory cue acted as a strong distractor (Fig. 2A). The pattern 
for N1 only partially matches the behavior, as the visual 
cue response is more negative than the auditory invalid cue 
response, which in turn is more negative than the auditory 
valid response (even though a valid auditory cue would 
be expected to produce, if anything, a larger N1; Kennett 
et al., 2001; McDonald et al., 2000, 2001). In addition, the 
N1 response is generated in early auditory cortices (Hari 
et al., 1980; Virtanen et al., 1998). Thus, it appears more 
likely that this effect is due to neuronal adaptation resulting 
from repetitive stimulation. Specifically, assuming that the 
cortical response is suppressed and therefore weaker for a 
repeated presentation of a stimulus (Virtanen et al., 1998), 
the weaker response following the auditory versus visual 
cue is expected because the auditory cue sound preceded 
and was similar to the auditory target sound (Ahveninen 
et al., 2006; Butler, 1972; Jääskeläinen et al., 2004, 2007). A 
new result observed here is that this suppression is stronger 
when the auditory cue comes from the same location as the 
target (valid condition) than when the cue location is differ-
ent (invalid condition), which is consistent with stimulus-
specific adaptation (Briley & Krumbholz, 2013).

On the other hand, the N2 pattern matches behavior much 
better, as the auditory valid N2 is only slightly lower than the 
visual N2, while the auditory invalid N2 is much higher than 
both the visual N2 and the auditory valid N2 components 
(Fig. 3A). Additionally, the occipital P3 pattern matches the 
central N2, and even the fronto-central P3 had a tendency 
to be more negative for the valid than invalid auditory cue 
(Fig. 3A). Thus, the late components of N2 and P3 over 
the central and occipital scalp regions are the most likely 
ERP correlates of the behavioral effects of covert bottom-up 
attentional cuing on auditory spatial sensitivity.

The analysis of the parieto-occipital topographical area 
showed that the P3 component’s amplitude depends on the 
target shift direction re. FP, qualitatively consistent with the 
behaviorally observed bias away from the FP for both visual 
and auditory cues (Fig. 2B). However, the behavioral bias 
was very strong for an invalid auditory cue and negligible 
for a valid auditory cue, while no such effect was observed 
for the P3 component. Thus, it appears that this ERP com-
ponent corresponds to a constant bias away from the FP. 
While behaviorally this effect was modulated by the cue 
location-dependent interference when the cue was auditory, 
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no corresponding physiological effect of the auditory cue 
was observed. Auditory and visual stimuli often produce 
similar P3 responses in discrimination tasks (Comerchero 
& Polich, 1999). So, this result might be specifically related 
to the gaze-dependent spatial auditory discrimination bias 
for which, to our knowledge, there are no previous studies 
available.

Finally, for the P3 component, the main effect of target 
shift direction is additive with the Cue Modality × Validity 
interaction (i.e., there was no Target Shift × Cue Modal-
ity × Cue Validity interaction), suggesting that the mecha-
nisms causing the attentional effects on this component 
do not directly interact with the mechanisms causing the 
shifts re. FP. All of these results are consistent with the P3 
being a correlate of executive control (Donchin & Coles, 
1988; Polich, 2007; Walhovd & Fjell, 2002), here specifi-
cally directing spatial auditory attention (along with N2) 
and controlling the decision about perceptual events. Impor-
tantly, to our knowledge, this study is the first one to show 
this component as a correlate of a fixation-dependent bias 
in auditory spatial discrimination, possibly related to other 
auditory spatial asymmetries, like the looming bias in dis-
tance perception (Baumgartner et al., 2017) or perceptual 
distortions in auditory space processing (Bosen et al., 2018; 
Brimijoin, 2018).

Auditory cue–elicited ERPs

Results

To further examine the physiological mechanisms under-
lying the effects of cuing on auditory spatial discrimina-
tion, the final analysis focused on the responses elicited by 
the auditory cues (visual cues were not considered since 
they did not affect discrimination) before the targets were 
presented. The analysis examined the orienting response to 
the cue, possibly related to the ACOP response previously 
shown to correlate with the subsequent visual and auditory 
discrimination accuracy (Feng et al., 2014; McDonald et al., 
2013). To examine whether the strength of the ACOP-related 
response also can act as a performance predictor in the cur-
rent study, the cue-elicited ACOP-related responses were 
analyzed separately for the trials in which the subsequent 
target discrimination was correct versus those where it was 
incorrect (while also considering other parameters like cue 
validity, location, etc.). Also, the analysis considered the 
effect of gaze fixation on the responses to examine whether 
the response is encoded in a head-centered or eye-centered 
RF (Groh & Sparks, 1992; Lokša & Kopčo, 2023).

Previous ACOP studies used a simple setup in which the 
head and eyes fixated directly in front of the listener and 
the stimuli were only located on the left or right relative 
to fixation/head orientation (Feng et al., 2014; McDonald 

et al., 2013). Thus, the visual (eye-centered) and auditory 
(head-centered) representations of the space were aligned, 
and it was not possible to determine whether the ACOP is 
produced in a brain region using the eye-centered or head-
centered RF. In the current study the stimuli could be on 
the left (−25°), central (0°), or right (+25°) locations while 
the eyes fixated +12.5° or −12.5°, all with respect to the 
head orientation (i.e., in head-centered RF). However, when 
expressed with respect to the eye-gaze direction (i.e., in the 
eye-centered RF), the current cues and targets could only 
be located on the left or on the right (at +12.5° or −12.5°), 
similar to the previous studies. Thus, the current study could 
examine whether the ACOP-related response, if observed, 
would be more aligned with the eye-fixation-independent 
head-centered RF (consistent with the auditory space rep-
resentation of the auditory stimuli used here) or the eye-
centered representation (consistent with the visual repre-
sentation in the occipital brain areas where this response is 
assumed to originate).

The ACOP is a hemispheric differential response, there-
fore a group of left–right symmetrically placed occipital 
electrodes was considered for each hemisphere (highlighted 
for the right hemisphere in the insets of Fig. 4) and the anal-
ysis focused on the time period 300–400 ms post cue onset 
(indicated in all panels of Fig. 4 by a vertical line at 350 
ms), similar to the previous studies. Fig. 4A–B show the 
average within-hemisphere responses, respectively, for the 
hemisphere contralateral and ipsilateral to fixation. Each line 
represents the response for one combination of correctness 
and cue location on data averaged across cue validity and 
FP location, as these two factors did not produce any sig-
nificant main effect or interaction (see the analysis below) 
and time-aligned with respect to the cue onset (indicated 
along the x-axis). While these graphs show strong early (t 
< 300 ms) positive and negative responses to the cue and 
even to the FP (which preceded the cue), these deviations 
are relatively similar across the hemispheres and across dif-
ferent conditions. However, starting at approximately 300 
ms, the within-hemisphere responses return to zero, while 
the separation between different conditions and between the 
hemispheres becomes larger.

To directly evaluate the ACOP-related response, a 
repeated-measures ANOVA was performed on the contra 
− ipsi hemisphere responses (i.e., panel B minus panel A, 
shown in panel C) over the 300–400-ms period with the 
factors of discrimination correctness (correct/incorrect), 
validity (valid/invalid), cue position (peripheral/central), 
and fixation (left/right). It found a significant main effect of 
cue position, F(1,13) = 9.86, p = 0.008, and a significant 
interaction of correctness and cue position, F(1,13) = 8.47, 
p = 0.012. Figure 4C shows the differential plot paralleling 
this ANOVA, with each line corresponding to the difference 
between the respective lines from panels A and B. It shows 
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that while for the correct trials there is very little differen-
tial effect (blue and cyan lines are near zero), for the incor-
rect trials starting at around 300 ms, the difference became 
positive for the peripheral cues (magenta line) and negative 
for the central cues (red). This confirms that the ACOP-
like response correlates with the subsequent discrimination 
accuracy, but it is not always a positivity when hemispheres 
are encoded relative to fixation and it only is visible for the 
incorrect responses.

The RF used to encode the data in Figure 4C is a mix-
ture of head-centered and eye-centered, as it considers the 
head-centered location of the FPs and partially also of the 
cues (which are simultaneously also referenced to the fixa-
tion) while the hemispheres are referenced to the fixation. 
To evaluate the data in a purely eye-centered RF, the condi-
tions were recoded such that, for each cue, only its location 
relative to the fixation was considered (i.e., left vs. right) 
and the hemisphere was expressed as ipsi/contralateral with 

respect to that cue’s eye-centered location (e.g., for a trial in 
which the fixation was at +12.5° and the cue was at 0°, the 
cue was encoded as being on the left, and the left hemisphere 
was considered to be ipsilateral while the right hemisphere 
was contralateral). A repeated-measures ANOVA was per-
formed on the hemispheric difference data with this encod-
ing, using the factors of discrimination correctness (correct/
incorrect), validity (valid/invalid), cue position (left/right), 
and fixation (left/right). This ANOVA found only a signifi-
cant main effect of discrimination correctness, F(1,13) = 
8.47, p = 0.012, paralleling the Correctness × Cue Position 
interaction of the preceding ANOVA. Figure 4D plots the 
corresponding data for the correct and incorrect trials (these 
curves are derived from those in panel C; e.g., the red line 
in Fig. 4D is obtained as an average of the magenta line and 
the sign-inverted red line from Fig. 4C). Notably, these data 
are much less noisy and their error range (shown by light red 
and blue bands corresponding to ±1 SEM) is much smaller 

Fig. 4   Auditory cue-elicited ERPs over occipital electrodes shown 
separately for each hemisphere (A, B) and as a hemispheric difference 
(C, D). The responses are always averaged across 4 occipital elec-
trodes (the right-hemisphere electrodes are highlighted in the insets, 
while the corresponding electrodes considered in the left hemisphere 
are not shown). The traces in the upper panels show the across-sub-
ject mean ERP for all combinations of correctness (correct vs. incor-
rect) and cue position (central vs. peripheral), plotted separately for 
contralateral (A) or ipsilateral (B) hemisphere re. fixation on data 
averaged across fixation location and validity. C) The hemispheric 

difference (contra – ipsi hemisphere re. fixation) responses obtained 
by subtracting the respective data from panel B from those from 
panel A, representing the ACOP response in a mixed head-centered 
and eye-centered reference frame. D) Hemispheric difference (contra 
– ipsi hemisphere re. cue location in eye-centered reference frame) 
obtained after encoding the conditions with respect to the eye fixation 
and referencing the hemisphere to the cue location (e.g., the red trace 
in panel D was obtained as the average of the purple and sign-flipped 
red traces from panel C). (Color figure online)
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than those in panel C. While no effect is observed initially, in 
the 300–400 interval the incorrect trial values were around 
0.35 µV (red), while the correct trial values stayed around 
0 µV (blue). Interestingly, this difference between the red 
and blue lines appears to be approximately constant also 
for the reminder of the responses, up to 700 ms. The inset 
topography connected to the red line in Fig. 4D shows the 
hemispheric contrasts for the incorrect trials, clearly dem-
onstrating that the ACOP response is concentrated around 
the four occipital electrodes, while the inset connected to the 
blue line shows no activation in that region for the correct 
trials. Overall, this analysis shows that the ACOP is encoded 
in eye-centered RF, but only for the incorrect trials, and that 
it is not dependent on the cue validity or its location in the 
head-centered RF.

Finally, a similar analysis was conducted for visual cues 
to determine whether the ACOP-like response in the eye-
centered reference frame is specific to auditory cues or gen-
eralizes across modalities. The same occipital electrodes and 
300–400 ms time window were used, and the contra-minus-
ipsi difference was computed (see Supplementary Fig. 1). A 
repeated-measures ANOVA (Correctness × Validity × Cue 
Position × Fixation) with the data were recoded into the 
eye-centered reference frame yielded no significant main 
effects or interactions (all p values ≥ 0.07). Thus, unlike the 
auditory-cue analysis, which showed a clear eye-centered 
ACOP-like response differentiating incorrect from correct 
trials, the visual-cue responses did not exhibit a statistically 
reliable eye-centered effect under the current experimental 
conditions.

Discussion

This analysis showed that, consistent with previous stud-
ies (Feng et al., 2014; McDonald et al., 2013), an ACOP-
like response was evoked by the auditory cue in the current 
experiment in which auditory stimuli were used as targets. 
However, the response was only observed for the incorrect 
trials, independent of cue validity, while the previous study 
(Feng et al., 2014) mostly observed it for valid correct trials. 
This inconsistency is most likely due to differences in the 
experimental design between the studies, the most promi-
nent of which is the target modality (Feng et al., 2014, used 
a visual target). Also, the previous study reported ACOP 
only in the time period of 300–400 ms, while the current 
study shows the response continues for as long as 700 ms, 
possibly due to a longer time window used after the cue in 
the current study.

Finally, the current study shows that the ACOP-like 
response observed here is most likely encoded in the 
eye-centered RF, consistent with the assumption that it is 
generated in the visual occipital brain regions. This find-
ing of an auditory-cue-elicited response in visual cortex 

aligns with a large body of work demonstrating robust 
crossmodal links to early visual cortex (Driver & Noes-
selt, 2008), showing that auditory spatial information can 
modulate visual sensory processing even in the absence of 
visual stimulation. Importantly, the auditory spatial infor-
mation about the cue must be recoded from the natively 
head-centered representation to the eye-centered repre-
sentation observed in the ACOP when the two RFs are 
misaligned as in the current study. The finding that this 
signal is encoded in eye-centered coordinates highlights a 
potential computational burden. For it to influence audi-
tory processing, the signal must be transformed from its 
native eye-centered representation back to head-centered 
coordinates, a process known to involve areas such as the 
parietal cortex (Cohen & Andersen, 2002; Pouget et al., 
2002). This recoding demand is likely a source of the 
interference we observe on invalid trials, the system may 
engage in costly coordinate transformations that compete 
with or disrupt target processing.

This recoding might be the main driver of the differ-
ences observed in this and the previous studies, which 
always kept the eye-centered and head-centered RFs 
aligned and static by employing left–right symmetrical 
setups and eyes fixated in the center. Additional studies 
would be needed to explore whether the driving mecha-
nism of the current results is related to factors like com-
pensatory responses or recoding costs.

To determine whether the opposite-polarity ACOP 
responses observed for peripheral and central cues on 
incorrect trials were statistically reliable, we computed 
the mean contra-minus-ipsi amplitude over the 300–400-
ms time window for each condition and tested these values 
in one-sample t tests against zero. For peripheral cues, 
the mean difference was significantly positive (M = 0.231 
µV, SD = 0.389), t(13) = 2.22, p = 0.045. For central 
cues, the mean difference was significantly negative (M = 
–0.281 µV, SD = 0.404), t(13) = –2.60, p = 0.022. These 
results confirm that, on incorrect trials, peripheral cues 
elicited a reliable contralateral positivity, whereas cen-
tral cues elicited a reliable contralateral negativity when 
hemispheric difference was computed relative to fixation. 
This opposing pattern is consistent with an eye-centered 
reference frame for the ACOP, as central cues (0° relative 
to head) are lateralized relative to gaze and thus produce 
a contralateral response that appears inverted when incor-
rectly referenced to head-centered fixation.

Finally, while a response like the previously reported 
ACOP is observed here, it is not clear whether it has any 
functional relevance for the auditory cuing effects on audi-
tory targets in the current study, as the ACOP signal would 
need to be recoded back to the head-centered representa-
tion in order to correctly affect auditory processing of the 
target.
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General discussion

A combined behavioral and EEG experiment investigated 
the effects and neural mechanisms of involuntary spatial 
orienting on auditory spatial discrimination. The behav-
ioral experiment found that, for intramodally controlled 
attention, an invalid auditory cue reduced sensitivity and 
induced a strong bias in responses, while a valid auditory 
cue did not affect performance significantly. For cross-
modal attentional control, there was no visual valid-ver-
sus-invalid cuing effect on sensitivity, while the responses 
were always biased away from the FP. In ERP analysis, the 
target-elicited central-electrode N2/parietal-electrode P3 
responses matched the behavioral effect of cue validity 
and modality on discrimination. Finally, a late auditory 
cue-elicited hemispheric difference response was observed 
over the occipital electrodes for the incorrect trials, inde-
pendent of cue validity. This ACOP-like response predicts 
the accuracy of subsequent responses and appears to be 
encoded in the eye-centered RF.

The current behavioral results confirmed the hypothesis 
that automatic orienting influences auditory spatial dis-
crimination sensitivity intramodally, but not crossmodally, 
when the eyes are fixated at a neutral location throughout 
the trial. This result is consistent with previous studies in 
which visual sensitivity was shown to be more affected 
intramodally than crossmodally (Blurton et  al., 2015; 
Buchtel & Butter, 1988; Spence & Driver, 1994). How-
ever, the effect in the current study appears to reflect dis-
traction by invalid cues, not an enhancement of sensitivity 
for valid cues. And it was accompanied by strong biases 
for invalid auditory as well as visual cues. More studies 
are needed to examine the interaction between eye gaze 
shifts (Maddox et al., 2014) and the automatic orienting 
effects (current study).

Maddox et al. (2014) proposed a model in which eye 
gaze shifts are accompanied by shifts in the receptive fields 
of binaural auditory spatial neurons that could explain the 
changes in discriminability observed in their study. Similar 
changes in the receptive fields of binaural neurons might be 
induced by automatic orienting. However, it is likely that 
other mechanisms are also involved (e.g., the “inhibition of 
return” is also a detrimental attentional phenomenon that 
operates on the timescales of 500–3,000 ms, comparable 
with the current study; Posner & Cohen, 1984). Future stud-
ies could provide more information about the combined 
effects of eye gaze and automatic orienting by examining 
other combinations of cue/target locations (e.g., left–right 
symmetrical conditions) and cue/target stimulus types (e.g., 
stimuli that are less similar than in the current study).

Several ERP components of the EEG responses to the 
target correlated with the behavioral effects. This suggests 

that the neural mechanisms of repetition adaptation (cen-
tral electrode N1), automatic interference (central N2/
parietal P3), and executive control (parietal P3) likely 
affected observed performance. Most previous EEG stud-
ies of auditory spatial discrimination used the oddball 
paradigm. They observed responses mainly in the form of 
mismatch negativity (MMN; Altman et al., 2005; Deouell 
et al., 2006; Lewald et al., 2018; Matthews et al., 2007) 
and in the P3 component (Getzmann et al., 2022; Polich, 
2007; Verleger et al., 2005), likely driven by the “novelty” 
aspect of the oddball stimulus. The responses in the cur-
rent study should not be contaminated by such factors, 
only reflecting activation due to auditory spatial discrimi-
nation and attentional processing. Furthermore, the cur-
rent study used a full simulation of HRTFs, likely enhanc-
ing attention-related ERP responses (Deng et al., 2019). 
Finally, the EEG response to the target confirms that the 
covert bottom-up orienting of attention to sounds relies 
on neural biasing mechanisms in early visual processing 
(Cate et al., 2009; Störmer et al., 2019) and suggests that 
the auditory cue stimuli are converted into the visual eye-
centered representation for this orienting. However, the 
cue-related response observed here was more extended in 
time than the typical ACOP response, perhaps reflecting 
the additional processing involved in conversion of the 
RFs.

This study has some limitations. First, the findings should 
be considered in light of the sample size. With only thirteen 
participants, the statistical power to detect smaller effects is 
limited. This is particularly relevant for the interpretation 
of null results, such as the absence of significant higher-
order interactions in our ANOVA analyses. It is possible 
that effects of smaller magnitudes exist but were not detect-
able in the current sample. Second, the fixed order in which 
the blocks were presented within a session, might have 
introduced some systematic biases despite the counterbal-
ancing across sessions. One methodological consideration 
is that the fixation point appeared only 100 ms before the 
cue. Although this brief interval could in principle influ-
ence attentional allocation, it is highly unlikely as the FP 
was entirely predictable in both its timing and location and 
participants in general maintained fixation at this location 
throughout each block, making the FP a stable and easily 
ignorable event. Moreover, if the FP appearance had any 
effect, it would be the same for valid and invalid and audi-
tory and visual cues.

In summary, this study showed that involuntary orienting 
affects auditory spatial discrimination when gaze is fixed 
at a neutral location, but that there still is an effect of gaze 
direction on performance. Several ERP responses to the 
cue and the target can be linked to behavioral performance. 
Additional studies are needed to further examine the behav-
ioral and neural mechanisms underlying intramodal and 
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crossmodal covert bottom-up auditory orienting in auditory 
spatial discrimination.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​3758/​s13414-​026-​03305-9.

Author contributions  R.Š.: Methodology, Investigation, Data Cura-
tion, Formal Analysis, Funding Acquisition, Writing—Original Draft

J.A.: Writing—Review & Editing
V.B.: Writing—Review & Editing
B.S.C.: Conceptualization, Methodology, Writing—Review & 

Editing
N.K.: Conceptualization, Methodology, Formal Analysis, Supervi-

sion, Funding Acquisition, Writing—Review & Editing

Funding  Open access funding provided by The Ministry of Education, 
Science, Research and Sport of the Slovak Republic in cooperation 
with Centre for Scientific and Technical Information of the Slovak 
Republic. This work was supported by the EU HORIZON-MSCA-
2022-SE-01 Grant No. 101129903, VEGA 1/0355/20 and APVV 
projects APVV-23-0054 and SK-AT-23-0002. J.A. was supported by 
R01DC017991. V.B. was supported by R01DC015760.

Availability of data and materials  The data supporting the findings of 
this study are openly available on Zenodo [https://​doi.​org/​10.​5281/​
zenodo.​17035​882]. The repository includes both trial-level behavioral 
data and raw EEG data associated with the present studies. The studies 
reported in this manuscript were not preregistered.

Code availability  The experiment and analysis code will be made avail-
able upon reasonable request. The experiment was not preregistered.

Declarations 

Competing interests  The authors declare no competing interests.

Ethics approval and consent to participate  This study has been 
reviewed and approved by the P. J. Šafárik University in Košice 
Research and Ethics Committee. All participants provided written 
informed consent, and all methods were carried out in accordance with 
relevant guidelines and regulations (Declaration of Helsinki).

Consent for publication  Not applicable.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Ahveninen, J., Jääskeläinen, I. P., Raij, T., Bonmassar, G., Devore, 
S., Hämäläinen, M., ..., & Belliveau, J. W. (2006). Task-modu-
lated “what” and “where” pathways in human auditory cortex. 

Proceedings of the National Academy of Sciences of the United 
States of America, 103(39), 14608–14613. https://​doi.​org/​10.​
1073/​pnas.​05104​80103

Altman, J. A., Vaitulevich, S. . Ph. ., Shestopalova, L. B., & Varfolo-
meev, A. L. (2005). Mismatch negativity evoked by stationary and 
moving auditory images of different azimuthal positions. Neuro-
science Letters, 384(3), 330–335. https://​doi.​org/​10.​1016/j.​neulet.​
2005.​05.​002

Andrejková, G., Best, V., & Kopčo, N. (2023). Time scales of adapta-
tion to context in horizontal sound localization. The Journal of 
the Acoustical Society of America, 154(4), 2191–2202. https://​doi.​
org/​10.​1121/​10.​00213​04

Anstis, S., & Ramachandran, V. S. (1987). Visual inertia in apparent 
motion. Vision Research, 27(5), 755–764. https://​doi.​org/​10.​1016/​
0042-​6989(87)​90073-3

Baumgartner, R., Reed, D. K., Tóth, B., Best, V., Majdak, P., Col-
burn, H. S., & Shinn-Cunningham, B. (2017). Asymmetries in 
behavioral and neural responses to spectral cues demonstrate the 
generality of auditory looming bias. Proceedings of the National 
Academy of Sciences of the United States of America, 114(36), 
9743–9748. https://​doi.​org/​10.​1073/​pnas.​17032​47114

Blurton, S. P., Greenlee, M. W., & Gondan, M. (2015). Cross-modal 
cueing in audiovisual spatial attention. Attention, Perception, 
& Psychophysics, 77(7), 2356–2376. https://​doi.​org/​10.​3758/​
s13414-​015-​0920-7

Bosen, A. K., Fleming, J. T., Allen, P. D., O’Neill, W. E., & Paige, 
G. D. (2018). Multiple time scales of the ventriloquism afteref-
fect. PLOS ONE, 13(8), e0200930. https://​doi.​org/​10.​1371/​journ​
al.​pone.​02009​30

Brainard, D. H. (1997). The psychophysics toolbox. Spatial Vision, 
10(4), 433–436.

Briley, P. M., & Krumbholz, K. (2013). The specificity of stimulus-spe-
cific adaptation in human auditory cortex increases with repeated 
exposure to the adapting stimulus. Journal of Neurophysiology, 
110(12), 2679–2688. https://​doi.​org/​10.​1152/​jn.​01015.​2012

Brimijoin, W. (2018). Angle-dependent distortions in the perceptual 
topology of acoustic space. Trends in Hearing, 22. https://​doi.​org/​
10.​1177/​23312​16518​775568

Buchtel, H. A., & Butter, C. M. (1988). Spatial attentional shifts: Impli-
cations for the role of polysensory mechanisms. Neuropsychologia, 
26(4), 499–509. https://​doi.​org/​10.​1016/​0028-​3932(88)​90107-8

Butler, R. A. (1972). The influence of spatial separation of sound 
sources on the auditory evoked response. Neuropsychologia, 
10(2), 219–225. https://​doi.​org/​10.​1016/​0028-​3932(72)​90063-2

Carlile, S. (1996). Virtual auditory space: Generation and applica-
tions. Springer. https://​doi.​org/​10.​1007/​978-3-​662-​22594-3

Cate, A. D., Herron, T. J., Yund, E. W., Stecker, G. C., Rinne, T., 
Kang, X., . . ., & Woods, D. L. (2009). Auditory attention acti-
vates peripheral visual cortex. PLOS ONE, 4(2), e4645. https://​
doi.​org/​10.​1371/​journ​al.​pone.​00046​45

Chan, J., Merrifield, K., & Spence, C. (2005). Auditory spatial atten-
tion assessed in a flanker interference task. Acta Acustica, 91, 
554–563.

Cohen, Y. E., & Andersen, R. A. (2002). A common reference frame for 
movement plans in the posterior parietal cortex. Nature Reviews 
Neuroscience, 3(7), 553–562. https://​doi.​org/​10.​1038/​nrn873

Comerchero, M. D., & Polich, J. (1999). P3a and P3b from typical 
auditory and visual stimuli. Clinical Neurophysiology, 110(1), 
24–30. https://​doi.​org/​10.​1016/​S0168-​5597(98)​00033-1

Cui, Q. N., Razavi, B., O’Neill, W. E., & Paige, G. D. (2010). Percep-
tion of auditory, visual, and egocentric spatial alignment adapts 
differently to changes in eye position. Journal of Neurophysiology, 
103(2), 1020–1035. https://​doi.​org/​10.​1152/​jn.​00500.​2009

Deng, Y., Reinhart, R. M., Choi, I., & Shinn-Cunningham, B. G. 
(2019). Causal links between parietal alpha activity and spatial 

https://doi.org/10.3758/s13414-026-03305-9
https://doi.org/10.5281/zenodo.17035882
https://doi.org/10.5281/zenodo.17035882
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1073/pnas.0510480103
https://doi.org/10.1073/pnas.0510480103
https://doi.org/10.1016/j.neulet.2005.05.002
https://doi.org/10.1016/j.neulet.2005.05.002
https://doi.org/10.1121/10.0021304
https://doi.org/10.1121/10.0021304
https://doi.org/10.1016/0042-6989(87)90073-3
https://doi.org/10.1016/0042-6989(87)90073-3
https://doi.org/10.1073/pnas.1703247114
https://doi.org/10.3758/s13414-015-0920-7
https://doi.org/10.3758/s13414-015-0920-7
https://doi.org/10.1371/journal.pone.0200930
https://doi.org/10.1371/journal.pone.0200930
https://doi.org/10.1152/jn.01015.2012
https://doi.org/10.1177/2331216518775568
https://doi.org/10.1177/2331216518775568
https://doi.org/10.1016/0028-3932(88)90107-8
https://doi.org/10.1016/0028-3932(72)90063-2
https://doi.org/10.1007/978-3-662-22594-3
https://doi.org/10.1371/journal.pone.0004645
https://doi.org/10.1371/journal.pone.0004645
https://doi.org/10.1038/nrn873
https://doi.org/10.1016/S0168-5597(98)00033-1
https://doi.org/10.1152/jn.00500.2009


Attention, Perception, & Psychophysics          (2026) 88:158 	 Page 15 of 16    158 

auditory attention. eLife, 8, e51184. https://​doi.​org/​10.​7554/​eLife.​
51184

Deouell, L. Y., Parnes, A., Pickard, N., & Knight, R. T. (2006). Spatial 
location is accurately tracked by human auditory sensory memory: 
Evidence from the mismatch negativity. The European Journal of 
Neuroscience, 24(5), 1488–1494. https://​doi.​org/​10.​1111/j.​1460-​
9568.​2006.​05025.x

Donchin, E., & Coles, M. G. H. (1988). Is the P300 component a man-
ifestation of context updating? Behavioral and Brain Sciences, 
11(3), 357–374. https://​doi.​org/​10.​1017/​S0140​525X0​00580​27

Doricchi, F., Macci, E., Silvetti, M., & Macaluso, E. (2010). Neural 
correlates of the spatial and expectancy components of endog-
enous and stimulus-driven orienting of attention in the Posner 
task. Cerebral Cortex, 20(7), 1574–1585. https://​doi.​org/​10.​1093/​
cercor/​bhp215

Doricchi, F., Pellegrino, M., Marson, F., Pinto, M., Caratelli, L., Ces-
tari, V., ...., & Lasaponara, S. (2020). Deconstructing reorienting 
of attention: Cue predictiveness modulates the inhibition of the 
no-target side and the hemispheric distribution of the P1 response 
to invalid targets. Journal of Cognitive Neuroscience, 32(6), 
1046–1060. https://​doi.​org/​10.​1162/​jocn_a_​01534

Driver, J., & Noesselt, T. (2008). Multisensory interplay reveals 
crossmodal influences on ‘sensory-specific’ brain regions, neural 
responses, and judgments. Neuron, 57(1), 11–23. https://​doi.​org/​
10.​1016/j.​neuron.​2007.​12.​013

Feng, W., Störmer, V. S., Martinez, A., McDonald, J. J., & Hillyard, S. 
A. (2014). Sounds activate visual cortex and improve visual dis-
crimination. Journal of Neuroscience, 34(29), 9817–9824. https://​
doi.​org/​10.​1523/​JNEUR​OSCI.​4869-​13.​2014

Gardner, B., & Martin, K. (1994). HRTF measurements of a KEMAR 
dummy-head microphone (Perceptual Computing Technical Report 
No. 280). Massachusetts Institute of Technology, Media Laboratory.

Gazzaniga, M. S., Ivry, R. B., & Mangun, G. R. (2002). Cognitive 
neuroscience: The biology of the mind (2nd ed.). Norton.

Getzmann, S. (2004). Spatial discrimination of sound sources in the 
horizontal plane following an adapter sound. Hearing Research, 
191(1/2), 14–20. https://​doi.​org/​10.​1016/j.​heares.​2003.​12.​020

Getzmann, S., Arnau, S., Gajewski, P. D., & Wascher, E. (2022). When 
long appears short: Effects of auditory distraction on event-related 
potential correlates of time perception. European Journal of Neu-
roscience, 55(1), 121–137. https://​doi.​org/​10.​1111/​ejn.​15553

Groh, J. M., & Sparks, D. L. (1992). Two models for transforming 
auditory signals from head-centered to eye-centered coordinates. 
Biological Cybernetics, 67(4), 291–302. https://​doi.​org/​10.​1007/​
BF024​14885

Hari, R., Aittoniemi, K., Järvinen, M. L., Katila, T., & Varpula, T. 
(1980). Auditory evoked transient and sustained magnetic fields 
of the human brain. Localization of neural generators. Experi-
mental Brain Research, 40(2), 237–240. https://​doi.​org/​10.​1007/​
BF002​37543

Ito, S., Si, Y., Feldheim, D. A., & Litke, A. M. (2019). Spectral cues 
are necessary for encoding the azimuthal map of auditory space 
in the mouse superior colliculus (p. 704031). BioRxiv Preprint. 
https://​doi.​org/​10.​1101/​704031

Jääskeläinen, I. P., Ojanen, V., Ahveninen, J., Auranen, T., Levänen, 
S., Möttönen, R., ..., & Sams, M. (2004). Adaptation of neuro-
magnetic N1 responses to phonetic stimuli by visual speech in 
humans. Neuroreport, 15(18), 2741–2744.

Jääskeläinen, I. P., Ahveninen, J., Belliveau, J. W., Raij, T., & Sams, 
M. (2007). Short-term plasticity in auditory cognition. Trends in 
Neurosciences, 30(12), 653–661. https://​doi.​org/​10.​1016/j.​tins.​
2007.​09.​003

Johnson, A., & Proctor, R. W. (2004). Attention: Theory and practice 
(pp. 14, 474). SAGE Publications. https://​doi.​org/​10.​4135/​97814​
83328​768

Kennett, S., Eimer, M., Spence, C., & Driver, J. (2001). Tactile-visual 
links in exogenous spatial attention under different postures: 
Convergent evidence from psychophysics and ERPs. Journal of 
Cognitive Neuroscience, 13(4), 462–478. https://​doi.​org/​10.​1162/​
08989​29015​20018​99

Kopčo, N., Ler, A., & Shinn-Cunningham, B. G. (2001). Effect of 
auditory cuing on azimuthal localization accuracy. The Journal 
of the Acoustical Society of America, 109(5_Supplement), 2377. 
https://​doi.​org/​10.​1121/1.​47443​72

Kopčo, N., Lokša, P., Lin, I.-F., Groh, J., & Shinn-Cunningham, B. 
(2019). Hemisphere-specific properties of the ventriloquism after-
effect. The Journal of the Acoustical Society of America, 146(2), 
EL177. https://​doi.​org/​10.​1121/1.​51231​76

Laback, B. (2023). Contextual lateralization based on interaural level 
differences is preshaped by the auditory periphery and predomi-
nantly immune against sequential segregation. Trends in Hearing, 
2. https://​doi.​org/​10.​1177/​23312​16523​11719​88

Lasaponara, S., Chica, A. B., Lecce, F., Lupianez, J., & Doricchi, F. 
(2011). ERP evidence for selective drop in attentional costs in 
uncertain environments: Challenging a purely premotor account 
of covert orienting of attention. Neuropsychologia, 49(9), 2648–
2657. https://​doi.​org/​10.​1016/j.​neuro​psych​ologia.​2011.​05.​012

Lasaponara, S., D’ Onofrio, M., Dragone, A., Pinto, M., Caratelli, 
L., & Doricchi, F. (2017). Changes in predictive cuing modulate 
the hemispheric distribution of the P1 inhibitory response to 
attentional targets. Neuropsychologia, 99, 156–164. https://​doi.​
org/​10.​1016/j.​neuro​psych​ologia.​2017.​03.​010

Lazzarini, V., & Carty, B. (2008). New csound opcodes for binaural 
processing. ResearchGate.

Lewald, J., Schlüter, M.-C., & Getzmann, S. (2018). Cortical pro-
cessing of location changes in a “cocktail-party” situation: Spa-
tial oddball effects on electrophysiological correlates of audi-
tory selective attention. Hearing Research, 365, 49–61. https://​
doi.​org/​10.​1016/j.​heares.​2018.​04.​009

Lingner, A., Pecka, M., Leibold, C., & Grothe, B. (2018). A 
novel concept for dynamic adjustment of auditory space. 
Scientific Reports, 8(1), 8335. https://​doi.​org/​10.​1038/​
s41598-​018-​26690-0

Lokša, P., & Kopčo, N. (2023). Toward a unified theory of the refer-
ence frame of the ventriloquism aftereffect. Trends in Hearing, 2. 
https://​doi.​org/​10.​1177/​23312​16523​12010​20

Maddox, R. K., Pospisil, D. A., Stecker, G. C., & Lee, A. K. C. (2014). 
Directing eye gaze enhances auditory spatial cue discrimination. 
Current Biology, 24(7), 748–752. https://​doi.​org/​10.​1016/j.​cub.​
2014.​02.​021

Maier, J. K., McAlpine, D., Klump, G. M., & Pressnitzer, D. (2010). 
Context effects in the discriminability of spatial cues. JARO: 
Journal of the Association for Research in Otolaryngology, 11(2), 
319–328. https://​doi.​org/​10.​1007/​s10162-​009-​0200-0

Matthews, N., Todd, J., Budd, T. W., Cooper, G., & Michie, P. T. 
(2007). Auditory lateralization in schizophrenia—Mismatch 
negativity and behavioral evidence of a selective impairment in 
encoding interaural time cues. Clinical Neurophysiology, 118(4), 
833–844. https://​doi.​org/​10.​1016/j.​clinph.​2006.​11.​017

McDonald, J. J., Teder-Sälejärvi, W. A., & Hillyard, S. A. (2000). 
Involuntary orienting to sound improves visual perception. 
Nature, 407(6806), 906–908. https://​doi.​org/​10.​1038/​35038​085

McDonald, J. J., Teder-Sälejärvi, W. A., & Ward, L. M. (2001). Multi-
sensory integration and crossmodal attention effects in the human 
brain. Science, 292(5523), 1791. https://​doi.​org/​10.​1126/​scien​ce.​
292.​5523.​1791a

McDonald, J. J., Störmer, V. S., Martinez, A., Feng, W., & Hillyard, S. 
A. (2013). Salient sounds activate human visual cortex automati-
cally. The Journal of Neuroscience, 33(21), 9194–9201. https://​
doi.​org/​10.​1523/​JNEUR​OSCI.​5902-​12.​2013

https://doi.org/10.7554/eLife.51184
https://doi.org/10.7554/eLife.51184
https://doi.org/10.1111/j.1460-9568.2006.05025.x
https://doi.org/10.1111/j.1460-9568.2006.05025.x
https://doi.org/10.1017/S0140525X00058027
https://doi.org/10.1093/cercor/bhp215
https://doi.org/10.1093/cercor/bhp215
https://doi.org/10.1162/jocn_a_01534
https://doi.org/10.1016/j.neuron.2007.12.013
https://doi.org/10.1016/j.neuron.2007.12.013
https://doi.org/10.1523/JNEUROSCI.4869-13.2014
https://doi.org/10.1523/JNEUROSCI.4869-13.2014
https://doi.org/10.1016/j.heares.2003.12.020
https://doi.org/10.1111/ejn.15553
https://doi.org/10.1007/BF02414885
https://doi.org/10.1007/BF02414885
https://doi.org/10.1007/BF00237543
https://doi.org/10.1007/BF00237543
https://doi.org/10.1101/704031
https://doi.org/10.1016/j.tins.2007.09.003
https://doi.org/10.1016/j.tins.2007.09.003
https://doi.org/10.4135/9781483328768
https://doi.org/10.4135/9781483328768
https://doi.org/10.1162/08989290152001899
https://doi.org/10.1162/08989290152001899
https://doi.org/10.1121/1.4744372
https://doi.org/10.1121/1.5123176
https://doi.org/10.1177/23312165231171988
https://doi.org/10.1016/j.neuropsychologia.2011.05.012
https://doi.org/10.1016/j.neuropsychologia.2017.03.010
https://doi.org/10.1016/j.neuropsychologia.2017.03.010
https://doi.org/10.1016/j.heares.2018.04.009
https://doi.org/10.1016/j.heares.2018.04.009
https://doi.org/10.1038/s41598-018-26690-0
https://doi.org/10.1038/s41598-018-26690-0
https://doi.org/10.1177/23312165231201020
https://doi.org/10.1016/j.cub.2014.02.021
https://doi.org/10.1016/j.cub.2014.02.021
https://doi.org/10.1007/s10162-009-0200-0
https://doi.org/10.1016/j.clinph.2006.11.017
https://doi.org/10.1038/35038085
https://doi.org/10.1126/science.292.5523.1791a
https://doi.org/10.1126/science.292.5523.1791a
https://doi.org/10.1523/JNEUROSCI.5902-12.2013
https://doi.org/10.1523/JNEUROSCI.5902-12.2013


	 Attention, Perception, & Psychophysics          (2026) 88:158   158   Page 16 of 16

Monsell, S., & Driver, J. (2000, October 23). Control of cognitive pro-
cesses: Attention and performance XVIII. MIT Press.

Polich, J. (2007). Updating P300: An integrative theory of P3a and P3b. 
Clinical Neurophysiology: Official Journal of the International 
Federation of Clinical Neurophysiology, 118(10), 2128–2148. 
https://​doi.​org/​10.​1016/j.​clinph.​2007.​04.​019

Posner, M. I. (1980). Orienting of attention. The Quarterly Journal of 
Experimental Psychology, 32(1), 3–25. https://​doi.​org/​10.​1080/​
00335​55800​82482​31

Posner, M. I., & Cohen, Y. (1984). Components of attention. In H. 
Bouma & D. Bowhuis (Eds.), Attention and performance X (pp. 
531–556). Erlbaum.

Pouget, A., Deneve, S., & Duhamel, J.-R. (2002). A computational 
perspective on the neural basis of multisensory spatial representa-
tions. Nature Reviews Neuroscience, 3(9), 741–747. https://​doi.​
org/​10.​1038/​nrn914

Sach, A. J., Hill, N. I., & Bailey, P. J. (2000). Auditory spatial attention 
using interaural time differences. Journal of Experimental Psy-
chology: Human Perception and Performance, 26(2), 717–729. 
https://​doi.​org/​10.​1037/​0096-​1523.​26.2.​717

Spence, C. J., & Driver, J. (1994). Covert spatial orienting in 
audition: Exogenous and endogenous mechanisms. Journal 
of Experimental Psychology: Human Perception and Perfor-
mance, 20(3), 555–574. https://​doi.​org/​10.​1037/​0096-​1523.​
20.3.​555

Spence, C., & Driver, J. (1997). Audiovisual links in exogenous cov-
ert spatial orienting. Perception & Psychophysics, 59(1), 1–22. 
https://​doi.​org/​10.​3758/​BF032​06843

Störmer, V. S., McDonald, J. J., & Hillyard, S. A. (2019). Involuntary 
orienting of attention to sight or sound relies on similar neural 
biasing mechanisms in early visual processing. Neuropsycho-
logia, 132, 107122. https://​doi.​org/​10.​1016/j.​neuro​psych​ologia.​
2019.​107122

Verleger, R., Jaśkowski, P., & Wascher, E. (2005). Evidence for an 
integrative role of P3b in linking reaction to perception. Journal 
of Psychophysiology, 19(3), 165–181. https://​doi.​org/​10.​1027/​
0269-​8803.​19.3.​165

Virtanen, J., Ahveninen, J., Ilmoniemi, R. J., Näätänen, R., & 
Pekkonen, E. (1998). Replicability of MEG and EEG measures 
of the auditory N1/N1m-response. Electroencephalography and 
Clinical Neurophysiology, 108(3), 291–298. https://​doi.​org/​10.​
1016/​s0168-​5597(98)​00006-9

Walhovd, K. B., & Fjell, A. M. (2002). One-year test-retest reliability 
of auditory ERPs in young and old adults. International Journal of 
Psychophysiology: Official Journal of the International Organiza-
tion of Psychophysiology, 46(1), 29–40. https://​doi.​org/​10.​1016/​
s0167-​8760(02)​00039-9

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.clinph.2007.04.019
https://doi.org/10.1080/00335558008248231
https://doi.org/10.1080/00335558008248231
https://doi.org/10.1038/nrn914
https://doi.org/10.1038/nrn914
https://doi.org/10.1037/0096-1523.26.2.717
https://doi.org/10.1037/0096-1523.20.3.555
https://doi.org/10.1037/0096-1523.20.3.555
https://doi.org/10.3758/BF03206843
https://doi.org/10.1016/j.neuropsychologia.2019.107122
https://doi.org/10.1016/j.neuropsychologia.2019.107122
https://doi.org/10.1027/0269-8803.19.3.165
https://doi.org/10.1027/0269-8803.19.3.165
https://doi.org/10.1016/s0168-5597(98)00006-9
https://doi.org/10.1016/s0168-5597(98)00006-9
https://doi.org/10.1016/s0167-8760(02)00039-9
https://doi.org/10.1016/s0167-8760(02)00039-9

	Modality-dependent bottom-up attention and eye gaze direction affect auditory spatial discrimination
	Abstract 
	Open practices statement 
	Introduction
	Methods
	Participants
	Setup
	Stimuli
	Procedure
	Behavioral data analysis
	EEG acquisition and preprocessing
	Target ERP analysis
	Auditory cue ERP analysis

	Results and discussion
	Behavioral performance
	Results
	Discussion

	Target-elicited ERPs
	Results
	Discussion

	Auditory cue–elicited ERPs
	Results
	Discussion


	General discussion
	References


