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Lateralized sounds can orient visual attention, with benefits for audio-visual processing. Here, we asked to what extent perturbed auditory spatial cues-resulting from cochlear implants (CI) or unilateral hearing loss (uHL)-allow this automatic mechanism of information selection from the audio-visual environment. We used a classic paradigm from experimental psychology (capture of visual attention with sounds) to probe the integrity of audio-visual attentional orienting in 60 adults with hearing loss: bilateral CI users (N = 20), unilateral CI users (N = 20), and individuals with uHL (N = 20). For comparison, we also included a group of normal-hearing (NH, N = 20) participants, tested in binaural and monaural listening conditions (i.e., with one ear plugged). All participants also completed a sound localization task to assess spatial hearing skills. Comparable audio-visual orienting was observed in bilateral CI, uHL, and binaural NH participants. By contrast, audio-visual orienting was, on average, absent in unilateral CI users and reduced in NH listening with one ear plugged. Spatial hearing skills were better in bilateral CI, uHL, and binaural NH participants than in unilateral CI users and monaurally plugged NH listeners. In unilateral CI users, spatial hearing skills correlated with audio-visual-orienting abilities. These novel results show that audio-visual-attention orienting can be preserved in bilateral CI users and in uHL patients to a greater extent than unilateral CI users. This highlights the importance of assessing the impact of hearing loss beyond auditory difficulties alone: to capture to what extent it may enable or impede typical interactions with the multisensory environment.

Introduction

Selective attention is a fundamental tuning process that improves perception [START_REF] Mehrpour | Attention amplifies neural representations of changes in sensory input at the expense of perceptual accuracy[END_REF]. In everyday life, abrupt sensory events in the environment capture and orient selective attentional resources, leading to increased perceptual processing of other stimuli occurring in the same portion of space [START_REF] Bashinski | Enhancement of perceptual sensitivity as the result of selectively attending to spatial locations[END_REF][START_REF] Posner | Orienting of attention[END_REF][START_REF] Posner | Attended and unattended processing modes: the role of set for spatial location[END_REF]. Since the 1980s, a quintessential paradigm for the study of visual-attention orienting has been the Posner cueing task. In this task, the participant's attention is captured by a visual event presented for a brief period before a visual target. Participants are instructed to promptly respond to the target, and their response times are typically faster when the target appears on the same side as the preceding visual stimulus (congruent), as compared to when the two visual events occur on opposite sides (incongruent) [START_REF] Posner | Orienting of attention[END_REF]; for a review see also [START_REF] Carrasco | Visual attention: The past 25 years[END_REF].

This attention-orienting mechanism can also occur across sensory modalities [START_REF] Hillyard | Cross-modal orienting of visual attention[END_REF][START_REF] Spence | Audiovisual links in exogenous covert spatial orienting[END_REF]. For instance, when asked to discriminate the elevation of a visual target, an auditory event originating in the same versus opposite side of the space just before the target's appearance facilitates correct responses [START_REF] Ho | Assessing the effectiveness of various auditory cues in capturing a driver's visual attention[END_REF][START_REF] Lee | Audiovisual crossmodal cuing effects in front and rear space[END_REF][START_REF] Spence | Audiovisual links in exogenous covert spatial orienting[END_REF]Spence & Santangelo, 2009 for a review). This shows that lateralized sounds can orient visual attention (for a description of the neural mechanisms subtending this behavioural effect, see: [START_REF] Feng | Involuntary orienting of attention to a sound desynchronizes the occipital alpha rhythm and improves visual perception[END_REF][START_REF] Romei | Sounds reset rhythms of visual cortex and corresponding human visual perception[END_REF][START_REF] Störmer | Cross-modal cueing of attention alters appearance and early cortical processing of visual stimuli[END_REF]. In other words, sounds on a congruent side with respect to a subsequent visual target improve visual processing compared to sounds occurring on an incongruent side. In several circumstances, these multisensory selective-attention effects can emerge beyond voluntary control, revealing a substantial degree of automaticity [START_REF] Koelewijn | Attention and the multiple stages of multisensory integration: A review of audiovisual studies[END_REF][START_REF] Mazza | How automatic are audiovisual links in exogenous spatial attention?[END_REF]McDonald et al., 2000 for discussion).

Perturbed auditory spatial cues can impact audio-visual attention orienting [START_REF] Shinn-Cunningham | Selective attention in normal and impaired hearing[END_REF]. One notable example comes from people with deafness using cochlear implants (CI), a neural prosthesis that substitutes the natural ear by electrically stimulating the acoustic nerve [START_REF] Moore | Beyond cochlear implants: Awakening the deafened brain[END_REF][START_REF] Wilson | The remarkable cochlear implant and possibilities for the next large step forward[END_REF]. Unilateral CI users (uCI), who experience a substantial alteration of auditory spatial cues, with consequent difficulties in localizing sounds, do not benefit from audio-visual-attention orienting [START_REF] Pavani | Spatial and non-spatial multisensory cueing in unilateral cochlear implant users[END_REF]. Rapid and effective attention orienting towards the speaker also allows access to visual information relevant to speech understanding (i.e., lip reading; [START_REF] Dorman | Bilateral cochlear implants allow listeners to benefit from visual information when talker location is varied[END_REF][START_REF] Van Hoesel | Audio-visual speech intelligibility benefits with bilateral cochlear implants when talker location varies[END_REF].

In the present study, we aimed to characterize how different conditions of hearing loss and assisted hearing resulting in perturbed auditory spatial cues impact information selection from the audio-visual environment. Specifically, we studied audio-visual attention orienting in three populations with hearing loss: uCI, bilateral CI users (bCI), and people with unilateral hearing loss (uHL). bCI are a model of binaural auditory processing obtained through assisted artificial hearing, whereas uCI are a model of an asymmetric artificial hearing experience. It is now well-established that bCI, for whom partial recovery of binaural cues is possible, show better sound localization abilities than uCI (e.g., [START_REF] Murphy | Spatial hearing of normally hearing and cochlear implanted children[END_REF][START_REF] Seeber | Localisation cues with bilateral cochlear implants[END_REF][START_REF] Van Hoesel | Speech perception, localisation, and lateralization with bilateral cochlear implants[END_REF]. Similar to uCI, people with uHL also experience strong asymmetrical processing of auditory cues. However, their residual hearing experience is natural, because the acoustic inputs are not conveyed by a technological device, and they can often exploit monaural spectral shape cues at the hearing ear, which are key elements of natural listening [START_REF] Van Wanrooij | Contribution of head shadow and pinna 1007 cues to chronic monaural sound localisation[END_REF], 2005). For comparison with these hearing-impaired groups, we also included a group of normal-hearing (NH) people listening with both ears or with one ear temporarily plugged (to degrade the binaural experience). Note that NH people with one ear plugged experience monaural listening as the result of an acute alteration, while uCI as well as uHL people experience hearing asymmetry longer.

Overall, we expected the ability to orient visual attention through sounds to be more effective in those groups in which auditory spatial cues are most preserved. This is because decreased accuracy or precision in spatial hearing makes the correspondence between the auditory cue and the subsequent visual target more difficult to appreciate. In addition, any bias in localization could result in orienting attention towards the wrong location, effectively disrupting the congruence. Specifically, for uCI, for whom binaural and monaural auditory spatial cues are substantially perturbed, we expected to replicate the difficulty in using sounds to capture visual attention, as reported previously [START_REF] Pavani | Spatial and non-spatial multisensory cueing in unilateral cochlear implant users[END_REF]. That is, we predicted no facilitation of processing (in terms of response times and accuracy) for visual targets preceded by sounds appearing on the same side of space, compared to visual targets preceded by sounds appearing on the opposite side (the so-called audio-visual cueing effect). For bCI, we expected a partial recovery of this audio-visual-attention orienting ability, due to better access to binaural auditory spatial cues. For people with uHL, we anticipated two alternative scenarios: either a reliable audiovisual cueing effect, due to their partially preserved auditory spatial cues allowing sufficient analysis of sound direction; or a reduced or absent audio-visual cueing effect, due to the asymmetry of the hearing experience. Finally, the NH groups served as a baseline reference for binaural listening when tested with both ears free, as well as for the monaural listening condition when tested with one ear plugged.

Materials and Methods

Participants

Twenty bCI participants, 20 uCI participants (including 11 bimodal listeners), and 20 uHL were recruited to participate in the study. One uHL and two uCI users did not complete the study (one uHL and one uCI abandoned the experiment, and the other uCI did not match all criteria to participate in the study). Mean ages of the resulting participants were: bCI (45.6, SD = 13.1, 7 males), uCI users (46.3, SD = 16.0, 9 males), uHL (52, SD = 11.8, 8 males), with no age difference between groups (F (2,54) = 1.26, p = 0.29). Eleven uCI users wore one hearing aid, in the non-implanted ear, and were tested in this bimodal listening condition to retain their everyday listening experience during the study (hearing threshold in the contralateral ear, either aided or unaided: pure tone average [PTA] = 59.7, SD = 23.7, range = 35-120). Detailed information about all CI users and uHL, with PTA thresholds (aided and unaided), are reported in Supplemental Materials (see Tables S1-S2-S3). We also recruited 20 NH participants, tested in binaural and monaural listening conditions (mean age = 29.4, SD = 10.5, 5 males). The mean age of NH was different from uHL (t(37) = 6.29, p < .001), bCI (t(38) = 4.29, p < .001), and uCI (t(28.85) = 3.79, p < .001).

All had normal or corrected-to-normal vision and reported no motor or vestibular deficits, nor any history of neurological or psychiatric disorders. NH, bCI, and uCI participants were recruited and tested in the otorhinolaryngology department of the civil Hospital Edouard Herriot (HEH) in Lyon (France). uHL participants were recruited and tested in the otorhinolaryngology department of the University Hospital of Purpan (CHU, Purpan) in Toulouse (France). Before starting the experiment, all participants signed an informed consent document, which had received ethical approval from the national ethics committee in France (Ile de France X, N°ID RCB 2019-A02293-54) and registered as clinical trial (clinicaltrials.gov: NCT04183348). The present work focuses on the data collected in the context of a broader sound localization training protocol during the pretraining session only (full results are published in Valzolgher, Todeschini et al., 2022;Valzolgher, Gatel, et al., 2022;[START_REF] Valzolgher | Training spatial hearing in unilateral cochlear implant users through reaching to sounds in virtual reality[END_REF]and Alzaher et al., 2023, for NH, bCI, uCI, and uHL participants, respectively). Although the sample size was determined by the research question of the training studies, it is noteworthy that the sample size in each of the groups matches the numerosity of a previous study that investigated a similar experimental question (Pavani et al., 2017, N = 17).

Stimuli, Procedure, and Apparatus

All participants performed an audio-visual attentional-orienting task (10 min) and a sound-localization task (15 min). CI users and uHL completed the tasks once, whereas NH participants completed the tasks in both binaural and monaural listening conditions. Monaural listening was obtained by occluding the right ear with an ear plug (3 M PP 01 002; attenuation values from the manufacturer: high frequencies = 30 dB SPL; medium frequencies = 24 dB SPL; low frequencies = 22 dB SPL), and a monaural ear muff (3 M 1445, modified to cover only the right ear; attenuation values from the manufacturer: high frequencies = 32 dB SPL; medium frequencies = 29 dB SPL; low frequencies = 23 dB SPL).

Visual Attention Capture With Auditory Spatial Cues. We assessed audio-visual attentional orienting ability of participants (see [START_REF] Koelewijn | Attention and the multiple stages of multisensory integration: A review of audiovisual studies[END_REF] by testing them in a visual discrimination task with lateralized cueing sounds (AV cueing). Participants were asked to discriminate the elevation of a visual target presented in the upper or lower hemifield with respect to the horizontal meridian passing through visual fixation (1.15°above or below the meridian), either in the left or right hemifield (10°from fixation). Crucially, the visual target was always preceded by a sound presented either from the same (congruent) or the other (incongruent) side of the space (emitted by one of two speakers, located 20°to the left and right of the fixation). When performing AV cueing, participants sat at a table with the head braced on a chinrest (see Figure 1A).

Each trial started with a white fixation cross appearing in the center of a screen, located in front of the participants, and remaining visible until response. After a random delay (450-600 ms), an auditory cue (white noise; 60 dB SPL, as measured from head position) lasting 100 ms was emitted by one of the two speakers positioned on the sides of the screen. At sound offset, the visual target was presented. This consisted of a filled white circle (20-pixel radius, 0.5°o f visual angle) appearing on a black background for 140 ms. In half of the trials, the visual target and the sound cue appeared in the same hemispace (congruent trials), while in the other half, the visual target and the sound cue appeared in opposite hemispaces (incongruent trials). Hence, sound position was not predictive of either visual target side or elevation. Participants were asked to fixate throughout the task and to indicate as quickly and accurately as possible the elevation of visual targets using the up/down arrows keys on an external keyboard with their right index/ middle finger (2000 ms timeout). At the end of each block, participants received feedback on accuracy (percentage of correct responses) and mean response time (in ms). They were explicitly told that sounds were entirely task-irrelevant.

The experiment started with eight practice trials, followed by 128 trials of both congruent and incongruent audio-visual conditions, in randomized order. It lasted approximately 10 min.

Sound Localization Task. A measure of the participants' sound localization abilities was also conducted in relation to the AV cueing task. Note, however, that this sound localization task involved multiple sound sources, using hybrid virtual reality (i.e., with real sounds delivered in a visual virtual-reality scenario) and with unconstrained head posture (participants were free to move the head after sound onset). These methodological choices reflected the general aims of the training paradigm. We include this measure in the current manuscript because it provides useful information about the varied sound localization skills across groups. When performing the sound localization task, participants were asked to wear a headmounted display (HMD, Vive Enterprise), and they were immersed in a virtual room that matched the size of the real one they were in, but devoid of objects. Real sounds were played in free-field by a single speaker (JBL GO Portable), moved by the experimenter, and positioned by following visual instructions on a monitor in one of eight possible positions, with four different azimuths in front space (-67.5°, -22.5°, 22.5°, or 67.5°; with respect to the participant's body midline), two different elevations (5°above and 10°below ear-level to increase uncertainty), and a single distance (55 cm from the center of the head). All pre-determined positions were computed for each trial based on the initial head position (for a detailed description of the experimental setup, see [START_REF] Coudert | Spatial hearing difficulties in reaching space in bilateral cochlear implant children improve with head movements[END_REF][START_REF] Valzolgher | The impact of a visual spatial frame on real sound-source localisation in virtual reality[END_REF]Valzolgher, Verdelet et al., 2020). Participants were told that sound targets could be delivered anywhere in the 3D space around them and were instructed to indicate the sound position using the head as a pointer. At the beginning of each trial, participants were asked to direct their gaze in front of them by aligning the head with a central fixation cross. When the correct posture was reached, the fixation cross turned from white to blue and the sound was delivered.

The sound consisted of white noise of 3 s, amplitudemodulated at 2.5 Hz, and delivered at about 65 dB SPL, as measured from the participant's head. We choose to use white noise in the sound localization training protocol, as it is robustly localized (see also [START_REF] Valzolgher | The impact of a visual spatial frame on real sound-source localisation in virtual reality[END_REF]. During sound emission, participants were free to move their heads and, at the end of the sound, they were instructed to point with their heads in the direction of the sound (i.e., they were instructed to point with the nose in the direction of the sounds) and to validate their response by pressing a button on a controller. The sound localization task comprised 40 trials (5 repetitions for each of the 8 sound positions), delivered in random order. Five practice trials were also completed but discarded from the analyses. The task lasted approximately 15 min.

Statistical Analysis

To study the AV cueing task, we used reaction time (RT) in milliseconds (ms) and accuracy for visual discrimination. Specifically, we examined to what extent the auditory cue on the congruent side with respect to the visual target improves performance when compared to the incongruent side. The RT and absolute error distributions were checked via quantile-to-quantile plot inspection, and deviant trials were excluded from analysis (respectively about 1% of the RT of correct trials and 4% of absolute error). Furthermore, we corrected the skewness of the distributions by logtransforming the variables when necessary [START_REF] Baayen | Analyzing reaction times[END_REF]. To study sound localization, we focused instead on absolute error in azimuth (deg), signed error (deg), and left-right discrimination (%). For the localization task, 0.34% of trials were lost due to lack of data tracking or subject error in the procedure. Analyses were conducted using linear mixed-effect modeling (LME), except for accuracy data for which a binomial generalized linear mixed-effect model (GLME) was adopted. All models were run using R (version 1.4.1106), employing the R-packages emmean, lme4, lmerTest, car, in R Studio [START_REF] Bates | lme4: Linear mixed-effects models using Eigen and S4. R package version 1[END_REF][START_REF] Fox | Using car and effects Functions in Other Functions[END_REF]. Throughout the Results section, we report the value of Chi-Square obtained by the deviance table extracted using the R function ANOVA (package car) and the post-hoc comparisons obtained using the R function emmeans (package emmean) which included Tukey correction by default. When variables were calculated by collapsing the trials (i.e., variable error), we instead adopted non-parametric comparisons between groups, such as the Kruskal-Wallis test or Wilcox Test, with Dunn post-hoc test corrected with Holm. Data can be retrieved from osf.io/pw5xg.

Results

To examine to what extent capturing visual attention changes with perturbed auditory spatial cues, we studied RT and accuracy in the AV cueing as a function of group. We entered visual-discrimination RTs for correct trials into an LME model with congruency (congruent vs. incongruent) and group (binaural NH, uHL, bCI, and uCI) as fixed effects, and participant intercept as random effect. NH participants showed a well-documented capture of visual attention by sounds: they responded faster when sounds and visual targets were delivered on the same side compared to the opposite (congruent = 223 ± 53 ms vs. incongruent = 243 ± 58 ms). This resulted in a significant difference between the two conditions (pairwise comparison: z = 7.97, p < .001; Figure 1B). From now on, we will refer to this difference as the cueing effect or CE.

This CE was also evident and statistically significant at the single-group level in uHL (congruent = 340 ± 100 ms vs. incongruent = 354 ± 98 ms; CE = 14 ms; z = 3.25, p = .001) and in bCI users (congruent = 294 ± 84 ms vs. incongruent = 311 ± 86 ms; CE = 17 ms; z = 4.88, p < .001). By contrast, it decreased substantially in uCI users (congruent = 339 ± 98 ms vs. incongruent = 341 ± 98 ms; CE = 2 ms; z = 0.46, p = 0.65). This resulted in a significant interaction between congruency and group (X 2 (2) = 35.14, p < .001); the main effect of group (X 2 (1) = 20.72, p < .001) and the main effect of congruency (X 2 (1) = 63.52, p < .001) were also significant 1 . When NH participants tested monaurally were compared with the other groups, two notable findings emerged: first, the NH CE also decreased compared to the CE of NH tested binaurally (congruent: 237 ± 64 ms; incongruent: 244 ± 62 ms; CE = 7 ms; X 2 (1) = 12.94, p < .001); second, they became more comparable to uCI users (z = 0.45, p = .65), whereas CE was more prominent in uHL (z = 3.13, p = .002) and bCI (z = 4.81, p < .001). This was confirmed by a significant main effect of group in the LME model comparing monaural NH listeners with uHL, bCI, and uCI users (X 2 (1) = 13.82, p = .003).

Accuracy in the AV cueing task was very high overall (96.9%). We nonetheless studied accuracy as a function of group to exclude possible speed-accuracy trade-offs in our findings (e.g., RT advantages at the expense of accuracy). Accuracy data were analyzed using a binomial GLME, with similar fixed and random effects as the model used for RT data. We found that binaural NH participants were more accurate in congruent than incongruent trials (97.5% vs. 96.0%; CE = 1.5%; within-group pairwise comparison, z = 2.20, p = .02). By contrast, no such difference emerged for uHL (congruent: 96.3%; incongruent: 96.5%; CE = 0.2%, z = 0.37, p = 0.71), bCI (congruent: 97.7%; incongruent: 97.5%; CE = 0.2%, z = 0.42, p = 0.68) or uCI users (congruent: 96.3%; incongruent: 97.9%, CE = -1.6%, z = 2.49, p = .01). This resulted in a significant interaction between congruency and population (X 2 (2) = 11.36, p = .01); the main effect of congruency also reached significance (X 2 (1) = 4.87, p = .03). When NH participants were tested monaurally, the difference between congruent and incongruent trials was no longer present (z = 0.48, p = .63), though a comparison with the binaural listening condition yielded a marginally significant difference (congruency and listening condition, X 2 (2) = 3.52, p = .06), and their CE did not differ from that measured among uHL, bCI, and uCI users (all ps > .19). In brief, no speed-accuracy trade-off emerged in our findings.

Having established that capturing visual attention changed as a function of group, we examined if CE in the groups with asymmetric hearing (monaural NH, uCI, and uHL) was most prominent (or only present) for stimuli ipsilateral to their best-hearing side (i.e., the unplugged-ear side for NH-m, the CI side for uCI, and the best-ear side for uHL). The rationale for this additional analysis was that asymmetric hearing could result in biases in perceived sound position towards the best hearing side. If this is the case, any effect of congruency should interact with the laterality of the sound with respect to the best hearing side. To this end, we ran further analyses considering group, side of sound (ipsilateral or contralateral to the best-hearing side) and condition (congruent vs. incongruent) as variables. No interaction between sound position and congruency emerged, meaning that the effect of congruency was not specific to the "best" side (X 2 (1) = 0.40, p = .52). Unexpectedly, we observed a main effect of group (X 2 (1) = 20.91, p < .001; uHL were slower than both NH with one ear plugged and uCI users), and a significant interaction between sound position and population (X 2 (1) = 8.28, p = .02; uCI users were faster when sound came from the best-hearing side, while uHL were faster when sound came from the other side). These results were unexpected, and they are not discussed further (Figure 1B).

Sound Localization Abilities and the Relation With the AV Cueing Task

Participants' sound localization abilities were also measured and examined in relation to AV cueing. Figure 2A illustrates the distribution of sound localization responses separately for each target position (vertical dashed lines) for NH (for either binaural or monaural listening), uHL, uCI, and bCI participants. Clearly, sound localization differed in the various groups with respect to accuracy (compare the peak of the distribution with the matching color dashed lines) and precision (width of the distribution). To describe sound localization skills of the different groups and to examine whether any relation exists between this ability and performance in the AV cueing task, we now focus on the horizontal absolute error. Similar analyses on other measures of errors describing different aspects of acoustic-space-perception ability are also available in Supplemental Materials: the proportion of leftright discrimination, the variable error, and signed error (Figure S1 A, B, andC).

We entered horizontal absolute errors into an LME model with group (NH with binaural hearing, uHL, bCI, and uCI users) as fixed effects, using participant and sound position as random effects, since they can introduce variability that we did not choose to consider at this stage. As expected, binaural NH listeners performed better (4.6°±4.8°) than uHL participants (24.2°±16.6°, t = 7.96, p < .001), uCI users (50.1°±22.5°, t = 12.18, p < .001) and bCI users (24.2°±15.5°; t = 8.82, p < .001; main effect of group: X 2 (2) = 161.18, p < .001). Furthermore, sound localization errors were smaller in bCI than in uCI users (t = 4.06, p < .001). When tested monaurally, NH participants performed worse (21.1°±11.4°; X 2 (1) = 1560.83, p < .001), as revealed by an LME considering only NH participants in the two listening conditions. A further LME model comparing monaural NH listeners with uHL, bCI, and uCI participants showed that monaural NH performed similarly to bCI users (t = 0.22, p = .99) and uHL (t = 0.46, p = .97), but better than uCI users (t = 3.56, p = .004; main effect of group: X 2 (1) = 20.96, p < .001). Furthermore, the performance of bCI users and uHL did not differ (t = 0.25, p = .99), and both performed better than uCI (both ps < .002, Figure 2B).

To explore if attention-orienting effects were related to these sound localization skills, we ran correlation analyses between CE and sound localization error. No significant correlation emerged for NH participants (irrespective of listening conditions; ps > .37), for uHL (ps > .09), or for bCI users (ps > .62). By contrast, a significant negative correlation emerged for uCI users: the larger the localization error, the smaller the CE (R = -0.55, p = .02; Figure 2C). While none of these analyses remained significant when corrected for multiple comparisons using Bonferroni, it is worth noting that the correlation linking spatial abilities and CE in uCI users was present for three of four dependent variables we considered (see "other error measures" in Supplemental Materials).

Finally, to investigate the effect of uCI hearing experience on attentional ability, we ran correlation analyses between PTA threshold at the non-implanted ear (as an index of hearing asymmetry; 59.7 ± 23.7) and CE (R = -0.39, p = .11) or sound localization absolute error (R = 0.22, p = .38). Similarly, to investigate the effect of uHL severity, we ran correlation analyses between PTA threshold at the worse ear (103.8 ± 23.3) and CE (R = -0.12, p = .62) or sound localization absolute error (R = 0.38, p = .11). None of these analyses reached significance (see also Supplemental Materials). The low variability of PTA could affect the ability to test this relationship. These analyses will not be discussed further.

Discussion and Conclusion

In this study, we examined audio-visual-attention orienting in adults with hearing loss, asking to what extent perturbed auditory cues resulting from altered hearing experience and the use of unilateral or bilateral CI or uHL attenuate this fundamental multisensory mechanism. Results showed comparable audio-visual attention orienting in bCI, people with uHL, and NH participants tested in binaural listening. By contrast, audio-visual-attention orienting was, on average, absent in uCI and reduced in NH listeners performing the task with one ear plugged. Consistent with results observed in the AV cueing task, spatial hearing skills measured in the sound localization task were better in bCI, people with uHL, and binaural NH participants, compared to uCI and monaurally plugged NH listeners. These results indicate that the binaural hearing experience is crucial to restoring audio-visual-attention-orienting ability when the listening experience is restored via CI. They also suggest that having a natural listening experience (even if asymmetrical) allows sufficient analysis of the direction of the sound to enable audio-visual-attention orienting.

Visual-attention-orienting ability was easily altered in NH individuals when we manipulated their hearing experience using the ear plug. Despite the fact that they were significantly younger than uHL (29.4 ± 10.5 vs. 52 ± 11.8, respectively) and that the PTA in the plugged ear was less severe than the PTA in the deaf ear of uHL (+53 dB when considering the combined effect of plug and ear-muff vs. 103.8 ± 23.3, respectively), the immediate plug interfered significantly with audio-visual-attention orienting. This result suggests an important adaptation in uHL, which may exploit their lifelong asymmetrical hearing experience. Future studies could examine if, given enough time, NH participants wearing a plug recover their audio-visual attention orienting skills, perhaps in a similar way to how they can re-learn to localize sounds with new ears (e.g., [START_REF] Hofman | Relearning sound localisation with new ears[END_REF][START_REF] Irving | Training sound localisation in normal hearing listeners with and without a unilateral ear plug[END_REF][START_REF] Kumpik | A review of the effects of unilateral hearing loss on spatial hearing[END_REF][START_REF] Trapeau | Adaptation to shifted interaural time differences changes encoding of sound location in human auditory cortex[END_REF]. Furthermore, future studies could also include a unisensory control condition to test if adaption might be purely auditory or instead involve multisensory processes (for instance, [START_REF] Pavani | Spatial and non-spatial multisensory cueing in unilateral cochlear implant users[END_REF].

In hearing animals, sounds allow the detection of changes in the environment beyond the limitations of the visual field, and spatial hearing is essential for directing head and eyes towards novel events [START_REF] Heffner | Comparative study of sound localisation and its anatomical correlates in mammals[END_REF]. The importance of this audio-visual coupling in attention orienting is evident in the correlation between sound localization thresholds and the width of the best field of view (i.e., area of visual field perceived with the highest visual resolution, which can be operationalized as the retinal region with a density of ganglion cells of at least 75% of maximum) across mammals [START_REF] Heffner | Visual factors in sound localisation in mammals[END_REF]. Humans, whose best field of view is less than 2 degrees wide, rely on efficient spatial hearing to orient their visual attention in the environment, both explicitly (head and eye orienting) and implicitly (without eye movements, as here). Having preserved audiovisual links in attention (through natural hearing) or having them restored through CIs could promote a virtuous cycle in sensory processing. Rapidly directing visual attention to a sound could trigger those mechanisms that foster its processing [START_REF] Best | Visually-guided attention enhances target identification in a complex auditory scene[END_REF][START_REF] Turri | Orienting auditory attention through vision: The impact of monaural listening[END_REF]. The importance of this cycle is particularly evident in complex audio-visual scenarios, such as concurrent conversations between multiple visible speakers in a room, a common and challenging auditory context. Rapidly engaging the relevant speaker (an audio-visual target) could favor the selection of its spoken message (the relevant auditory stream), as well as access to visual information carried by faces (e.g., lip reading), as demonstrated in previous studies on bilateral CI users (van Hoesel, 2015;[START_REF] Dorman | Experiments on auditory-visual perception of sentences by users of unilateral, bimodal, and bilateral cochlear implants[END_REF]. Moreover, complex audio-visual scenarios require a high level of attentional resources, especially when auditory signals are degraded, as for CI users (see [START_REF] Stacey | Searching for a talking face: The effect of degrading the auditory signal[END_REF]. Potentiating sound localization to favor fast access to visual information may also contribute, especially for CI users, in reducing attention demands. Future studies aimed at enhancing sound localization abilities may also consider the consequences of their training on visuo-attentional abilities. Future studies could also control more effectively the heterogeneity of the uCI group by directly comparing people wearing a CI with a clear unilateral acoustic experience and people who benefit from bimodal stimulation. Our prediction is that bimodal listening could favor AV cueing effects while experiencing unilateral hearing through CI could dramatically reduce this audio-visual advantage. Preliminary evidence in this direction is evident in the correlation between CE and localization performance in uCI (see Figure 2 and Figure S1).

One limitation of the present work concerns the relation between the two tasks examined in this study. As mentioned in the Introduction, all participants tested in the present study were recruited in the context of a broader project aimed at assessing the effects of a training paradigm on sound localization. For this reason, the sound localization task was not originally conceived to study the relationship between sound localization abilities and audio-visual-attentionorienting mechanisms. Sound duration differed substantially in the two tasks and, most notably, head movements were prevented in the AV cueing task but not during the sound localization task. Our preliminary investigation of the link between AV cueing and sound localization provides initial evidence of the potential role of spatial-hearing abilities in mediating the cueing effect, specifically in uCI users. Nonetheless, future studies should examine this relationship using a sound localization task more closely matching the spatial-hearing demands of the AV task. For instance, sound localization abilities could be measured using shorter sounds and preventing head movements. In such a way, the auditory spatial information available in the AV cueing task would fully match that available when measuring spatial hearing.

Another scenario would be to change the AV cueing paradigm to allow head movements and to present acoustic stimuli with a longer duration. Although we adopted here a gold-standard measure of audio-visual-attention-orienting ability [START_REF] Spence | Audiovisual links in exogenous covert spatial orienting[END_REF]; for a review see [START_REF] Störmer | Orienting spatial attention to sounds enhances visual processing[END_REF], future studies could measure it by presenting semi-naturalistic environments simulated in virtual reality, ideally using a variety of stimulation positions and tasks (see [START_REF] Hartley | How do natural environments shape adaptive cognition across the lifespan[END_REF]. These additional experiments would allow the testing of the consequences of being able to localize sounds for visual-orienting-attention ability in situations in which quickly directing visual attention is ecologically relevant to solving the task (e.g., to facilitate speech understanding). Furthermore, letting participants behave in a natural manner and tracking their gaze and body movements should allow measurement of both their spontaneous behavior and the implementation of motor-behavioral strategies that may influence attention-orienting abilities (see for instance, [START_REF] Brimijoin | Undirected head movements of listeners with asymmetrical hearing impairment during a speech-in-noise task[END_REF][START_REF] Hadley | Conversation in small groups: Speaking and listening strategies depend on the complexities of the environment and group[END_REF].

To conclude, our results highlight the importance of assessing the impact of hearing loss beyond auditory difficulties alone, capturing to what extent they may enable or prevent typical interactions with the multisensory environment. Having preserved audio-visual links in attention (through natural hearing) or restoring them through CIs could permit a more complex experience of the world in adults.

Figure 1 .

 1 Figure 1. AV cueing. (A) Experimental setting; left: example of the incongruent audio-visual condition (the sound and the visual stimulus are presented on the opposite sides of the space); right: example of the congruent condition (the sound and the visual stimulus are presented on the same side of the space). (B) Cueing effect (ms) is calculated for each participant as the difference in response times between incongruent and congruent conditions. Normal hearing in black, NH; normal hearing with one ear plugged in grey, NH_m; unilateral hearing loss in pink, uHL; unilateral cochlear implant users in red, uCI and bCI users in blue.

Figure 2 .

 2 Figure 2. Sound-localization task. (A) All-trial-response density plotted using geom_density function in R-studio. This function draws a smoothed version of the histogram (kernel density estimate). Data are colored as a function of target azimuth positions (-67.5°, -22.5°, 22.5°, and 67.5°) and represented separately as a function of population. Note that the side of hearing loss for uHL and plugged side for NH listeners with one ear plugged was unified to the right for all participants. (B) Absolute error in azimuth as a function of population. Normal hearing in black, NH; normal hearing with one ear plugged in grey, NH_m; unilateral hearing loss in pink, uHL; unilateral cochlear implant users in red, uCI and bilateral cochlear implant users in blue, bCI. (C) Correlation between absolute error in azimuth (deg) and cueing effect (ms) in NH with one ear plugged, uHL, bCI, and uCI users.
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Supplemental material for this article is available online. Note 1. To control for the possibility that congruency effects were modulated by the overall reaction-time differences across groups, we re-analyzed our findings using normalized data as a dependent variable. Specifically, we calculated CE as percent reduction (%) of incongruent compared to congruent conditions. An ANOVA on percent reduction confirmed the observed group differences (F(3,73)=6.52, p < .001). In particular, the uCI group showed significantly lower CE (0.45%±4.95) compared to the NH group (8.46%±4.51, t = 4.35, p < .001) and the bCI group (5.50%±6.67, t = 0.04, p = 0.05). Meanwhile, the difference with respect to UHL was not significant (4.01%±6.22, t = 0.24, p = .36). In any case, the CE measured as percent reduction was significant for all groups (all ps < .01 on t-tests against zero), except for the uCI group (t(17) = 0.39, p = .70).