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The most common complaint in people with single-sided deafness (SSD) is difficulty in understanding speech in a noisy environment. Moreover, the neural mechanism of speech-in-noise (SiN) perception in SSD individuals is still poorly understood. In this study, we measured the cortical activity in SSD participants during a SiN task to compare with a speech-in-quiet (SiQ) task. Dipole source analysis revealed left hemispheric dominance in both left- and right-sided SSD group. Contrary to SiN listening, this hemispheric difference was not found during SiQ listening in either group. In addition, cortical activation in the right-sided SSD individuals was independent of the location of sound whereas activation sites in the left-sided SSD group were altered by the sound location. Examining the neural-behavioral relationship revealed that N1 activation is associated with the duration of deafness and the SiN perception ability of individuals with SSD. Our findings indicate that SiN listening is processed differently in the brains of left and right SSD individuals.
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Introduction

One very common concern in individuals with single-sided deafness (SSD) is difficulty following a conversation in a noisy environment such as in classrooms and cocktail party situations. The difficulty arises due to limited accessibility to interaural cues, including the interaural time difference and the interaural level difference (1). Furthermore, this perceptual difficulty worsens with an increase in the duration or severity of hearing loss (2, 3). Nonetheless, conventional hearing-assistive devices, including bone-conduction and contralateral-routing-of-signals (CROS) hearing aids that aim to increase hearing thresholds in the auditory periphery, have shown very limited efficacy in overcoming listening difficulty (4, 5). These findings have led to the hypothesis that cortical elements such as the degree of cortical plasticity or the efficiency of neural transmission may significantly affect perceiving specific sounds in noise. Although concern over this phenomenon is widespread, there is a paucity of published studies in which researchers attempted to directly relate listening difficulty in noise to neural function in individuals with SSD.

Comprehending speech-in-noise (SiN) is a complex task involving both the auditory cortex and many other cortical regions, as evidenced by numerous neuroimaging studies (6–9). This could be because listening to and making sense of speech involves multiple steps of neural processing, including stimulus encoding, selective attention, and working memory. The multi-faceted neural processes involved in SiN perception assessed using various types of measurements such as behavioral tests (10), electrophysiology (11), and functional magnetic resonance imaging (fMRI) (12) have been applied to measure cortical processes during SiN listening. Evidence from previous studies indicates that sensory encoding in both peripheral and higher levels of cortical functioning contribute to SiN perception. For example, in listeners with normal hearing (NH), cortical alpha rhythms are related to digit-in-noise identification performance (13, 14) and those who had earlier subcortical responses reveal better SiN perception (15). These outcomes indicate that SiN listening stimulates different neural processing mechanisms from speech-in-quiet (SiQ) situations and the presence of noise alters the patterns of hemispheric lateralization in both the cortical and subcortical structures of the auditory system (16).

SiN perception is closely related to how an acoustic signal is transmitted along and transformed by the central auditory system. Given that introducing noise can disrupt signal encoding in the auditory system, noise that interferes with a signal is often referred to as a masker. Electroencephalography (EEG) has been applied to study effects of a masker on speech processing since it is sensitive to subtle neural changes and has excellent temporal resolution. Among the EEG components, it has been shown that the fidelity of N1/P2 is capable of predicting SiN performance in various populations, such as cochlear implant (CI) users and children with learning disorders (17–19). For instance, CI users revealed decreased N1 amplitude and delayed P2 latency in response to SiN listening, while the cortical responses are significantly associated with behavioral SiN measures (18). Neural responses in simulated unilateral CI users are temporally delayed for noise-vocoded speech tasks (20). Meanwhile, the patterns of hemispheric lateralization during SiN listening in individuals with SSD differ from those in NH people in that the alpha and theta neural activities are left-lateralized in the latter but greater toward the direction of the background noise in the former (21). Although the cortical processes in populations with hearing impairments during SiN listening have been investigated in recent years, only a few researchers have observed relationships between neural function and behavioral SiN performance in people with SSD. Hence, a more systematic approach to providing insight into the brain mechanism underlying SiN perception is needed.

Since spatial hearing is dependent on information based on the interaural acoustic difference and spectral cues, it is important for listening in a noisy environment as well. Moreover, unilateral hearing loss can incur deficits not only in behavioral sound localization but also in SiN perception (22, 23). Previously, we found that the cortical activity patterns evoked by the sound localization paradigm differ between left- and right-sided deafness (24). Indeed, the outcomes from previous studies suggest that sound-in-noise processing is different depending on the side of deafness. For instance, it has been reported that unlike right-sided deafness, left-sided deafness is accompanied by behavioral advantages for cognitively demanding sound localization and SiN tasks, which are likely related to higher brain functioning due to intact contralateral projection from the peripheral to the central auditory system (25). Vannson et al. (25) suggested an association between sound localization and cortical functional activity; they found that localization ability was better in participants with left-sided deafness than those with right-sided deafness and behavioral performance was related to stronger brain activation. The increased cortical activity in left-sided deafened people was assumed to be compensation for the loss of binaural hearing (26, 27). On the other hand, poorer localization performance was revealed by the right-sided deaf group, which was associated with larger activity ipsilateral to the hearing side. Moreover, prolonged reaction time to locate sound sources in the horizontal plane in right-sided deafened people offers more evidence for the functional difference with left-sided deafness, which can be interpreted as the consequence of the longer processing time needed to reach the right hemisphere in which auditory spatial cues are predominantly processed (24).

Apparent localization deficit based on auditory spatial perception after damaging areas in the auditory cortex in humans and animals, respectively, is distinctly different. In animal studies, the ability to locate sound sources on the opposite side to the damaged hemisphere is considerably decreased regardless of the ablated side (28). In contrast, damage to the right hemisphere in humans has a more pronounced effect on the ability to localize sound than damage to the left one. Zatorre and Penhune (29) suggested that damage to the right auditory cortex can disrupt spatial perception on both sides. Furthermore, it has been reported that patients with right hemisphere damage have significantly impaired sound localization from any location whereas those with left hemisphere damage are capable of locating sounds from the ipsilateral hemispace (29–31). Thus, it can be inferred that the auditory cortex in humans plays the role in supporting spatial processing and behavioral localization, which is in contrast to animals in which many aspects of sound localization can be accounted for by neural processing at the subcortical level. To determine whether unilaterally driven plasticity is different depending on the side of deafness, we compared the pattern of neural activity between left- and right-sided deafness at the cortex level in the present study.

In the current study, we measured cortical N1/P2 responses because these components are thought to be related to sensory encoding and cognitive processes, including SiN listening (32). An auditory cortical evoked response is known to be sensitive to the features of the stimulus, such as its intensity and frequency (33). Given that SiN perception relies on both accurate sensory encoding and successful cognitive processing, we expect that the N1/P2 responses are related to behavioral SiN ability in SSD people. In NH listeners, substantial changes in hemispheric lateralization for SiN tasks have been observed in that functional asymmetry shifts from the right to left hemisphere during adverse listening conditions (6). However, there is still uncertainty as to whether the rightward activation for SiN perception is consistently shown by persons with SSD. Since alteration of the functional lateralization following monaural hearing deprivation is different depending on the side of deafness (34–36), we anticipated that the SiN-induced changes in cortical activation and hemispheric laterality are distinct for left-sided and right-sided deafness. Furthermore, consistent with previous reports, we hypothesized that cortical activation is weaker and temporally prolonged as the duration of deafness becomes longer (24, 37).



Methods


Participants

Ten adults with right SSD (RSD; 6 female, mean age: 52.7 ± 6.2 years) and 10 with left SSD (LSD; 6 female, mean age: 41.9 ± 16.8 years) were recruited. All of the unilaterally deaf participants were right-handed and had profound hearing loss in one ear (average pure-tone audiometry threshold >90 dB HL) and NH (pure-tone thresholds <20 dB HL from 0.25 to 4 kHz, with evoked otoacoustic emissions) in the other ear. Neither of the unilaterally deaf groups had used a hearing aid before participating in this study. Eleven age- and gender-matched NH adults were recruited for comparison with the SSD groups (NH, 7 female, mean age: 52.2 ± 6.9 years). The NH group participants had normal pure-tone average thresholds in both ears and no neurological and cognitive issues. Informed consent was obtained from all participants prior to testing. All experimental protocols and methods were approved by the guidelines and regulations outlined in the Sacred Heart Hospital of Hallym University Institutional Review Board (IRB no. 2019-02-019) and were performed in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki. A summary of the clinical data of participants with SSD is provided in Table 1.


TABLE 1 Clinical features of participants with single-sided deafness.
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Stimuli and procedure

Figure 1 shows an example of an acoustic sequence and the passive listening paradigm applied in this study. Natural /ba/–/pa/ speech stimuli with a noise masker at a signal to noise ratio (SNR) of +5 dB were used to evoke cortical responses. The noise masker was speech-shaped noise lasting 0.5 s created by applying the speech stimuli recorded from utterances by a male speaker and presented with speech stimuli simultaneously. The overall duration of each speech stimulus was 0.5 s, and the voice onset times were 30 and 100 ms for /ba/ and /pa/, respectively. The stimuli were presented through a StimTracker (Cedrus Corporation, CA, USA) system that allowed for EEG synchronization with the sound, and they were calibrated using a Brüel and Kjær (2260 Investigator, Nærum, Denmark) sound level meter set for frequency and slow time weighting with a ½ inch free-field microphone.


[image: Figure 1]
FIGURE 1
 Speech stimulus and experimental listening conditions. Top, time waveforms of the CV syllable /ba/ and /pa/ with +5 dB speech-shaped masking noise. Middle, spectrogram of the acoustic stimuli. Each stimulus was embedded in 1.5 s of silence. Bottom, passive listening paradigm. During recording, subjects watched close-captioned movies of their choice.


For each electrophysiological test, speech stimuli /ba/ and /pa/ were presented through a loudspeaker horizontally located at each of five different azimuth angles (−60°, −15°, 0°, +15°, and +60°, where “+” indicates the right side while “–” indicates the left side) under both quiet and noise listening. The stimuli were randomly presented with an inter-stimulus interval from sound offset to onset fixed at 1.5 s. A total of 1,000 trials involving 100 trials each for the /ba/ and /pa/ sounds at the five different azimuth angles under quiet and noise listening conditions (ba/pa x five azimuth angles x quiet/noise conditions) were presented across two blocks. During recording, the subject was seated in a comfortable reclining chair and watched a silent closed-captioned movie of their choice while the stimuli were individually presented in the background through a loudspeaker horizontally located at each of the five different azimuth angles. The subject was instructed to ignore the sounds and not to move their head during the experiment. During the recording, the subject was alert and calm.

All of the speakers were located 1.2 m away from the subject at ear level and sounds were presented at 70 dB SPL (sound pressure level). Breaks were given upon request. The total recording time was ~40 min.



Behavioral tests

All subjects including the SSD patients and NH controls participated in behavioral sound localization task. The sound localization was measured for speech sounds at the five different azimuth angles mentioned above. In each trial, speech stimuli were emanated from each speaker in a random order. For each of the presentation, participants indicate location where a sound was presented by pressing a corresponding button on the keyboard assigned a speaker number. For the task, stimuli were presented in 10 blocks of 1,000 trials (200 trials for each of the five different azimuth angles), with each lasting 4 min. Prior to undertaking the task, each participants completed 10 familiarization trials of the procedure. The sound localization task was conducted in a sound-attenuated booth. Speakers were 1.0 m from the subject's head. No feedback regarding the performance was given during the test. Only the sound localization test results for the behavioral performance are reported herein. Accuracy of sound localization task was calculated using the root-mean-square error (RMSE) and the mean absolute error (MAE). The RMSE was assessed using the root-mean square of the magnitudes of the differences between the azimuth of the sound location and the azimuth of the selected location across all trials. The MAE is the absolute error in degrees, divided by the total number of trials.

As a behavioral measure of speech perception, word-in-noise perception was measured by using the consonant perception test (CPT) (38). A total of 50 words were presented in a “C/V/C” (consonant/vowel/consonant) context with a female talker in speech-shaped noise at a SNR of 0 dB. The number of words correctly identified out of 50 was expressed as a percentage. Since the CPT is forced choice paradigm among 4 alternative choices, subjects were instructed to indicate which words were heard by choosing buttons via mouse click.



EEG recording

Electrophysiological data were collected by using a 64-channel actiCHamp Brain Products recording system (Brain Products GmbH, Inc., Munich, Germany). An electrode cap was placed on the scalp with electrodes positioned at equidistant locations (39, 40). The reference channel was positioned at the vertex while the ground electrode was located on the midline 50% of the distance to the nasion. Continuous data were digitized at 1,000 Hz and stored for offline analysis.



Data processing

Electrophysiological data were preprocessed by using Brain Vision Analyzer 2.0 (Brain Products GmbH, Inc., Munich, Germany). Data were band-pass-filtered (1–50 Hz) and down-sampled to 500 Hz. Visual inspection of the data included the removal of artifacts related to subject movements (exceeding 500 mV). Independent component analysis (ICA) (41) implemented in Brain Vision Analyzer was applied to remove artifacts related to eye blinking and movement, and cardiac activity. After ICA artifact reduction, the data were low-pass-filtered at 20 Hz and segmented from −200 to 1,000 ms with 0 ms at the onset of the stimulus and re-referenced to the average reference. Averages were obtained for each of the azimuth angles. Subsequent peak detection was performed by using the fronto-central electrodes for the N1/P2 components. Since we used an electrode cap with equidistant locations which use different electrode layout from the traditional 10–20 system, N1/P2 were measured from the averaged activities of three electrodes located at Cz in the international 10–20 system (40, 42).



Source analysis

Auditory evoked potential sources were computed by using BESA Research 7.0 (Brain Electrical Source Analysis, GmbH, Germany) as described previously (43). Dipole source analysis for N1 activity was performed on individual averaged waveforms and was implemented by using an average head model. To measure the dipole source activity for each subject, two symmetric regional dipole sources were seeded in the region of the auditory cortex (Talairch coordinates: ±49.5, −17, 9). In the next step, dipole fitting was executed in the mean area over a 20 ms window around the N1 peak on the global field power. A goodness of fit (GOF) was assessed for each subject over the 20 ms window. Data revealing an 80% or lower GOF were excluded from further analysis. As a result, 9 RSD, 9 LSD, and 11 NH subjects showed 80% or greater GOFs. During the analysis, the dipole sources were varied in location, orientation, and strength to fit tangential sources at the activation period maxima. The mean current over the 20 ms window centered on the peak of the tangential sources were assessed to conduct statistical analysis in each subject. In addition, BESA statistics 2.0 was performed for source space analysis. For the analysis, data files were created to compare between conditions (e.g., SiQ vs. SiN). The data files included information regarding source modeling in a 20 ms window in which maximal peaks were observed in the global field power. For the source modeling, sLORETA (standardized low resolution brain electromagnetic tomography) was conducted to evaluate source activation of individual subjects in the time range from 0 to 500 ms after stimulus onsets. The source activation differences in source space between SiQ and SiN conditions were assessed for each subject group using a paried t-test.



Statistical analysis

Repeated-measures analysis of variance (ANOVA) was performed for the behavioral data to examine the effects of noise (SiQ vs. SiN) and subject group (NH, RSD, and LSD) on the RMSE and MAE. The repeated-measures ANOVA was also conducted to assess the effects of azimuth angle, noise, and subject group on amplitudes and latencies of N1/P2 cortical potentials. For comparing brain activity during SiN and SiQ listening, we used the SiQ data presented in our previous study (24). Tukey's Honest Significant Difference (HSD) test was conducted for post hoc comparisons, while Pearson product-moment correlations were used to assess correlations between the behavioral/audiological data and the N1/P2 activities for the SSD groups. For the dipole source data, group differences in hemispheric laterality were calculated by using grand mean source waveforms. In addition, paired t-tests corrected for multiple comparisons and Monte-Carlo resampling techniques implemented in BESA Statistics 2.0 (44) examined differences in the strengths of the brain source spaces between the listening conditions. Clusters of voxels with p-values of < 0.05 were considered significant, and the alpha criterion was manually set to 0.05 in BESA.




Results


Behavioral sound localization

Figures 2A, B show the mean RMSE and MAE for each subject groups. Repeated-measures ANOVA analyzing RMSE data revealed significant effects of noise [F(1,27) = 19.3; p < 0.0001] and group [F(1,27) = 30.47; p < 0.0001]. Tukey's HSD post hoc tests revealed the RMSE was larger (worse) in both LSD (p = 0.001) and RSD (p = 0.001) groups than in NH group. No difference in the RMSE was found between LSD and RSD groups. For noise effect, the RMSE was smaller for the SiQ than for the SiN condition (p = 0.001). Similar to the RMSE, significant group [F(1,27) = 29.9; p < 0.0001] and noise [F(1,27) = 20.1; p = 0.0001] effects were found for the MAE. Post hoc tests conducted for the group effect showed the MAE was larger in the SSD groups (both p = 0.0001) and SiN (p = 0.0002) compared to NH group and the SiQ condition, respectively. Figure 2C shows a correlation between the RMSE and age at the onset of deafness in SSD groups. The results indicate that the RMSE was greater as the age at the onset of deafness is older (r = 0.45, p = 0.046).
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FIGURE 2
 Mean root-mean-square error (A) and mean absolute error in degree (B) in subject groups with normal-hearing and with left- and right-sided deafness during the speech-in-quiet and speech-in-noise listening conditions. (C) The root-mean-square error correlations with the onset of deafness in SSD groups. Error bars: the standard error of the mean. RSD, right-sided single-sided deafness; LSD, left-sided single-sided deafness; NH, normal hearing; SiN, speech-in-noise; SiQ, speech-in-quiet; RMES, root-mean-square error; MAE, mean absolute error. **P < 0.01.


A subset of SSD subjects was able to complete the CPT tests, the results for which are shown in Figure 3C (the right panel). The average scores for CPT were 82.3 for left-sided deafness and 86.7 for right-sided deafness. The results of an independent samples t-test revealed no significant difference between the test scores (p > 0.05).


[image: Figure 3]
FIGURE 3
 (A) Grand mean waveforms averaged stimuli emanated at azimuth angles of ±60° for the NH and ipsilateral to the hearing side for the SSD groups (+60° for the LSD; −60° for RSD) recorded via the frontal central (FC) electrodes for each subject group. Event-related potentials are shown for SiN (blue) and SiQ (red) listening. The gray highlighted area indicates the time window to measure the N1 response (80–150 ms). Topographical representation of the N1 response is presented for each subject group on the right side. (B) Listening condition (averaged across all groups) and group (averaged across all angles) comparisons for N1 amplitude and N1 latency, respectively. The error bars represent the standard error of the mean. *P < 0.05. (C) N1 amplitude correlations with the duration of deafness, and P2 latency correlation with word-in-noise perception scores measured using the CPT. RSD, right-sided single-sided deafness; LSD, left-sided single-sided deafness; NH, normal hearing; SiN, speech-in-noise; SiQ, speech-in-quiet.




Cortical potentials

Figure 3A shows the grand mean waveforms for stimuli emanated at azimuth angles of ±60° for the NH and ipsilateral to the hearing side for the SSD groups (+60° for the LSD; −60° for RSD) under both SiN and SiQ conditions. The overall response was characterized by an N1 evocation at around 100 ms after stimulus onset followed by a P2 response. The magnitude of N1 was greater for SiQ than SiN listening whereas the P2 magnitudes were similar. Topographic examination of the N1 responses indicates that negativity was stronger for SiQ than SiN listening for all of the groups, while N1 activation in the NH group was lateralized toward the left hemisphere but more symmetrical over the brain in the SSD groups (Figure 3A).

Repeated-measures ANOVA was applied to examine the effect of sound location (−60°, −15°, 0°, +15°, +60° azimuth angles), type of stimulus (SiQ and SiN), and the group effect (NH, RSD, and LSD) on N1/P2 measures. Figure 3B shows the N1 amplitudes for the SiQ and SiN condition (averaged across all subjects) and N1 latencies for each subject groups (averaged across all angles). A significant effect of noise [F(1,27) = 5.7; p = 0.024] was found for N1 amplitude. Tukey's HSD post hoc test results show that the N1 amplitudes for SiQ were larger than those for SiN (p < 0.01). In addition, a significant group × angle interaction [F(8,108) = 2.58; p = 0.012] was revealed, and Tukey's HSD post hoc test results reveal that in the LSD group, the N1 amplitudes at azimuth angles of 0° (p = 0.043), +15° (p = 0.034), and +60° (p = 0.007) were smaller than those at −15°. In the RSD group, the N1 amplitudes at an azimuth angle of +60° were larger than those at −15° (p = 0.037) and +15° (p = 0.034). No significant interaction was found in NH group. For N1 latency, a significant effect of group [F(2,28) = 3.66; p = 0.038] was found, and post hoc test results indicate that the N1 latencies for the LSD group were longer than those for the NH group (p = 0.011).

No significant differences were found for P2 amplitude. However, a significant effect of azimuth angle [F(4,184) = 4.5; p = 0.002] was found for P2 latency. Tukey's HSD post hoc test results show that the P2 latencies at azimuth angles of −60° and +60° were longer than those at −15° (p = 0.001 for −60° and p = 0.011 for +60°), 0° (p < 0.001 for both), and +15° (p = 0.009 for −60° and p = 0.017 for +60°).

To assess whether N1/P2 responses to SiN stimuli are related to audiological factors or behavioral speech perception in SSD subjects, we examined the relationships between averaged N1/P2 measurements according to the duration of deafness and CPT scores. Since not all of the SSD subjects provided CPT scores, data from only 14 subjects (6 and 8 from the LSD and RSD groups, respectively) were used in the correlation analysis. Figure 3C shows that the averaged N1 amplitudes across all azimuth angles during the SiN task were inversely related to the duration of deafness in the SSD groups (r = −0.45, p = 0.047), suggesting that N1 decreases with a longer duration of deafness. In addition, the averaged P2 latencies were negatively correlated with CPT scores, indicating that P2 latency is shorter with better word-in-noise performance (r = −0.57, p = 0.034).



Dipole source analysis

This was conducted to examine the tangential source of N1 for SiN perception. To measure the SiN effect on N1 source activation, we also assessed the tangential components while SiQ listening and then compared them while SiN listening. Figure 4A shows N1 source activation averaged across all of the azimuth angles for the left and right hemispheres of the NH, LSD, and RSD groups. Repeated-measures ANOVA was conducted to measure the effects of noise, azimuth angle, and subject group on N1 dipole source amplitude and latency. For N1 source amplitude, a significant group/hemisphere interaction [F(2,28) = 8.25; p = 0.001] was found. Tukey's post hoc analysis revealed that during SiN listening, N1 source activation in the LSD group was greater in the left hemisphere, which is contralateral to the hearing side (p = 0.029), while stronger ipsilateral activation (left hemisphere) was found in the RSD group (p = 0.002). No statistically significant difference between the hemispheres was found for SiQ listening, and no statistically significant asymmetrical dipole activation was found in the hemispheres of the NH group participants (both p > 0.05).
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FIGURE 4
 N1 source activation by the speech-in-quiet (SiQ) and speech-in-noise (SiN) stimuli. (A) The grand mean N1 dipole source waveforms for the left (blue) and the right hemispheres (red) for each subject group. The mean N1 source amplitudes for SiQ and SiN listening are presented for each group on the right side of the mean waveforms. The error bars represent the standard error of the mean. (B) Cluster data representing significant differences between the SiQ and SiN listening tasks in the brain source space. Red indicates that the SiN listening response was larger than for SiQ (a positive difference). Note that these clusters indicate which regions showed a significant difference while the crosshairs indicate a 3D point indicating the maximum difference in the comparison. (C) N1 source latency correlation with duration of deafness. RSD, right-sided single-sided deafness; LSD, left-sided single-sided deafness; NH, normal hearing.


Figure 4B shows the t-test comparisons for the N1 source space to compare between the SiQ and SiN conditions for +60° and −60° azimuth angles in SSD groups. For this comparisons, we focused on −60° vs. +60° for the following reasons: (1) the findings in previous electrophysiological data suggest that N1 cortical activity is larger for stimuli containing more prominent spatial cues than for less spatially distinguishable stimuli (45); and (2) given that the −60° and 60° azimuth angles are closer to the hearing and deafened ears than the other angles, these conditions could better represent the effect of SSD on source activation. (3) cortical N1/P2 responses to ± 60° in SSD subjects were more delayed and larger compared to the smaller azimuth angles. For the LSD group, comparisons between SiQ and SiN listening revealed significant clusters (p = 0.006) with stronger activation in the frontal lobe (the left premotor and supplemotor areas) during SiN listening at an azimuth angle of −60° and in the temporal and occipital lobes at +60° (p < 0.001). Meanwhile, for the RSD group, significantly larger activation was found in the frontal area during SiN listening at azimuth angles of −60° (p = 0.02) and +60° (p = 0.017) (the left Broca area at −60° and the left dorsal anterior cingulate cortex at +60°).

Figure 4C depicts relationships between averaged N1 source latency and duration of deafness in subjects with SSD. Pearson product-moment correlation results revealed that N1 source latency to SiN stimuli was positively correlated to the duration of deafness (r = 0.53, p = 0.017), indicating more prolonged latencies with the longer duration of deafness.




Discussion

The aim of this study was to compare cortical responses during SiQ and SiN listening to characterize the cortical representation of SiN processing in persons with SSD. Given that the distinct patterns of brain activation depending on the side of deafness have been reported (24, 35, 46), we also compared the neural responses in LSD and RSD participants during SiN listening. We found that (1) the SiN is differently processed in the brains of left- and right-sided SSD in that the left-sided SSD revealed greater activity contralateral to the hearing side (left hemisphere), while the right-sided SSD showed the left hemispheric asymmetry. (2) the N1 modulation as a function of sound location was more evident in participants with left-sided deafness. In addition, (3) N1 activity and sound localization performance in SSD participants were associated with the deafness duration and the onset of deafness, respectively.

Analysis of N1 dipole source activity revealed that noise-degraded speech sounds incur differential effects on the hemispheric laterality depending on the side of deafness. For SiN listening, activity contralateral to the hearing side was greater with left-sided deafness but a contrastive pattern of lateralization in that stronger ipsilateral bias was revealed with right-sided deafness. Interestingly, no hemispheric laterality was found for SiQ listening in either SSD group. These results in dipole source activation enabled us to tease out the contributions of the hemispheres engaged in processing SiN stimuli and to confirm that the auditory system has active compensatory mechanisms mitigating degraded speech processing. In listeners with NH, contralateral activity is more predominant for left- than right-ear stimulation (47, 48). Nonetheless, in persons with SSD, the adaptation process of the left hemisphere could strengthen both the ipsilateral and contralateral pathways for processing degraded speech sounds. With right-sided deafness, stronger left-hemispheric activity has been attributed to functional plastic changes mainly occurring in the left hemisphere rather than the right one (49, 50). Strengthening the routes to the left hemisphere for SiN listening could be related to the left hemisphere playing a crucial role in speech and language function (51), which mainly contributes to the right-ear advantage for processing degraded speech sounds (16).

The results of a previous study examining alpha and theta rhythms in children with unilateral deafness and NH controls are inconsistent with our findings in that the neural activity in the NH group was lateralized to the left side during a quiet listening task whereas rightward asymmetry was found during a word-in-noise recognition task (21). However, this pattern of asymmetry decreased in children with unilateral hearing loss due to attenuated asymmetrical activation (21). Possible explanations for this discrepancy are (i) the type of noise used for evoking the response, (ii) the subjects' characteristics, and (iii) the listening conditions (passive vs. active). Given that for NH, increasing the SNR decreases lateralization toward the right hemisphere (32), the low SNR used in our study would weaken hemispheric lateralization in NH listeners. In addition, most of the SSD participants in our study were adults who had acquired auditory deprivation later in life whereas children with congenital unilateral hearing loss were mainly recruited for the previous study by Cartocci et al. (21). It has been demonstrated that asymmetrical hearing loss occurring during early childhood compromises brain lateralization due to incomplete auditory development (52). In this regard, Burton et al. (49) proposed that congenital unilateral deafness can result in strengthening the contralateral pathway while acquired unilateral deafness can lead to over excitation of the ipsilateral pathway.

Interestingly, we found that cortical activation in right-sided deafness is independent of the direction of stimulation whereas left-sided deafness alters sites of activation according to the amount of spatial information. More specifically, in left-sided deafness, activation was found in the temporal and occipital lobes when sounds were presented from the side of the intact ear (an azimuth angle of +60°), while the activation was greater in the frontal lobe for the stimuli presented on the deaf side (an azimuth angle of −60°). On the other hand, right-sided deafness produced strong activity in the frontal areas regardless of the side of stimulation (Figure 3B). The differential recruitment of the frontal and temporal regions for encoding spatial information could be closely related to the functional change brought about by cortical reorganization according to the side of deafness. The neural generators contributing to processing speech under adverse listening conditions are located in both the frontal and temporal lobes: the temporal lobe is thought to play a role in initial sound processing while the frontal cortex is more associated with the higher-order speech processing such as SiN listening (53). Indeed, the extensive frontal-temporal network including the anterior cingulate and the prefrontal cortex are preferentially activated for processing linguistic and spatial information (9, 54–56). However, in individuals with SSD, such functional organization of the cortex for SiN processing seems to be altered by deafness-driven plasticity. In particular, the activation of the frontal cortex observed in persons with SSD could reflect active adaptation processing in the cortex to enable higher cognitive resources to process degraded speech stimuli. Considering that individuals with right-sided deafness show the frontal lobe activation required to process sounds from both the deaf and hearing sides, right-sided deafness could require more effort for SiN processing than left-sided deafness in which the activation sites are allocated according to the side of stimulation. This interpretation is supported by a neuroimaging study showing that right-sided deafness is related to higher activation of the frontal cortical regions not seen in persons with left-sided deafness (57); the authors concluded that right-sided deafness enhances activation in the areas involved in the processing of degraded sounds. Our data corroborate this finding by explicating differential reorganization of the cortex according to the side of deafness for processing impoverished speech stimuli.

In addition to the different activation patterns between left- and right-side deafness, it is important to note that the roles of peripheral and central processing deficits in SiN perception differ between bilateral and unilateral deafness. Although both types of hearing loss induce changes in the central auditory system, peripheral loss is totally different. Bilateral hearing loss is accompanied by an elevation in the hearing threshold and a decrease in spectral processing but with access to bilateral cues in both the intensity and timing domains (58). On the other hand, hearing via the good ear in unilaterally deafened individuals can be as good as that of normal listeners for SiN perception when the speech and noise are presented to the good ear. In this sense, the loss of sound source localization is the main issue for SSD subjects in the case of a single talker whereas the loss of binaural processing reflects true SiN perception in the presence of multiple talkers.

Binaural processing is important for both sound localization and SiN perception because the neural processing for both tasks is closely related to each other (59). In the cocktail party situation, binaural hearing helps to lessen the masking of the target sounds by noise presented from other directions. Based on this effect, the binaural masking level difference (BMLD) improves sound detection when the phase of either the signal or the noise is inverted (60). In a free-field environment, a similar level of unmasking in humans (61) and animals (62) is obtained by spatially separating the signal and the masker. In an animal study, it has been found that the responses of the inferior colliculus (IC) neurons to BMLD stimuli are consistent with their ITD sensitivity to tone and noise (63). Furthermore, behavioral and functional changes with unilateral deprivation have been reported in animals with SSD. In particular, the outcomes of several single-neuron studies on the effect of unilateral deafness at the brainstem and cortex levels suggest an increase in the responsiveness of the IC and the primary auditory cortex neurons to acoustic stimulation on the side of the intact ear (64–66). For example, unilateral hearing loss in barn owls was accompanied by compensatory shifts in ITD sensitivity at the IC level (67). This may be related to weakening of the auditory pathways that convey input from the deprived ear in several brain areas, including the cochlear nucleus (68), the superior olive (69), and the IC (70). This outcome indicates that a change in the auditory pathway affects the capacity of the auditory system to adapt to unilateral deafness by becoming more dependent on the monaural spatial cues provided by the hearing ear.

At the neuroanatomical level, neurons in the IC change substantially following unilateral hearing loss because they need to be able to integrate various auditory spatial cues (71). In turn, it can be inferred that the IC is more susceptible to brain plasticity than other auditory pathway sites due to its functional characteristics (72). In animal studies, unilateral hearing loss weakened ipsilaterally mediated suppression in the IC ipsilateral to the deprived ear, albeit not at the level of the auditory cortex (73). In this respect, these results indicate that neuronal changes following unilateral deprivation are more apparent at the subcortical level rather than at the cortical level. Nonetheless, the neural basis for unilaterally deafened-induced plasticity at the IC level is not well characterized in humans, thereby suggesting the need for future work in this area.

Concerning the relative roles of peripheral and central processing deficits in SiN recognition by individuals with SSD, one important factor for SiN processing is the acoustic properties of the noise maker. The sensory aspects of SiN can be considered as how the acoustic signal is transduced by the ear and transmitted and transformed along the central auditory system. External noise can cause disruption in signal encoding in the central auditory system, and for this reason, it is frequently referred to as a masker. Meanwhile, noise that interacts with a signal, leading to a degraded neural representation, is generally referred to as an “energetic masker.” The term “energetic” comes from the level of interaction between the masker and the signal within the same critical bands at the same time. On the other hand, “informational masking” consists of a masker that is outside the critical bands so that both the target signal and the masker are audible. Energetic masking can produce interference within the peripheral auditory system whereas informational masking is often taxing on the cognitive resources required for selective attention (74). Given that the SiN performance of bilaterally or unilaterally deafened individuals according to the type of noise can vary, the effects of noise type and spatial cues on the performance have been extensively studied. In people with SSD, better performances were obtained with single-talker noise compared to using a multiple-talker distractor (75). In addition, SSD subjects perform poorly when speech and noise are presented from the same speaker due to a reduction in spatial cues (76). Meanwhile, listeners with bilateral hearing are more affected by multi-talker noise due to the loss of binaural hearing (3). Acoustically, multi-talker noise is dominated by energetic masking while single-talker noise contains both energetic and informational masking. Therefore, it can be inferred that single-talker noise with informational masking is more difficult for SSD individuals since it requires more attentional cognitive resources. Furthermore, this supports the notion that the cortical plasticity following monaural deprivation may not enhance some aspects of binaural hearing involving informational masking.

Under normal circumstances, N1/P2 cortical activities in response to acoustic noise decrease in amplitude and increase in latency (15, 32, 77). Similar to the observations for NH listeners, cortical N1 responses in persons with SSD were smaller during SiN compared to SiQ listening (36). However, our data reveal that in SSD individuals, the effect of degraded speech sounds on P2 response is much smaller than on N1 response. These results expand on previously reported findings by suggesting that noise-related changes can be mainly attributed to the N1 components. Our findings indicate that N1/P2 activities in persons with SSD undergo distinct changes with noise. It is known that N1 is significantly affected by the stimulus characteristics, such as frequency (78), intensity (79), and acoustic changes (40), whereas P2 is related to more higher-order cognitive processing, including perceptual experience (80) and auditory training (81, 82). When processing degraded speech sounds, N1 relies solely on the SNR without taking acoustic properties such as the absolute intensity of the signal into consideration (77, 83). This notion is supported by the findings from a previous study comparing responses to tone bursts with various levels of background noise in which substantial changes in the N1 amplitude as a function of noise were observed while no effect was evident for intensity changes (83). Contrary to N1 showing consistent changes with the noise masker, P2 noise-related changes are largely variable. Papesh et al. (84) reported that P2 is affected by interactions among stimulus variables including signal type, noise type, and experimental paradigm. Therefore, we assume that our experimental design is suitable for inducing changes in neural generators underlying the N1 rather than the P2 response.

Our results concerning the relationship between N1/P2 cortical activities and behavioral performance in SiN perception are in agreement with those from previous event-related potential studies (21, 24, 36). Notably, we found that sensor-level N1 amplitude and P2 latency are associated with the duration of deafness and word-in-noise ability, respectively. At the source level, N1 activity can be used to predict the duration of deafness and subjective speech perception in persons with SSD. In other words, the N1 response becomes progressively weaker with decreasing SiN perception and a longer duration of deafness. These results suggest that the brain mechanisms required for the neural processing of SiN stimuli are more difficult to induce in SSD individuals with longer duration of deafness. Given that a positive correlation between N1 activity and behavioral/perceptual SiN ability has been observed, successful SiN perception in persons with SSD could require more faithful neural encoding of degraded auditory input at the cortical level. However, the quality and amount of the brain plasticity in some SSD individuals (i.e., chronic SSD) is not sufficient to improve the neural activity for robust SiN perception (85, 86). In this case, higher-order cognitive controls such as attention and memory might efficiently improve SiN listening in SSD individuals (20). Taken together, our data leads us to infer that chronic unilaterally deafened people develop “SSD-specific” neural mechanisms to compensate for decreased ability to process SiN stimulus. Nevertheless, additional efforts to enhance cognitive controls such as auditory training could re-formulate the neural population required for SiN listening into a more “normal-like” pattern.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving human participants were reviewed and approved by Sacred Heart Hospital of Hallym University Institutional Review Board (IRB no. 2019-02-019). The patients/participants provided their written informed consent to participate in this study.



Author contributions

J-HH and JL collected the data and analyzed the data. J-HH, JL, and H-JL contributed to writing the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the Basic Science Research Program through the National Research Foundation of Korea (NRF) funded by the Ministry of Education (NRF-2022R1A2C1004862, NRF-2020R1I1A1A01070914, and NRF-2020R1A6A3A01099260) and by the Hallym University Research Fund and the Hallym University Medical Center Research Fund.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. Kumpik DP, King AJ, A. review of the effects of unilateral hearing loss on spatial hearing. Hear Res. (2019) 372:17–28. doi: 10.1016/j.heares.2018.08.003

 2. Griffin AM, Poissant SF, Freyman RL. Speech-in-noise and quality-of-life measures in school-aged children with normal hearing and with unilateral hearing loss. Ear Hear. (2019) 40:139–48. doi: 10.1097/AUD.0000000000000667

 3. Firszt J, Reeder R, Holden L. Unilateral hearing loss: understanding speech recognition and localization variability: implications for cochlear implant candidacy. Ear Hear. (2017) 38:159–73. doi: 10.1097/AUD.0000000000000380

 4. Agterberg MJH, Snik AFM, Van de Goor RMG, Hol MKS, Van Opstal AJ. Sound-localization performance of patients with single-sided deafness is not improved when listening with a bone-conduction device. Hear Res. (2019) 372:62–8. doi: 10.1016/j.heares.2018.04.007

 5. Siau D, Dhillon B, Andrews R, Green KMJ. Bone-anchored hearing aids and unilateral sensorineural hearing loss: Why do patients reject them? J Laryngol Otol. (2015) 129:321–5. doi: 10.1017/S0022215115000602

 6. Shtyrov Y, Kujala T, Ilmoniemi RJ, Näätänen R. Noise affects speech-signal processing differently in the cerebral hemispheres. Neuroreport. (1999) 10:2189–92.

 7. Anderson S, White-Schwoch T, Parbery-Clark A, Kraus N, A. dynamic auditory-cognitive system supports speech-in-noise perception in older adults. Hear Res. (2013) 300:18–32. doi: 10.1016/j.heares.2013.03.006

 8. Obleser J, Wise RJS, Dresner MA, Scott SK. Functional integration across brain regions improves speech perception under adverse listening conditions. J Neurosci. (2007) 27:2283–9. doi: 10.1523/JNEUROSCI.4663-06.2007

 9. Vaden KI, Teubner-Rhodes S, Ahlstrom JB, Dubno JR, Eckert MA. Cingulo-opercular activity affects incidental memory encoding for speech in noise. Neuroimage. (2017) 157:381–7. doi: 10.1016/j.neuroimage.2017.06.028

 10. Dirks C, Nelson PB, Sladen DP, Oxenham AJ. Mechanisms of localization and speech perception with colocated and spatially separated noise and speech maskers under single-sided deafness with a cochlear implant. Ear Hear. (2019) 40:1293–306. doi: 10.1097/AUD.0000000000000708

 11. Lewald J, Getzmann S. Electrophysiological correlates of cocktail-party listening. Behav Brain Res. (2015) 292:157–66. doi: 10.1016/j.bbr.2015.06.025

 12. Golestani N, Hervais-Adelman A, Obleser J, Scott SK. Semantic vs. perceptual interactions in neural processing of speech-in-noise. NeuroImage. (2013) 79:52–61. doi: 10.1016/j.neuroimage.2013.04.049

 13. Dimitrijevic A, Smith ML, Kadis DS, Moore DR. Cortical alpha oscillations predict speech intelligibility. Front Hum Neurosci. (2017) 11:88. doi: 10.3389/fnhum.2017.00088

 14. Wöstmann M, Herrmann B, Maess B, Obleser J. Spatiotemporal dynamics of auditory attention synchronize with speech. Proc Natl Acad Sci U S A. (2016) 113:3873–8. doi: 10.1073/pnas.1523357113

 15. Parbery-Clark A, Marmel F, Bair J, Kraus N. What subcortical-cortical relationships tell us about processing speech in noise. Eur J Neurosci. (2011) 33:549–57. doi: 10.1111/j.1460-9568.2010.07546.x

 16. Bidelman GM, Bhagat SP. Right-ear advantage drives the link between olivocochlear efferent “antimasking” and speech-in-noise listening benefits. Neuroreport. (2015) 26:483–7. doi: 10.1097/WNR.0000000000000376

 17. Wible B, Nicol T, Kraus N. Abnormal neural encoding of repeated speech stimuli in noise in children with learning problems. Clin Neurophysiol. (2002) 113:485–94. doi: 10.1016/S1388-2457(02)00017-2

 18. Han JH, Lee J, Lee HJ. Noise-induced change of cortical temporal processing in cochlear implant users. Clin Exp Otorhinolaryngol. (2020) 13:241–8. doi: 10.21053/ceo.2019.01081

 19. Fiedler L, Wöstmann M, Herbst SK, Obleser J. Late cortical tracking of ignored speech facilitates neural selectivity in acoustically challenging conditions. Neuroimage. (2019) 186:33–42. doi: 10.1016/j.neuroimage.2018.10.057

 20. Kraus F, Tune S, Ruhe A, Obleser J, Wöstmann M. Unilateral acoustic degradation delays attentional separation of competing speech. Trends Hear. (2021) 25:3242. doi: 10.1177/23312165211013242

 21. Cartocci G, Scorpecci A, Borghini G, Maglione AG, Inguscio BMS, Giannantonio S, et al. EEG rhythms lateralization patterns in children with unilateral hearing loss are different from the patterns of normal hearing controls during speech-in-noise listening. Hear Res. (2019) 42:1590–601. doi: 10.1016/j.heares.2019.04.011

 22. Darwin CJ. Contributions of binaural information to the separation of different sound sources. Int J Audiol. (2006) 45:20–4. doi: 10.1080/14992020600782592

 23. Shinn-Cunningham BG, Durlach NI, Held RM. Adapting to supernormal auditory localization cues. I. Bias and resolution. J Acoust Soc Am. (1998) 103:3656–66. doi: 10.1121/1.423088

 24. Han J-H, Lee J, Lee H-J. Ear-specific hemispheric asymmetry in unilateral deafness revealed by auditory cortical activity. Front Neurosci. (2021) 15:698718. doi: 10.3389/fnins.2021.698718

 25. Vannson N, Strelnikov K, James CJ, Deguine O, Barone P, Marx M. Evidence of a functional reorganization in the auditory dorsal stream following unilateral hearing loss. Neuropsychologia. (2020) 149:107683. doi: 10.1016/j.neuropsychologia.2020.107683

 26. Kral A, Hubka P, Heid S, Tillein J. Single-sided deafness leads to unilateral aural preference within an early sensitive period. Brain. (2013) 136:180–93. doi: 10.1093/brain/aws305

 27. Keating P, Rosenior-Patten O, Dahmen JC, Bell O, King AJ. Behavioral training promotes multiple adaptive processes following acute hearing loss. Elife. (2016) 5:e12264. doi: 10.7554/eLife.12264

 28. Kavanagh G, Kelly J. Contribution of auditory cortex to sound localization by the ferret (Mustela putorius). J Neurophysiol. (1987) 57:1746–66.

 29. Zatorre RJ, Penhune VB. Spatial localization after excision of human auditory cortex. J Neurosci. (2001) 21:6321–8. doi: 10.1523/JNEUROSCI.21-16-06321.2001

 30. Clarke S, Bellmann A, Meuli RA, Assal G, Steck AJ. Auditory agnosia and auditory spatial deficits following left hemispheric lesions: evidence for distinct processing pathways. Neuropsychologia. (2000) 38:797–807. doi: 10.1016/S0028-3932(99)00141-4

 31. Spierer L, Bellmann-Thiran A, Maeder P, Murray MM, Clarke S. Hemispheric competence for auditory spatial representation. Brain. (2009) 132:1953–66. doi: 10.1093/brain/awp127

 32. Bidelman GM, Howell M. Functional changes in inter- and intra-hemispheric cortical processing underlying degraded speech perception. Neuroimage. (2016) 124:581–90. doi: 10.1016/j.neuroimage.2015.09.020

 33. Näätänen R, Picton T. The N1 wave of the human electric and magnetic response to sound: a review and an analysis of the component structure. Psychophysiology. (1987) 24:375–425.

 34. Ponton CW, Vasama JP, Tremblay K, Khosla D, Kwong B, Don M. Plasticity in the adult human central auditory system: evidence from late-onset profound unilateral deafness. Hear Res. (2001) 154:32–44. doi: 10.1016/S0378-5955(01)00214-3

 35. Hanss J, Veuillet E, Adjout K, Besle J, Collet L, Thai-Van H. The effect of long-term unilateral deafness on the activation pattern in the auditory cortices of French-native speakers: Influence of deafness side. BMC Neurosci. (2009) 10:1–11. doi: 10.1186/1471-2202-10-23

 36. Cañete OM, Purdy SC, Brown CRS, Neeff M, Thorne PR. Impact of unilateral hearing loss on behavioral and evoked potential measures of auditory function in adults. J Am Acad Audiol. (2019) 53:17096. doi: 10.3766/jaaa.17096

 37. Kim J, Shim L, Bahng J, Lee H-J. Proficiency in using level cue for sound localization is related to the auditory cortical structure in patients with single-sided deafness. Front Neurosci. (2021) 15:1–11. doi: 10.3389/fnins.2021.749824

 38. Ryu HD, Shim HY, Kim JS, A. study of the relation between korean consonant perception test (KCPT) and hearing thresholds as a function of frequencies. Audiology. (2011) 7:153–63. doi: 10.21848/audiol.2011.7.2.153

 39. Debener S, Makeig S, Delorme A, Engel AK. What is novel in the novelty oddball paradigm? Functional significance of the novelty P3 event-related potential as revealed by independent component analysis. Brain Res Cognit Brain Res. (2005) 22:309–21. doi: 10.1016/j.cogbrainres.2004.09.006

 40. Han JH, Dimitrijevic A. Acoustic change responses to amplitude modulation: a method to quantify cortical temporal processing and hemispheric asymmetry. Front Neurosci. (2015) 9:38. doi: 10.3389/fnins.2015.00038

 41. Delorme A, Makeig S, EEGLAB. an open source toolbox for analysis of single-trial EEG dynamics including independent component analysis. J Neurosci Methods. (2004) 134:9–21. doi: 10.1016/j.jneumeth.2003.10.009

 42. Han JH, Dimitrijevic A. Acoustic change responses to amplitude modulation in cochlear implant users: relationships to speech perception. Front Neurosci. (2020) 14:124. doi: 10.3389/fnins.2020.00124

 43. Han J-H, Zhang F, Kadis DS, Houston LM, Samy RN, Smith ML, et al. Auditory cortical activity to different voice onset times in cochlear implant users. Clin Neurophysiol Off J Int Feder Clin Neurophysiol. (2016) 127:1603–17. doi: 10.1016/j.clinph.2015.10.049

 44. Maris E, Oostenveld R. Nonparametric statistical testing of EEG- and MEG-data. J Neurosci Methods. (2007) 164:177–90. doi: 10.1016/j.jneumeth.2007.03.024

 45. Palomäki KJ, Tiitinen H, Mäkinen V, May PJC, Alku P. Spatial processing in human auditory cortex: the effects of 3D, ITD, and ILD stimulation techniques. Cognit Brain Res. (2005) 24:364–79. doi: 10.1016/j.cogbrainres.2005.02.013

 46. Khosla D, Ponton CW, Eggermont JJ, Kwong B, Don M, Vasama JP. Differential ear effects of profound unilateral deafness on the adult human central auditory system. JARO J Assoc Res Otolaryngol. (2003) 4:235–49. doi: 10.1007/s10162-002-3014-x

 47. Hine J, Thornton R, Davis A, Debener S. Does long-term unilateral deafness change auditory evoked potential asymmetries? Clin Neurophysiol. (2008) 119:576–86. doi: 10.1016/j.clinph.2007.11.010

 48. Vasama JP, Mäkelä JP. Auditory pathway plasticity in adult humans after unilateral idiopathic sudden sensorineural hearing loss. Hear Res. (1995) 87:132–40. doi: 10.1016/0378-5955(95)00086-J

 49. Burton H, Firszt JB, Holden T, Agato A, Uchanski RM. Activation lateralization in human core, belt, and parabelt auditory fields with unilateral deafness compared to normal hearing. Brain Res. (2012) 1454:33–47. doi: 10.1016/j.brainres.2012.02.066

 50. Van der Haegen L, Acke F, Vingerhoets G, Dhooge I, De Leenheer E, Cai Q, et al. Laterality and unilateral deafness: Patients with congenital right ear deafness do not develop atypical language dominance. Neuropsychologia. (2016) 93:482–92. doi: 10.1016/j.neuropsychologia.2015.10.032

 51. Sininger YS, Cone-Wesson B. Asymmetric cochlear processing mimics hemispheric specialization. Science. (2004) 305:1581. doi: 10.1126/science.1100646

 52. Gordon KA, Wong DDE, Papsin BC. Bilateral input protects the cortex from unilaterally-driven reorganization in children who are deaf. Brain. (2013) 136:1609–25. doi: 10.1093/brain/awt052

 53. Rauschecker J, Scott S. Maps and streams in the auditory cortex: nonhuman primates illuminate human speech processing. Nat Neurosci. (2009) 12:1–7. doi: 10.1038/nn.2331

 54. Tyler LK, Stamatakis EA, Post B, Randall B, Marslen-Wilson W. Temporal and frontal systems in speech comprehension: an fMRI study of past tense processing. Neuropsychologia. (2005) 43:1963–74. doi: 10.1016/j.neuropsychologia.2005.03.008

 55. Bidelman GM, Myers MH. Frontal cortex selectively overrides auditory processing to bias perception for looming sonic motion. Brain Res. (2020) 1726:146507. doi: 10.1016/j.brainres.2019.146507

 56. Binder J, Frost JA, Hammeke TA, Bellgowan PSF, Springer JA, Kaufman JN, et al. Human temporal lobe activation by speech and nonspeech sounds. Cerebral Cortex. (2000) 10:512–28. doi: 10.1093/cercor/10.5.512

 57. Heggdal POL, Aarstad HJ, Brännström J, Vassbotn FS, Specht K. An fMRI-study on single-sided deafness: spectral-temporal properties and side of stimulation modulates hemispheric dominance. NeuroImage Clin. (2019) 24:101969. doi: 10.1016/j.nicl.2019.101969

 58. Ahlstrom JB, Horwitz AR, Dubno JR. Spatial benefit of bilateral hearing aids. Ear Hear. (2009) 30:203–18. doi: 10.1097/AUD.0b013e31819769c1

 59. Blauert J. Binaural and Spatial Hearing in Real and Virtual Environments. Mahwah: Lawrence Erlbaum Associates, Inc. (1997). p. 593–609

 60. Licklider JCR. The influence of interaural phase relations upon the masking of speech by white noise. J Acoust Soc Am. (1948) 20:150–9.

 61. Saberi K, Dostai L, Sadralodabai T, Bull V. Free-field release from masking. J Acoust Soc Am. (1991) 90:1355–70.

 62. Hine JE, Martin RL, Moore DR. Free-field binaural unmasking in ferrets. Behav Neurosci. (1994) 108:196–205. doi: 10.1037/0735-7044.108.1.196

 63. Jiang D, McAlpine D, Palmer AR. Detectability index measures of binaural masking level difference across populations of inferior colliculus neurons. J Neurosci. (1997) 17:9331–9. doi: 10.1523/JNEUROSCI.17-23-09331.1997

 64. Kitzes LM, Semple MN. Single-unit responses in the inferior colliculus: Effects of neonatal unilateral cochlear ablation. J Neurophysiol. (1985) 53:1483–500. doi: 10.1152/jn.1985.53.6.1483

 65. Moore DR, France S, Mcalpine D, Mossop JE, Versnel H. Plasticity of inferior colliculus and auditory cortex following unilateral deafening in adult ferrets. In: Acoustical Signal Processing in the Central Auditory System. New York, NY: Plenum Press (1997).

 66. Reale RA, Brugge JF, Chan JCK. Maps of auditory cortex in cats reared after unilateral cochlear ablation in the neonatal period. Dev Brain Res. (1987) 34:281–90.

 67. Gold JI, Knudsen EI, A. site of auditory experience-dependent plasticity in the neural representation of auditory space in the barn owl's inferior colliculus. J Neurosci. (2000) 20:3469–86. doi: 10.1523/JNEUROSCI.20-09-03469.2000

 68. Moore DR, Kowalchuk NE. Auditory brainstem of the ferret : effects of unilateral cochlear lesions on cochlear nucleus volume and projections to the inferior colliculus. J Comp Neurol. (1988) 272:503–15.

 69. Russell FA, Moore DR. Effects of unilateral cochlear removal on dendrites in the gerbil medial superior olivary nucleus. Eur J Neurosci. (1999) 11:1379–90.

 70. Webster DB, State L, Orleans N. Auditory neuronal sizes after a unilateral conductive hearing loss. Exp Neurol. (1983) 140:130–40.

 71. Chase SM, Young ED. Limited segregation of different types of sound localization information among classes of units in the inferior colliculus. J Neurosci. (2005) 25:7575–85. doi: 10.1523/JNEUROSCI.0915-05.2005

 72. Yu X, Sanes DH, Aristizabal O, Wadghiri YZ, Turnbull DH. Large-scale reorganization of the tonotopic map in mouse auditory midbrain revealed by MRI. Proc Natl Acad Sci. (2007) 104:12193–8. doi: 10.1073/pnas.0700960104

 73. Popescu MV, Polley DB. Monaural deprivation disrupts development of binaural selectivity in auditory midbrain and cortex. Neuron. (2010) 65:718–31. doi: 10.1016/j.neuron.2010.02.019

 74. Mattys SL, Brooks J, Cooke M. Recognizing speech under a processing load: dissociating energetic from informational factors. Cognit Psychol. (2009) 59:203–43. doi: 10.1016/j.cogpsych.2009.04.001

 75. May BL, Bowditch S, Liu Y, Eisen M, Niparko JK. Mitigation of informational aasking in individuals with single-sided deafness by intergraded bone conduction hearing loss. Ear Hear. (2014) 35:41–8. doi: 10.1097/AUD.0b013e31829d14e8

 76. Rothpletz AM, Wightman FL, Kistler DJ. Informational masking and spatial hearing in listeners with and without unilateral hearing loss. J Speech Lang Hear Res. (2012) 55:511–31. doi: 10.1044/1092-4388(2011/10-0205)

 77. Billings CJ, Bennett KO, Molis MR, Leek MR. Cortical encoding of signals in noise: effects of stimulus type and recording paradigm. Ear Hear. (2011) 32:53–60. doi: 10.1097/AUD.0b013e3181ec5c46

 78. Dimitrijevic A, Michalewski HJ, Zeng FG, Pratt H, Starr A. Frequency changes in a continuous tone: auditory cortical potentials. Clin Neurophysiol. (2008) 119:2111–24. doi: 10.1016/j.clinph.2008.06.002

 79. Dimitrijevic A, Lolli B, Michalewski HJ, Pratt H, Zeng FG, Starr A. Intensity changes in a continuous tone: auditory cortical potentials comparison with frequency changes. Clin Neurophysiol. (2009) 120:374–83. doi: 10.1016/j.clinph.2008.11.009

 80. Ross B, Tremblay K. Stimulus experience modifies auditory neuromagnetic responses in young and older listeners. Hear Res. (2009) 248:48–59. doi: 10.1016/j.heares.2008.11.012

 81. Tong Y, Melara RD, Rao A. P2 enhancement from auditory discrimination training is associated with improved reaction times. Brain Res. (2009) 1297:80–8. doi: 10.1016/j.brainres.2009.07.089

 82. Tremblay K, Kraus N, McGee T, Ponton C, Otis AB. Central auditory plasticity: changes in the N1–P2 complex after speech-sound training. Ear Hear. (2001) 22:79–90. doi: 10.1097/00003446-200104000-00001

 83. Billings CJ, Tremblay KL, Stecker GC, Tolin WM. Human evoked cortical activity to signal-to-noise ratio and absolute signal level. Hear Res. (2009) 254:15–24. doi: 10.1016/j.heares.2009.04.002

 84. Papesh MA, Billings CJ, Baltzell LS. Background noise can enhance cortical auditory evoked potentials under certain conditions. Clin Neurophysiol Off J Int Feder Clin Neurophysiol. (2015) 126:1319–30. doi: 10.1016/j.clinph.2014.10.017

 85. Lee HJ, Smieja D, Polonenko MJ, Cushing SL, Papsin BC, Gordon KA. Consistent and chronic cochlear implant use partially reverses cortical effects of single sided deafness in children. Sci Rep. (2020) 10:21526. doi: 10.1038/s41598-020-78371-6

 86. Gordon K, Henkin Y, Kral A. Asymmetric hearing during development: the aural preference syndrome and treatment options. Pediatrics. (2015) 136:141–53. doi: 10.1542/peds.2014-3520





OPS/images/fneur-14-1054105-t001.jpg
Participant Deafside Age (year) Gender Duration Deafness  Etiology DE PTA NHE PTA

of onset threshold  thresholds
deafness (year) (dB HL) (dB HL)
(year)
1 Rt 55 F 49 6 Unknown 118 10
2 Lt 76 M 7 69 ISSHL 118 11
3 Rt 64 F 6 58 ISSHL 117 13
4 Rt 58 M 3 55 Shock 83 6
5 Lt 45 M 37 8 ISSHL 87 17
6 Lt 50 F 11 39 Virus 86 6
7 Lt 12 F 34 8 Unknown 98 13
8 Rt 57 F 3 54 ISSHL 111 17
9 Rt 46 F 13 33 Cholesteatoma 79 12
10 Rt 42 M 24 18 Shock 97 5
11 Lt 51 F 10 41 Meniere’s disease 110 20
12 Lt 26 F 26 1 Unknown 117.00 0.00
13 Lt 44 F 29 18 Unknown 95 12
14 Lt 23 F 22 5 ISSHL 75.00 5.00
15 Lt 43 M 1 43 ISSHL 7
16 Lt 19 M 19 1 Unknown 93.00 12.00
17 Rt 57 M 1 58 ISSHL 104 11
18 Rt 48 F 33 17 Unknown 117.00 6.00
19 Rt 54 M 3 51 Noise-induced 81 3
20 Rt 51 F 5 46 ISSHL 17 0.00

PTA, averaged thresholds of 250, 500, 1,000, 2,000, and 4,000 Hz. ISSHL (Idiopathic sudden sensorineural hearing loss); LSSD, left-sided single-sided deafness; RSSD, rightt-sided single-sided
deafness; DE, deaf ear; NHE, normal hearing ear.
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