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Abstract

:

Cochlear implantation as a treatment for severe-to-profound hearing loss allows children to develop hearing, speech, and language in many cases. However, cochlear implants are generally provided beyond the infant period and outcomes are assessed after years of implant use, making comparison with normal development difficult. The aim was to study whether the rate of improvement of horizontal localization accuracy in children with bilateral implants is similar to children with normal hearing. A convenience sample of 20 children with a median age at simultaneous bilateral implantation = 0.58 years (0.42–2.3 years) participated in this cohort study. Longitudinal follow-up of sound localization accuracy for an average of ≈1 year generated 42 observations at a mean age = 1.5 years (0.58–3.6 years). The rate of development was compared to historical control groups including children with normal hearing and with relatively late bilateral implantation (≈4 years of age). There was a significant main effect of time with bilateral implants on localization accuracy (slope = 0.21/year, R2 = 0.25, F = 13.6, p < 0.001, n = 42). No differences between slopes (F = 0.30, p = 0.58) or correlation coefficients (Cohen’s q = 0.28, p = 0.45) existed when comparing children with implants and normal hearing (slope = 0.16/year since birth, p = 0.015, n = 12). The rate of development was identical to children implanted late. Results suggest that early bilateral implantation in children with severe-to-profound hearing loss allows development of sound localization at a similar age to children with normal hearing. Similar rates in children with early and late implantation and normal hearing suggest an intrinsic mechanism for the development of horizontal sound localization abilities.
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1. Introduction


Humans can identify the source of a sound with high accuracy [1]. Interaural differences in time and level are analyzed in the central auditory system and associated with events or locations in our environment. Even though both animals [2,3] and humans [4] can localize sound just after birth, accuracy refines with experience from such associations [5,6]. In barn owls, an extensively studied species, the visual system plays a key role for the brain to learn and build an auditory space map based on these associations [7,8]. Occlusion of one ear [9] or displacement of the visual field [10] in the barn owl have shown corrections of sound localization behavior in response to these manipulations. These corrections in localization behavior are experience-driven and demonstrated using various experimental manipulations of sensory input in many species. Experience gained early in life is demonstrated to be most important for the formation and refinement of a subcortical auditory space map [11,12,13], but capability of adaptation to altered cues is shown behaviorally in adult humans [6,14,15] and ferrets [16]. Plasticity in the neural circuitry underlying sound localization, thus, exists across species and age (see [16] for an overview).



Children with congenital bilateral severe-to-profound hearing loss represent an opportunity for the study of plasticity in the human auditory system. For these children, cochlear implantation is a clinically well-established treatment resulting in an ability to recognize speech and development of speech and language in many cases [17,18,19,20]. To promote normal speech and language development, implantation preferably should occur no later than 12 months of age [21,22] and family centered early intervention is important. However, horizontal sound localization, an important and early obtainable auditory ability dependent on bilateral implantation [17], develops systematically despite relatively late sequential bilateral cochlear implantation (≈4 years of age) following long periods of unilateral hearing (≈2 years) [23]. Once bilateral stimulation is provided, development of sound localization accuracy occurs over several years [23], with subsequent persistent abilities [24], albeit, worse than normal [17,24]. Accordingly, the age at which implants are provided does not seem to determine development of sound localization [23], consistent with findings that adult humans can adapt to altered localization cues [6,25].



While a number of large centers perform cochlear implantation early, implants are generally provided beyond the infant period [26,27] and the US Food and Drug administration grants implantation no earlier than 0.75 years (for one of three major manufacturers). Relatively late implantation in combination with assessment of behavioral outcomes after years of implant use makes comparison with normal developmental trajectories difficult.



Here, we study development of horizontal sound localization in infants and young children listening through bilateral cochlear implants (BiCI) since ≈0.6 years of age, and contrast the results with previous findings from children with normal hearing [28], and children with late cochlear implantation [23]. We asked whether early bilateral cochlear implantation allows experience-driven improvement of horizontal localization accuracy and if the rate of improvement was similar to children with normal hearing.




2. Materials and Methods


2.1. Study Design


This was a longitudinal clinical study with an inclusion period between March 2019 and February 2021. The study was approved by the regional ethical review board in Stockholm, Sweden (permit number 2012/189-31/3 and 2013/2248-32). To be included, children were required to have received bilateral cochlear implantation in a simultaneous procedure and be available and willing to participate in the study during regular clinical follow-up. Within 3 months after surgery, parents were asked for their child’s participation at a visit to the clinic. At clinical follow-ups (initial fitting of external parts of the cochlear implant system about 3 weeks after surgery, and then approximately 1, 3, 6, 12, 18 and 24 months after initial fitting), children participated in a 3 min horizontal sound localization task adapted to children from about 6 months of age [28]. The rate of development of sound localization accuracy was compared to children with normal hearing and older children using cochlear implants.




2.2. Subjects


Twenty children were included in the study at a median age of 0.87 years (0.58–2.53 years, 8 females) (Table 1). Parental informed consent was obtained for all children. Children were implanted bilaterally at a median age of 0.58 years (0.42–2.3 years) with devices from Cochlear (Cochlear Corporation, Sydney, Australia) or Med-El (Med-El GmbH, Innsbruck, Austria).



Thirteen children who met the inclusion criteria were not asked to participate due to limited time during regular clinical follow-up. Another two children declined participation. These 15 children were implanted at the same median age as the included subjects.




2.3. Setup, Stimulus and Test Procedure


The setup, stimulus, test procedure and acquisition of behavioral responses is described in detail previously [28]. Children were seated in the lap of a parent in front of 12 active loudspeakers (ARGON 7340A; Argon Audio, Sweden) spanning a 110-degree arc in the frontal horizontal plane (Figure 1) in an audiometric test room. Loudspeakers were at ear level and spaced 10 degrees, resulting in loudspeaker positions at ±55, ±45, ±35, ±25, ±15, and ±5 degrees azimuth with respect to the subject. A 7-inch thin film transistor (TFT) display was mounted below each loudspeaker, resulting in 12 loudspeaker/display (LD)-pairs. An eye-tracking system (Smart Eye Pro; Smart Eye AB, Gothenburg, Sweden) was used for objective positioning of children’s pupil positions relative to the LD-pairs.



A sound localization test consisted of 24 azimuthal shifts of an ongoing auditory-visual stimulus (a colorful cartoon movie playing a continuous melody with a long-term frequency spectrum similar to female speech) presented at 63 dBA. In each azimuthal shift, the sound was changed to another randomly assigned loudspeaker on average every 7th second (5–9 s) with a simultaneous stop of the visual stimulus. The visual stimulus was reintroduced on the visual display corresponding to the sounding loudspeaker 1.6 s after the azimuthal sound shift. The procedure allowed acquisition of gaze behavior during 1.6 s in response to a spatial change of the sound. A test lasted ≈3 min.



Localization accuracy was quantified by an Error Index [29,30]. An EI = 0 corresponds to perfect performance. An EI = 1 corresponds to average random performance. A Monte Carlo simulation showed that the 95% confidence interval (C.I.) for random performance using the current procedure was [0.72, 1.28].



Children were not given any instructions before or during testing. The parent having the child on their knee was instructed to remain seated and unmoving and to not talk to the child.




2.4. Analyses


To analyze cross-sectional data, linear regression analyses of the first sound localization test (n = 18; two children were not possible to assess) were performed with EI (range = 0.31–1.0) as dependent variable and time since activation of BiCI (i.e., auditory experience, range = 0.03–1.7 years) as the independent variable. To account for between- and within-subject variability despite missing data points, a linear mixed model was constructed, with the EI as dependent variable and time since activation of BiCI, age at implantation, and the number of obtained responses in a localization test as fixed effects. A random intercept for subjects was included in the model and interaction terms between fixed effects and random intercepts were evaluated. Selection of a final model was guided by minimizing the Aikaike information criterion. The slope of the regression line was statistically compared to slopes obtained in children with normal hearing [28] by an analysis of covariance, and qualitatively to older children with cochlear implants [23]. Statistical analyses were performed using Statistica version 13 (Statsoft, Inc., Tulsa, OK, USA) and R Version 3.4.2 (R Foundation for Statistical Computing, Austria)



Test reliability was computed by dividing each test into two parts and comparing the EI between part 1 (test) and part 2 (retest) [28]. The statistical reliability of the localization test was then quantified by analysis of the variability in test–retest differences and by estimation of the variance in EI for a single SLA measurement (see Equation (10) in [28] for the variance estimate).





3. Results


Longitudinal follow-up generated 42 sound localization measurements (1 to 5 measurements per child) in 18 children (2 of 20 children were not willing to cooperate to testing). The average time since activation of BiCI was 0.9 years (0.09 years–1.7 years, n = 42) with a mean age at test = 1.5 years (0.58 years–3.6 years, n = 42).



3.1. Development of Sound Localization Accuracy Is Driven by Time since Activation of Bilateral Implants


Simple linear regression analyses of cross-sectional data (first test, n = 18) indicated that increasing time since activation of BiCI was associated with increasing sound localization accuracy (EI = 0.83–0.19 time since BiCI, r = −0.47, p = 0.05). A linear mixed model for the entire longitudinal dataset (n = 42) showed a significant main effect of time since BiCI on the EI, whereas no effect of random intercept (i.e., of subject) or interaction with number of trials existed. The final linear model, thus, included time since activation of BiCI, which explained 25% of the variance in the EI (R2 = 0.25, F = 13.6, n = 42, p = 0.0007) (Figure 2). According to the model equation, which was similar to the linear fit from the cross-sectional analysis, the EI decreased by 0.21/year with an intercept of 0.82.



Individual perceived versus presented azimuths were plotted for the child with the longest time since activation of BiCI (Figure 3), to visualize development of behavioral response patterns. With increasing time since activation of BiCI (4 measurements over 1.4 years follow-up), perceived azimuths were approaching target azimuths.




3.2. Comparison between Children with Early Bilateral Cochlear Implantation and Young Children with Normal Hearing


To study whether implanted children develop sound localization accuracy similar to children with normal hearing, data were compared with previously reported cross-sectional results from 12 children (median age = 1.0 years) with normal hearing tested with the same technique [28]. Figure 4, panel A, illustrates that children with implants (black open circles) overlap in their performance with children with normal hearing (filled blue circles).



The slopes of the regression lines for each group were similar (Normal hearing: 0.16/year, p = 0.015); Cochlear implant: 0.21/year, p = 0.0007) (Figure 4, panel B), with no difference between correlation coefficients (Cohen’s q = 0.28, p = 0.45). An analysis of covariance with group as categorical factors (cochlear implants versus normal hearing) and time since bilateral hearing onset/age as a covariate, showed no statistically significant interaction (F = 0.30, p = 0.58), that is, no significant difference between developmental rates. In addition, no significant difference in localization accuracy existed between children with implants and normal hearing (F = 3.0, p = 0.09).




3.3. Comparison between Children with Early Bilateral Cochlear Implantation and Relatively Late Sequential Bilateral Cochlear Implantation


To study the effect of age at implantation on development of sound localization accuracy, data were further compared to results from children with relatively late sequential bilateral cochlear implantation (median age first CI = 1.9 years, median age second CI = 4.1 years, n = 66) [23]. These children, implanted and tested at the same tertiary referral center as the subjects in the present study, were assessed at a median age of 5.6 years (range = 2.8–17.3 years), i.e., they were substantially older than the children in the present study. Despite methodological and procedural differences (i.e., number of sound-sources, spatial range and resolution of the test, spectral and temporal characteristics of the auditory stimulus, and quantification of behavioral responses), a striking resemblance in development of localization between early (this study) and late bilateral implantation existed (Figure 4, panel B). The rate of development was identical, whereas intercepts differed slightly (late cochlear implants: slope = 0.21/year, intercept = 0.79; early cochlear implants: slope = 0.21/year, intercept = 0.82).




3.4. Reliability of Sound Localization Measurements


The 95% C.I. of the test–retest differences (−0.098 to 0.037) included 0, reflecting that no significant learning effect occurred. The 95% C.I. for the EI for a single measurement was ±0.11 (n = 42). The test–retest differences did not depend on the number of obtained responses during a test (r = 0.13, p = 0.40).





4. Discussion


We found that infants with bilateral severe-to-profound congenital hearing loss develop horizontal sound localization abilities after bilateral cochlear implantation. When contrasting data from the current study with previous data from infants with normal hearing, we found that the developmental rates in these groups were similar. While it seems unlikely that localization will reach the same accuracy as in normal hearing based on CI studies in adults [31], the rate of improvement emphasizes the need of early provision of hearing in both ears for children with severe-to-profound hearing loss to allow development of spatial hearing near ages for which development normally occurs. In addition to being a safety matter in for example traffic, adults with hearing loss report that difficulties in localization of sounds are associated with loss of concentration, confusion of sounds, and a wish to escape settings in which this occurs [32]. Additionally, accurate localization is likely to improve communication since audiovisual cues are important for speech understanding when hearing loss is present [33]. Less is known about how impaired sound localization during infancy affects learning and interaction in daily life and should be targeted in future research. For children with unilateral hearing loss, a condition that typically is associated with impaired localization [34], it is 10 times more common having to repeat at least one year in school [35].



When contrasting the current data with previous data from children with relatively late cochlear implantation, we found a striking resemblance between infants and children in early school-age in the rate of development following implantation. This demonstrates that a sensitive period for human spatial hearing is not restricted to early development, corroborating findings in adult humans [6] and ferrets [16] who adapt their behavior to altered spatial cues. Results differ from barn owls [36] and mice [37], for which age limits sensitive periods for development of sound localization or the binaural cues it is based on. In children implanted bilaterally after 5 years of age, localization performance is poor one year after implantation [38], but data on long-term localization performance for late bilateral implantation is unknown. It is noteworthy that the high similarity in the rate of development and between-subject variability of sound localization abilities found in the present study between younger and older children with cochlear implants occurred despite methodological differences in how localization accuracy was measured. Infants’ responses in the present study were obtained through eye-gaze, whereas older children with implants [23] pointed at or verbally indicated the perceived sound-source azimuth. In addition, children in the present study listened to a continuous sound, whereas older children listened to sounds of relatively short duration. For both groups, between-subject variability in localization accuracy was high and time since activation of BiCI explained the same amount of variance in localization accuracy (25%). The underlying causes for variability in binaural hearing in individuals with implants have been targeted in recent years [39,40,41,42,43], revealing etiology of the hearing loss, duration of hearing loss, and surgical procedures and subsequent bilateral fitting of sound processors as variables that may affect results. Importantly, while current and previous data presented together here show that the developmental rate of localization accuracy is comparable for children with normal hearing and cochlear implants, localization performance after prolonged cochlear implant use does not reach that of individuals with normal hearing [17,44,45]. One reason for less accurate localization despite many years of cochlear implant stimulation is that thresholds for important cues underlying accurate localization (interaural level and time differences) typically are substantially worse for listeners with cochlear implants compared to normal hearing [46], owing to technical and surgical limitations (see, e.g., ref. [47] for a discussion). Future studies including long-term follow up of children who received bilateral cochlear implants as infants may reveal if localization performance plateaus at higher accuracy than later implanted children, and if early localization abilities have implications for, e.g., learning, language and social interaction. Factors of interest in such future studies should be to determine underlying causes for between-subject variability through genetic testing (≈50% of congenital sensorineural hearing loss are genetic in origin [48,49]) and radiological investigation of bilateral cochlear implant electrode placement to assess the impact of interaural frequency mismatch which negatively affects binaural hearing [39].



A limitation of the comparison between data collected in the current study and data from children with NH from previous work is that previous data are cross-sectional and based on a relatively small sample. However, the data from children with NH should be representative given previously performed analyses [28] of localization accuracy in larger samples of children with NH aged 0.5 to 1.5 years (n = 80) showing a rate of improvement similar to what was found in our smaller sample [28,50].



Data presented here suggest an intrinsic mechanism for the development of horizontal sound localization abilities. Our study improves on previous work on spatial hearing in children with cochlear implants [17,23,51,52] due to its inclusion of children at a very young age and its longitudinal follow-up before school-age. As long as cochlear implantation may be performed safely in infants, our findings suggest that implantation should occur as early as possible to allow development of spatial hearing near ages for which development normally occurs.







Author Contributions


Conceptualization, F.A. and E.B.; methodology, F.A. and E.B.; software, F.A.; validation, F.A., E.K. and E.B.; formal analysis, F.A. and E.B.; investigation, F.A.; resources, F.A.; data curation, F.A.; writing—original draft preparation, F.A.; writing—review and editing, F.A., E.K. and E.B.; visualization, F.A. and E.B.; supervision, F.A. and E.B.; project administration, F.A. and E.K.; funding acquisition, F.A., E.K. and E.B. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the Tysta Skolan Foundation (FB16-0023) and the Foundation for promotion and development of clinical research at Karolinska Institutet. The project was also supported by the regional agreement on medical training and clinical research (ALF) between Stockholm County Council and Karolinska Institutet, and the foundation of the Swedish Order of Freemasons (Konung Gustaf VI Adolfs frimurarefond, 2022).




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki, and approved by the regional ethical review board in Stockholm, Sweden (permit number 2012/189-31/3 and 2013/2248-32) for studies involving humans.




Informed Consent Statement


Parental informed consent was obtained for all subjects involved in the study. Written informed consent has been obtained from the parents to the children to publish this paper.




Data Availability Statement


The data presented in this study are available on request from the corresponding author. The data are not publicly available due to ethical, legal and privacy issues.




Acknowledgments


We wish to extend our appreciation to the children and parents that participated in this study. The authors are grateful for the continued support of Scientific Center for Advanced Pediatric Audiology at Karolinska Institute, to Åke Olofsson for technical assistance, and to Mats Ceder for illustrating the setup used for sound localization measurements in Figure 1.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Middlebrooks, J.C.; Green, D.M. Sound localization by human listeners. Annu. Rev. Psychol. 1991, 42, 135–159. [Google Scholar] [CrossRef] [PubMed]

	



Ashmead, D.H.; Clifton, R.K.; Reese, E.P. Development of auditory localization in dogs: Single source and precedence effect sounds. Dev. Psychobiol. 1986, 19, 91–103. [Google Scholar] [CrossRef] [PubMed]

	



Olmstead, C.E.; Villablanca, J.R. Development of behavioral audition in the kitten. Physiol. Behav. 1980, 24, 705–712. [Google Scholar] [CrossRef]

	



Field, J.; Muir, D.; Pilon, R.; Sinclair, M.; Dodwell, P. Infants’ orientation to lateral sounds from birth to three months. Child Dev. 1980, 51, 295–298. [Google Scholar] [CrossRef] [PubMed]

	



Knudsen, E.I. Instructed learning in the auditory localization pathway of the barn owl. Nature 2002, 417, 322–328. [Google Scholar] [CrossRef]

	



Hofman, P.M.; Van Riswick, J.G.; Van Opstal, A.J. Relearning sound localization with new ears. Nat. Neurosci. 1998, 1, 417–421. [Google Scholar] [CrossRef]

	



Knudsen, E.I.; Knudsen, P.F. Vision calibrates sound localization in developing barn owls. J. Neurosci. 1989, 9, 3306–3313. [Google Scholar] [CrossRef]

	



Knudsen, E.I.; Knudsen, P.F. Vision guides the adjustment of auditory localization in young barn owls. Science 1985, 230, 545–548. [Google Scholar] [CrossRef]

	



Knudsen, E.I.; Esterly, S.D.; Knudsen, P.F. Monaural occlusion alters sound localization during a sensitive period in the barn owl. J. Neurosci. 1984, 4, 1001–1011. [Google Scholar] [CrossRef]

	



Brainard, M.S.; Knudsen, E.I. Sensitive periods for visual calibration of the auditory space map in the barn owl optic tectum. J. Neurosci. 1998, 18, 3929–3942. [Google Scholar] [CrossRef]

	



Brainard, M.S.; Knudsen, E.I. Experience-dependent plasticity in the inferior colliculus: A site for visual calibration of the neural representation of auditory space in the barn owl. J. Neurosci. 1993, 13, 4589–4608. [Google Scholar] [CrossRef]

	



King, A.J.; Hutchings, M.E.; Moore, D.R.; Blakemore, C. Developmental plasticity in the visual and auditory representations in the mammalian superior colliculus. Nature 1988, 332, 73–76. [Google Scholar] [CrossRef]

	



Withington-Wray, D.J.; Binns, K.E.; Dhanjal, S.S.; Brickley, S.G.; Keating, M.J. The Maturation of the Superior Collicular Map of Auditory Space in the Guinea Pig is Disrupted by Developmental Auditory Deprivation. Eur. J. Neurosci. 1990, 2, 693–703. [Google Scholar] [CrossRef]

	



Kumpik, D.P.; Kacelnik, O.; King, A.J. Adaptive reweighting of auditory localization cues in response to chronic unilateral earplugging in humans. J. Neurosci. 2010, 30, 4883–4894. [Google Scholar] [CrossRef]

	



Zwiers, M.P.; Van Opstal, A.J.; Paige, G.D. Plasticity in human sound localization induced by compressed spatial vision. Nat. Neurosci. 2003, 6, 175–181. [Google Scholar] [CrossRef]

	



King, A.J.; Parsons, C.H.; Moore, D.R. Plasticity in the neural coding of auditory space in the mammalian brain. Proc. Natl. Acad. Sci. USA 2000, 97, 11821–11828. [Google Scholar] [CrossRef]

	



Asp, F.; Maki-Torkko, E.; Karltorp, E.; Harder, H.; Hergils, L.; Eskilsson, G.; Stenfelt, S. Bilateral versus unilateral cochlear implants in children: Speech recognition, sound localization, and parental reports. Int. J. Audiol. 2012, 51, 817–832. [Google Scholar] [CrossRef]

	



Dunn, C.C.; Walker, E.A.; Oleson, J.; Kenworthy, M.; Van Voorst, T.; Tomblin, J.B.; Ji, H.; Kirk, K.I.; McMurray, B.; Hanson, M.; et al. Longitudinal speech perception and language performance in pediatric cochlear implant users: The effect of age at implantation. Ear Hear. 2014, 35, 148–160. [Google Scholar] [CrossRef]

	



Houston, D.M.; Miyamoto, R.T. Effects of early auditory experience on word learning and speech perception in deaf children with cochlear implants: Implications for sensitive periods of language development. Otol. Neurotol. 2010, 31, 1248–1253. [Google Scholar] [CrossRef]

	



Leigh, J.; Dettman, S.; Dowell, R.; Sarant, J. Evidence-Based Approach for Making Cochlear Implant Recommendations for Infants With Residual Hearing. Ear Hear. 2011, 32, 313–322. [Google Scholar] [CrossRef]

	



Karltorp, E.; Eklof, M.; Ostlund, E.; Asp, F.; Tideholm, B.; Lofkvist, U. Cochlear implants before 9 months of age led to more natural spoken language development without increased surgical risks. Acta Paediatr. 2020, 109, 332–341. [Google Scholar] [CrossRef]

	



Dettman, S.J.; Dowell, R.C.; Choo, D.; Arnott, W.; Abrahams, Y.; Davis, A.; Dornan, D.; Leigh, J.; Constantinescu, G.; Cowan, R.; et al. Long-term Communication Outcomes for Children Receiving Cochlear Implants Younger Than 12 Months: A Multicenter Study. Otol. Neurotol. 2016, 37, e82–e95. [Google Scholar] [CrossRef] [PubMed]

	



Asp, F.; Eskilsson, G.; Berninger, E. Horizontal sound localization in children with bilateral cochlear implants: Effects of auditory experience and age at implantation. Otol. Neurotol. 2011, 32, 558–564. [Google Scholar] [CrossRef] [PubMed]

	



Asp, F.; Maki-Torkko, E.; Karltorp, E.; Harder, H.; Hergils, L.; Eskilsson, G.; Stenfelt, S. A longitudinal study of the bilateral benefit in children with bilateral cochlear implants. Int. J. Audiol. 2015, 54, 77–88. [Google Scholar] [CrossRef] [PubMed]

	



Mendonca, C.; Campos, G.; Dias, P.; Santos, J.A. Learning auditory space: Generalization and long-term effects. PLoS ONE 2013, 8, e77900. [Google Scholar] [CrossRef]

	



Bruijnzeel, H.; Bezdjian, A.; Lesinski-Schiedat, A.; Illg, A.; Tzifa, K.; Monteiro, L.; Volpe, A.D.; Grolman, W.; Topsakal, V. Evaluation of pediatric cochlear implant care throughout Europe: Is European pediatric cochlear implant care performed according to guidelines? Cochlear Implant. Int. 2017, 18, 287–296. [Google Scholar] [CrossRef]

	



Armstrong, M.; Maresh, A.; Buxton, C.; Craun, P.; Wowroski, L.; Reilly, B.; Preciado, D. Barriers to early pediatric cochlear implantation. Int. J. Pediatr. Otorhinolaryngol. 2013, 77, 1869–1872. [Google Scholar] [CrossRef]

	



Asp, F.; Olofsson, A.; Berninger, E. Corneal-Reflection Eye-Tracking Technique for the Assessment of Horizontal Sound Localization Accuracy from 6 Months of Age. Ear Hear. 2016, 37, e104–e118. [Google Scholar] [CrossRef]

	



Asp, F.; Reinfeldt, S. Horizontal sound localisation accuracy in individuals with conductive hearing loss: Effect of the bone conduction implant. Int. J. Audiol. 2018, 57, 657–664. [Google Scholar] [CrossRef]

	



Gardner, M.B.; Gardner, R.S. Problem of localization in the median plane: Effect of pinnae cavity occlusion. J. Acoust. Soc. Am. 1973, 53, 400–408. [Google Scholar] [CrossRef]

	



van Hoesel, R.J. Exploring the benefits of bilateral cochlear implants. Audiol. Neurootol. 2004, 9, 234–246. [Google Scholar] [CrossRef]

	



Noble, W.; Ter-Horst, K.; Byrne, D. Disabilities and handicaps associated with impaired auditory localization. J. Am. Acad. Audiol. 1995, 6, 129–140. [Google Scholar]

	



Lachs, L.; Pisoni, D.B.; Kirk, K.I. Use of audiovisual information in speech perception by prelingually deaf children with cochlear implants: A first report. Ear Hear. 2001, 22, 236–251. [Google Scholar] [CrossRef]

	



Bess, F.H.; Tharpe, A.M.; Gibler, A.M. Auditory performance of children with unilateral sensorineural hearing loss. Ear Hear. 1986, 7, 20–26. [Google Scholar] [CrossRef]

	



Tharpe, A.M. Unilateral and mild bilateral hearing loss in children: Past and current perspectives. Trends Amplif. 2008, 12, 7–15. [Google Scholar] [CrossRef]

	



Knudsen, E.I.; Knudsen, P.F. The sensitive period for auditory localization in barn owls is limited by age, not by experience. J. Neurosci. 1986, 6, 1918–1924. [Google Scholar] [CrossRef]

	



Polley, D.B.; Thompson, J.H.; Guo, W. Brief hearing loss disrupts binaural integration during two early critical periods of auditory cortex development. Nat. Commun. 2013, 4, 2547. [Google Scholar] [CrossRef]

	



Galvin, K.L.; Mok, M.; Dowell, R.C.; Briggs, R.J. 12-month post-operative results for older children using sequential bilateral implants. Ear Hear. 2007, 28, 19S–21S. [Google Scholar] [CrossRef]

	



Goupell, M.J.; Stoelb, C.A.; Kan, A.; Litovsky, R.Y. The Effect of Simulated Interaural Frequency Mismatch on Speech Understanding and Spatial Release From Masking. Ear Hear. 2018, 39, 895–905. [Google Scholar] [CrossRef]

	



Kan, A.; Litovsky, R.Y.; Goupell, M.J. Effects of interaural pitch matching and auditory image centering on binaural sensitivity in cochlear implant users. Ear Hear. 2015, 36, e62–e68. [Google Scholar] [CrossRef]

	



Kan, A.; Goupell, M.J.; Litovsky, R.Y. Effect of channel separation and interaural mismatch on fusion and lateralization in normal-hearing and cochlear-implant listeners. J. Acoust. Soc. Am. 2019, 146, 1448. [Google Scholar] [CrossRef] [PubMed]

	



Kan, A.; Stoelb, C.; Litovsky, R.Y.; Goupell, M.J. Effect of mismatched place-of-stimulation on binaural fusion and lateralization in bilateral cochlear-implant users. J. Acoust. Soc. Am. 2013, 134, 2923–2936. [Google Scholar] [CrossRef] [PubMed]

	



Goupell, M.J.; Stoelb, C.; Kan, A.; Litovsky, R.Y. Effect of mismatched place-of-stimulation on the salience of binaural cues in conditions that simulate bilateral cochlear-implant listening. J. Acoust. Soc. Am. 2013, 133, 2272–2287. [Google Scholar] [CrossRef] [PubMed]

	



Murphy, J.; Summerfield, A.Q.; O’Donoghue, G.M.; Moore, D.R. Spatial hearing of normally hearing and cochlear implanted children. Int. J. Pediatr. Otorhinolaryngol. 2011, 75, 489–494. [Google Scholar] [CrossRef] [PubMed]

	



Dorman, M.F.; Loiselle, L.H.; Cook, S.J.; Yost, W.A.; Gifford, R.H. Sound Source Localization by Normal-Hearing Listeners, Hearing-Impaired Listeners and Cochlear Implant Listeners. Audiol. Neurootol. 2016, 21, 127–131. [Google Scholar] [CrossRef]

	



Laback, B.; Egger, K.; Majdak, P. Perception and coding of interaural time differences with bilateral cochlear implants. Hear. Res. 2015, 322, 138–150. [Google Scholar] [CrossRef]

	



Loiselle, L.H.; Dorman, M.F.; Yost, W.A.; Cook, S.J.; Gifford, R.H. Using ILD or ITD Cues for Sound Source Localization and Speech Understanding in a Complex Listening Environment by Listeners with Bilateral and with Hearing-Preservation Cochlear Implants. J. Speech Lang. Hear. Res. 2016, 59, 810–818. [Google Scholar] [CrossRef]

	



Morton, C.C.; Nance, W.E. Newborn Hearing Screening—A Silent Revolution. N. Engl. J. Med. 2006, 354, 2151–2164. [Google Scholar] [CrossRef]

	



Smith, R.J.H.; Bale, J.F.; White, K.R. Sensorineural hearing loss in children. Lancet 2005, 365, 879–890. [Google Scholar] [CrossRef]

	



Morrongiello, B.A.; Rocca, P.T. Infants’ localization of sounds in the horizontal plane: Effects of auditory and visual cues. Child Dev. 1987, 58, 918–927. [Google Scholar] [CrossRef]

	



Bennett, E.E.; Litovsky, R.Y. Sound Localization in Toddlers with Normal Hearing and with Bilateral Cochlear Implants Revealed through a Novel “Reaching for Sound” Task. J. Am. Acad. Audiol. 2020, 31, 195–208. [Google Scholar] [CrossRef]

	



Grieco-Calub, T.M.; Litovsky, R.Y. Sound localization skills in children who use bilateral cochlear implants and in children with normal acoustic hearing. Ear Hear. 2010, 31, 645–656. [Google Scholar] [CrossRef]








[image: Jcm 11 06758 g001 550] 





Figure 1. Experimental setup for determination of horizontal sound localization accuracy in infants and young children listening through bilateral cochlear implants. The left panel illustrates the position of the child relative to an array of loudspeaker/display-pairs. Loudspeakers were covered in black cloth to attract the child’s gaze to the visual displays. A continuous auditory-visual stimulus was presented from a loudspeaker/display-pair and randomly shifted in azimuth. Simultaneously with an azimuthal shift, the visual part of the stimulus was stopped for 1.6 s and eye-gaze patterns in response to the auditory stimulus were recorded before the visual part of the stimulus returned. The right panel illustrates the implanted and external parts of a cochlear implant system. An array of electrode contacts resides in the cochlea, stimulating the auditory nerve. The electronics of the cochlear implant are driven by an external sound processor behind the ear. Illustration by Mats Ceder. 
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Figure 2. Children with congenital severe-to-profound hearing loss develop horizontal sound localization abilities with increasing time since activation of bilateral cochlear implants. The black open circles depict localization accuracy (Error Index) for 18 infants measured at 1 to 5 occasions (n = 42, mean follow-up time = 0.9 years (0.09 years–1.7 years); mean age at test = 1.5 years (0.58 years–3.6 years). Localization accuracy increased as a function of time since activation of bilateral cochlear implants (R2 = 0.25, F = 13.6, n = 42, p = 0.0007, linear mixed model). The black solid line is the linear fit from a linear mixed model analysis, and the dotted lines depict the 95% confidence interval of the fit. 
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Figure 3. Perceived as a function of target sound-source azimuth at 4 occurrences (one per panel) for an individual child. In the left panel, this child had bilateral cochlear implants activated for 0.33 years. As experience with bilateral cochlear implants increases (from left to right), datapoints approach the line of equality corresponding to perfect sound localization accuracy in this task. 
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Figure 4. (A): The black open circles depict localization accuracy in children with bilateral cochlear implants, and the blue filled circles depict localization accuracy in children with normal hearing from Asp et al. (2016) [28]. (B): The lines show linear fits based on data from the present study in infants (black) and previous data from children with normal hearing (blue, Asp et al. (2016) [28]) and children with relatively late sequential bilateral implantation (grey, Asp et al. (2011) [23]). 
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Table 1. Background data on the children who participated in the study. Children are sorted in ascending age order. Two of twenty included children did not cooperate to sound localization testing and are not shown.
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	Age at Implantation (Years)
	Cochlear Implant Model
	Sound Processor
	Sex
	Etiology





	0.42
	CI522
	CP1000
	M
	Connexin 26



	0.45
	CI522
	CP1000
	M
	Genetic testing

performed;

no mutation found



	0.45
	Synchrony 2

Flex 28
	Sonnet 2
	M
	Cause not investigated



	0.47
	CI612
	CP1000
	F
	Cause not investigated



	0.48
	CI532
	CP1000
	F
	Genetic testing

performed;

no mutation found



	0.51
	Synchrony 2

Flex 28
	Sonnet 2
	F
	Unknown; no positive cCMV infection found



	0.51
	CI612
	CP1000
	M
	Connexin 26



	0.55
	CI522
	CP1000
	F
	Connexin 26



	0.56
	Synchrony 2

Flex 28
	Sonnet 2
	F
	Connexin 26



	0.58
	CI522
	CP1000
	F
	cCMV



	0.58
	CI512
	CP1000
	M
	cCMV



	0.65
	CI612
	CP1000
	M
	Cause not investigated



	0.76
	Synchrony 2

Flex 28
	Sonnet 2
	F
	Genetic testing

performed; uncertain causative gene

mutation



	0.91
	CI612
	CP1000
	M
	Genetic testing performed; no mutation found



	1.0
	Synchrony 2

Flex 28
	Sonnet 2
	M
	Connexin 26



	1.6
	CI612
	CP1000
	M
	Cause not investigated



	1.8
	CI522
	CP1000
	M
	Unknown; no positive cCMV infection found



	2.3
	CI612
	CP1000
	F
	Cause not investigated







CI522, CI512, CI532, and CI612; cochlear implants manufactured by Cochlear Corporation, Sydney, Australia. Synchrony 2 Flex28; cochlear implant manufactured by Med-El GmbH, Innsbruck, Austria. CP1000; sound processor manufactured by Cochlear Corporation, Sydney, Australia. Sonnet 2; sound processor manufactured by Med-El GmbH, Innsbruck, Austria. M; Male. F; Female. cCMV; congenital cytomegalovirus.
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