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This study examined aided phoneme perception across different acoustic environments in children using 

hearing aids and cochlear implants, with direct comparison to children with normal hearing. Phoneme level 

measures were chosen to assess speech detection, discrimination, and identification under controlled 

acoustic conditions, thereby minimizing lexical and semantic influences. Sixty children (mean age 10 ± 2 

years) participated and were divided into three groups of 20: children with normal hearing, bilateral hearing 

aids, and bilateral cochlear implants. All device users were tested using their own clinically fitted systems. 

Phoneme detection and identification were assessed using recorded Ling 6(HL) stimuli, and phoneme 

discrimination was evaluated using selected nonsense words from the DANOK corpus. All testing in noise 

and reverberation was conducted in a spatial hearing laboratory. Across all groups, aided phoneme detection 

thresholds for the Ling sounds in quiet were within normal limits, with mean thresholds below 20 dB HL 

and only minor low frequency differences between device types. Children using hearing aids and cochlear 

implants did not differ significantly from each other in phoneme detection, identification, or discrimination 

across a range of acoustic environments tested, despite the fundamentally different modes of acoustic and 

electric stimulation. In quiet listening conditions, both device groups showed sufficient access to the speech 

spectrum. Noise and reverberation reduced performance in all children, with larger effects observed for 

children using hearing aids and cochlear implants compared to children with normal hearing.

1 Introduction 

Aided speech perception is a key outcome measure for children who use hearing aids (HAs) or cochlear implants (CIs), 

and phoneme-level tasks provide a controlled means of evaluating access to fundamental speech cues without the 

influence of vocabulary or semantic context [1, 2, 3]. Aided phoneme perception can be assessed at various levels of 

auditory skills: from the most basic detection skill to the ability of discriminating between phonemes, to more complex 

identification or imitation of phonemes [4, 5].  

Children frequently encounter acoustically challenging environments such as noise and reverberation [6, 7, 8], which can 

degrade speech cues and disproportionately affect those using HAs or CIs [9, 10, 11]. Despite clear technological 

differences between acoustic and electric stimulation, few studies have systematically compared phoneme-level 

performance in children with normal hearing (NH), HAs, and CIs under matched, experimentally controlled acoustic 

conditions. 

To address this gap, the present study examined aided phoneme perception across a variety of auditory skills levels in 

children with NH, bilateral HAs, and bilateral CIs. By using standardized stimuli and testing in both quiet and degraded 

acoustic environments, this work aimed to characterize the extent to which device users access essential speech features 

relevant to everyday listening. 



   

2 Methods 

2.1 Participants 

A total of 60 children took part in the study, allocated evenly into three groups of 20: those with NH, those using bilateral 

HAs, and those fitted with bilateral CIs. Children who used hearing technology were tested with their own everyday 

clinical devices, which operated in automatic universal programs, and were checked and confirmed to be functioning 

appropriately during a clinical visit prior to data collection. All HA users had sensorineural or mixed hearing loss, with 

degrees of impairment ranging from mild to severe. The children’s mean age was 10 ± 2 years, and all children were 

fluent in Danish. The Committee on Health Research Ethics of the Capital Region of Denmark (VEK) approved the 

initiation of the study (project number F-23005145). 

2.2 Ling sound detection and identification 

Phoneme detection thresholds and identification performance were measured using the Ling 6(HL) recordings [12, 13], 

which were imported into the Interacoustics Affinity system and played through a KEF Ci160RR-THX loudspeaker 

mounted in a custom Sonible enclosure inside a sound-treated booth at the Copenhagen Hearing and Balance Centre. The 

Ling sounds were presented in random order, and detection thresholds were obtained using the Hughson–Westlake 

method. Identification performance was assessed at 50 dB SPL.  

2.3 Danok phoneme discrimination 

Recordings from one female and one male speaker of the Dansk Nonsense Ord Korpus (DANOK) [14], a Danish nonsense 

words speech corpus, were used. Each recording produced items in the structure /l/ /a/ C /i/, where C was one of 12 Danish 

consonants (/p, t, k, b, d, g, m, n, l, f, v, s/). Children heard items such as “LABI,” “LAKI,” and “LASI.” A brief practice 

phase using /m/-items (e.g., “MABI”) was presented without noise or reverberation but was excluded from analyses. 

Testing was administered in the Spatial Hearing Lab at the Copenhagen Hearing and Balance Centre. Test conditions 

comprised: clear speech, speech in noise, reverberant speech, and reverberant speech in noise. Noise was presented at +5 

dB SNR, with speech fixed at 55 dB(A) at 0°, and noise delivered from four surrounding loudspeakers (45°, 135°, 225°, 

315°). Reverberation was simulated using ODEON and applied via convolution, producing an estimated reverberation 

time (RT) of 1.7 s across 0.125–4 kHz to ensure strong contrasts between reverberant and non-reverberant conditions. 

Responses were converted to RAU units. Linear mixed-effects models were used to evaluate the effects of noise, 

reverberation, and hearing group (NH, HA, CI) on performance. 

3 Results  

3.1 Ling sound detection and identification 

Mean detection thresholds across the six Ling sounds were 1.7 ± 4.7 dB HL for NH children, 17.0 ± 5.8 dB HL for HA 

children, and 19.1 ± 5.1 dB HL for CI children (see Figure 1). A linear mixed-effects model indicated that Ling detection 

thresholds differed significantly across hearing groups. Although all average detection thresholds fell within the range 

often considered as normal, the contrast comparing NH children to those with hearing devices (HA + CI) was significant 

(β = 5.47, t(57) = 15.77, p < .001), demonstrating slightly but significantly higher thresholds in children with hearing loss. 

In contrast, the comparison between the HA and CI groups was not significant (β = 1.02, t(57) = 1.70, p = .095), indicating 

that their detection thresholds did not significantly differ. 

Overall phoneme identification was high across groups. Children with NH could imitate all sounds correctly. Most 

children with hearing devices could also identify most phonemes correctly, however, 11 out of 40 children with hearing 

devices made errors to the low-frequency sounds /m/ and /u/.  

 

 



   

 

Figure 1: Detection sound thresholds for the three groups of children (NH = normal hearing, HA = hearing aids, CI = 

cochlear implants). Error bars indicate 95% confidence intervals. Note that the y-axis is reversed for similarities to a 

typical audiogram. 

3.2 Danok phoneme discrimination 

Figure 2 shows the percentages correct, converted to RAU scores, of all children participating in the DANOK phoneme 

discrimination test. In silence, children with NH achieved high RAU scores, averaging to 107.3 RAU score. Adding noise 

and reverberation decreased the performance in all children, but more so in children with hearing devices. A linear mixed-

effects model indicated a main effect of noise (β = 17.62, t(178.96) = 10.53, p < 0.001) as well as reverberation (β = -

30.76, t(178.96) = -18.39, p < 0.001). Furthermore, the contrast between the group of children with NH tested in contrast 

to the group of children with hearing devices (HA + CI) was significant (β = -6.65, t(147.40) = -5.87, p < 0.001). However, 

the contrast testing the group of children with HAs compared to the children with CIs was not significant (β = 1.50, 

t(147.40) = 0.76, p = 0.448).  

 

 

Figure 2: DANOK phoneme discrimination performance for the three groups of children (NH = normal hearing, HA = 

hearing aids, CI = cochlear implants) across the different acoustic conditions (Silence, N = noise, R = reverberation, 

N+R = combined noise and reverberation). Error bars represent 95% confidence intervals. Percentage correct scores 

were transformed to RAU units. 



   

4 Summary 

Children fitted with hearing aids and those using cochlear implants did not perform significantly different on the different 

phoneme-level auditory skills and across the various acoustic conditions, despite relying on fundamentally different 

technology. In quiet settings, aided detection and imitation of the Ling phonemes fell within expected norms, with average 

thresholds remaining under 20 dB HL and only small low-frequency variations between device types. Introducing noise 

or reverberation led to declines in performance for all children, though the impact was more pronounced for those with 

hearing aids or cochlear implants than for their peers with normal hearing. This highlights the importance of improving 

acoustic conditions in everyday environments to better support children’s auditory development. 
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