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Introduction 

Measuring aided speech discrimination is a crucial compo-
nent of clinical outcome assessment for children using hearing 
aids (HA) and cochlear implants (CI). Traditionally, clini-
cians have relied on their own voices to evaluate aided hearing 
functionality and speech discrimination by producing pho-
nemes - the smallest units of sound that distinguish words - to 
eliminate semantic context and vocabulary effects [1], [2], 
[3].  

Children frequently encounter noisy and reverberant environ-
ments [4], [5], [6], which pose significant challenges, partic-
ularly for those using HAs and CIs [7], [8], [9], [10]. Despite 
the technological differences between acoustically-driven 
HAs and electrically-driven CIs, and the variability in test im-
plementations across studies, few investigations have directly 
compared phoneme discrimination among children with nor-
mal hearing (NH), HAs, and CIs. 

The aim of this study was to develop an objective phoneme 
discrimination test in noise and reverberation and to evaluate 
the phoneme discrimination abilities of children with NH, bi-
lateral HAs, and bilateral CIs under quiet, noisy, and rever-
berant conditions.  

Methods 
The committee on Health Research Ethics of the Capital Re-
gion of Denmark approved the initiation of the study (VEK, 
project number F-23005145). The Dansk Nonsense Ord Kor-
pus (DANOK) [11], which consists of 1150 nonsense words, 
was implemented in the Spatial Hearing Lab at the Copenha-
gen Hearing and Balance Centre. To make the test more child-
friendly, motivating pictures were included. Recordings from 
one female and one male speaker were selected, each follow-
ing the structure:  

/l/ /a/ C /i/ , 

where C represents one of 12 Danish consonants 
(/p/,/t/,/k/,/b/,/d/,/g/,/m/,/n/,/l/,/f/,/v/, and /s/). Participants lis-
tened to non-sense words such as “LABI”, “LAKI”, “LASI”. 
A training condition at the beginning of the test always started 
with /m/ (e.g., “MABI”, “MAKI”, “MASI”) and was pre-
sented without noise or reverberation. However, training data 
were not included in the analysis.  

A total of 60 children participated, divided into three equal 
groups of 20: children with NH, bilateral HAs, and bilateral 
CIs. Children with hearing devices used their own clinical de-
vices, which were verified in a clinical appointment before 
testing. All children with HAs had sensorineural or mixed 
hearing loss, ranging from mild to severe. The average age of 
the children was 10 ± 2 years. Additionally, 42 adults with 
NH participated, with an average age of 27 ± 5 years. 

The test conditions included normal speech without noise, 
normal speech with noise, reverberant speech without noise, 
and reverberant speech with noise. In the noise conditions, the 
noise was presented at 5 dB SNR. Speech was always pre-
sented at 55 dB A at 0, while noise was presented at 45, 
135, 225, and 315 through KEF Ci160RR-THX loud-
speakers, housed in a custom-built Sonible enclosure. Rever-
beration was modelled using ODEON software and imple-
mented through a convolution impulse response method. The 
estimated reverberation time was 1.7 seconds across octave 
frequencies between 0.125 kHz and 4 kHz. This high rever-
beration level was chosen to maximize measurable differ-
ences between reverberant and non-reverberant speech condi-
tions.  

For the analysis, correctly indicated DANOK scores were 
converted to RAU scores [12]. Linear mixed-effects models 
were applied to assess the effects of noise, reverberation, and 
hearing type (NH, HA, or CI) on RAU scores.  

Results 
Figure 1 shows an overview of the DANOK RAU scores, for 
all participants in this study.  

 

 

Figure 1: RAU-converted DANOK scores for the four 
groups involved in this study: children with normal hearing 
(NH), adults with NH, children with hearing aids (HA), and 
children with cochlear implants (CI), across all conditions: 
normal speech without noise (Silence), normal speech with 
noise (N), reverberant speech without noise (R), and rever-
berant speech with noise (R+N). 

 

Adults demonstrated high discrimination scores when normal 
speech was presented in silence, with an average RAU score 
of 109.4 ± 7.5. However, performance declined in the pres-
ence of noise (RAU score: 99.9 ± 8.7) and was further reduced 
by reverberation (RAU score: 91.0 ± 9.3). The most signifi-
cant decrease occurred when noise and reverberation were 
combined, resulting in a RAU score of 77.2 ± 8.6.  
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A similar trend was observed for children with NH, though 
they were consistently more affected by noise and reverbera-
tion than the adults with NH. Their average RAU scores were 
107.3 ± 8.5 in silence, 87.8 ± 13.2 in noise, 75.7 ± 13.5 in 
reverberation, and 61.2 ± 11.0 in the combined noise and re-
verberation condition.  

Children with HAs and CIs demonstrated further declines in 
performance compared to children with NH, although the 
scores between the HA and CI groups were similar. The aver-
age RAU scores for children with HAs were 83.4 ± 14.9 in 
silence, 66.4 ± 15.0 in noise, 39.8 ± 16.0 in reverberation, and 
37.6 ± 14.0 in the combined condition, with a comparable pat-
tern observed for children with CIs.  

To further investigate these effects, two statistical tests were 
performed. A linear mixed-effects model was applied to the 
data from NH participants, including both adults and children. 
Participant was set as a random factor, while age category 
(adult or child), noise, reverberation, and their interaction 
were included as fixed factors. The model showed significant 
improvement when including noise (χ2(1) =24.88, p < 0.001), 
reverberation (χ2(1) =150.29, p < 0.001), age category (χ2(1) 
=19.30, p < 0.001), and the interaction between age and re-
verberation (χ2(7) =38.82, p < 0.001). Adding the interaction 
effect between age and noise had a p-value of 0.05 (χ2(1) 
=3.76, p = 0.053). However, adding the interaction between 
noise and reverberation did not significantly improve the 
model (χ2(1) =0.02, p = 0.883). 

The summary of the linear-mixed effects model identified sig-
nificant main effects of noise (β = 11.77, t(110) = 4.90, p < 
0.001), reverberation (β = -20.27, t(110) = -8.33, p < 0.001), 
and age (β = -9.87, t(37) = -3.26, p = 0.002), indicating that 
both noise and reverberation significantly impaired phoneme 
discrimination performance, and that there was a significant 
difference between adults and children. The analysis also re-
vealed that noise and reverberation affected phoneme dis-
crimination differently depending on age. This was reflected 
in the interaction effect between noise and age (β = 5.50, 
t(110) = 1.99, p = 0.049), and the interaction effect between 
reverberation and age (β = -8.62, t(110) = -3.11, p = 0.002).  

To further examine phoneme discrimination in children, a 
second linear mixed-effects model was applied to analyse 
RAU scores. Participant was set as a random factor, while 
hearing category (HA, CI, or NH), noise, reverberation, and 
their interaction were set as fixed factors. The model also in-
cluded contrasts comparing the NH group against the hearing-
impaired groups (HA and CI), as well as a direct comparison 
between the HA and CI groups. The model significantly im-
proved when incorporating noise condition (χ2(1) =18.64, p < 
0.001), reverberation (χ2(1) =288.29, p < 0.001), hearing cat-
egory (χ2(1) =58.97, p < 0.001), the interaction between noise 
and reverberation (χ2(1) =13.38, p < 0.001), and the interac-
tion between reverberation and hearing category (χ2(2) 
=16.60, p < 0.001). The interaction between noise and hearing 
category had a p-value of 0.05 (χ2(2) =5.99, p = 0.050).  

The summary of this model confirmed main effects of noise 
(β = 17.62, t(172) = 10.23, p < 0.001) and reverberation (β = 
-30.76, t(172) = -17.86, p < 0.001), indicating that both factors 
significantly impaired phoneme discrimination performance. 

A significant contrast between children with NH and those 
with hearing loss (HA and CI) (β = -6.07, t(57) = -5.63, p < 
0.001) further confirmed that children with hearing loss per-
formed significantly worse than those with NH. However, the 
contrast between the HA and CI groups was not significant (β 
= 0.78, t(57) = 0.42, p = 0.676), suggesting that both groups 
experienced similar difficulties in phoneme discrimination. A 
significant interaction effect was found between noise and re-
verberation (β = -9.58, t(172) = -3.92, p < 0.001), suggesting 
that the impact of reverberation on phoneme discrimination 
varied depending on the presence of noise. Specifically, in the 
condition without background noise, extreme reverberation 
led to a significantly greater reduction in RAU scores com-
pared to conditions with background noise, indicating that re-
verberation alone had a particularly detrimental effect on pho-
neme discrimination. The interaction effect between noise and 
the contrast comparing HA and CI groups was not significant, 
nor was the interaction between reverberation and this con-
trast. However, the effect of noise differed depending on 
whether the child had a hearing device (β = -2.10, t(172) = -
2.43, p = 0.016). Similarly, a significant interaction effect was 
found between reverberation and the contrast comparing NH 
and hearing loss groups (β = -3.20, t(172) = -3.71, p < 0.001).   

Discussion 

This study examined the phoneme discrimination abilities of 
children with NH, HA, and CI, comparing their performance 
to that of NH adults. The results clearly indicate that adverse 
acoustic conditions - environments where children spend con-
siderable amount of time in [4], [5], [6] - impair phoneme per-
ception in children more than in adults, with the lowest scores 
observed in conditions where noise and reverberation co-oc-
curred.  

Children with hearing devices (HA and CI), despite having 
their devices fitted to compensate for hearing loss, were even 
more negatively affected by adverse acoustics compared to 
their NH peers. Notably, reverberation alone, even without 
noise, significantly impaired phoneme discrimination in chil-
dren with hearing devices.  

The findings align with a recent study on neural envelope pro-
cessing in children with hearing loss, which also included a 
phoneme discrimination task in noise and reverberation [13]. 
However, this study found a more pronounced effect of rever-
beration on RAU scores, likely due to the extreme reverbera-
tion time (1.7s) used here, compared to the classroom-like re-
verberation (0.6s) in [13]. Alternatively, the difference may 
be attributed to the fact that participants in this study used 
their own hearing aids rather than a direct audio input setup, 
making the results more representative of real-world hearing 
device performance. The findings also align with previous 
studies that examined higher-order word perception in quiet 
and noise or used questionnaires to assess speech perception 
difficulties [7], [8], [9], [10].  

While significant differences were observed between children 
with hearing devices and their NH peers, no statistical differ-
ence was found between the HA and CI groups in phoneme 
perception abilities. This suggests that, despite using different 
hearing technologies, children with HAs and CIs performed 
similarly in adverse listening conditions. Since background 
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noise characteristics (e.g., fluctuating vs. stationary noise) and 
reverberation times can influence study outcomes, this study 
ensured a direct comparison between the three groups under 
the same acoustic conditions.  

These findings highlight the significant impact of noise and 
reverberation on children’s speech perception, particularly for 
those using hearing devices. Given that children frequently 
spend time in noisy and reverberant environments, such as 
sports halls and playgrounds, this study underscores the need 
for better acoustic management in these settings to support 
their auditory development and overall well-being [9]. 

Conclusion 

This study investigated the phoneme discrimination abilities 
of children with normal hearing (NH), hearing aids (HA), and 
cochlear implants (CI), comparing their performance to adults 
with NH. The findings indicate that adverse acoustic 
environments, where children frequently spend time, 
significantly impair phoneme perception, with a greater 
impact on children than on adults. The lowest scores were 
observed in conditions where both noise and reverberation 
were present. Children with hearing devices (HA and CI) 
were even more adversely affected. However, despite relying 
on fundamentally different technologies (i.e., acoustically-
driven HAs vs. electrically-driven CIs), the performance of 
the two groups did not differ significantly. These results 
highlight the importance of optimizing acoustic conditions in 
children’s daily environments to support their speech 
perception and auditory development  

Acknowledgements 
This work was conducted at the Copenhagen Hearing and 
Balance Centre (CHBC) and supported by The Helge 
Linnebæks Fond, Region Hovedstaden, and the Technical 
University of Denmark (DTU). The authors would like to 
thank Chunlong Zhao, Magnus Runar Hjartarson, Carlos 
Adolfo Corcuera Cruz, and Mikkel Nikita Christiansen for 
their assistance with data collection. 

Literature 
[1] R. W. McCreery, E. A. Walker, M. Spratford, D. 

Lewis, and M. Brennan, “Auditory, cognitive, and 
linguistic factors predict speech recognition in 
adverse listening conditions for children with 
hearing loss,” Front Neurosci, vol. 13, Oct. 2019, 
doi: 10.3389/fnins.2019.01093. 

 
[2] A. L. Pittman and B. C. Schuett, “Effects of 

semantic and acoustic context on nonword detection 
in children with hearing loss,” Ear Hear, vol. 34, no. 
2, pp. 213–220, Mar. 2013, doi: 
10.1097/AUD.0b013e31826e5006. 

 
[3] D. Lewis et al., “Effect of context and hearing loss 

on time-gated word recognition in children,” Ear 
Hear, vol. 38, no. 3, pp. e180–e192, 2017, doi: 
10.1097/AUD.0000000000000395. 

 
[4] H. A. Knecht, P. B. Nelson, G. M. Whitelaw, and L. 

L. Feth, “Background noise levels and reverberation 

times in unoccupied classrooms,” Am J Audiol, vol. 
11, no. 2, pp. 65–71, Dec. 2002, doi: 10.1044/1059-
0889(2002/009). 

 
[5] J. Crukley, S. Scollie, and V. Parsa, “An exploration 

of non-quiet listening at school,” Journal of 
Educational Audiology, vol. 17, pp. 23–35, 2011. 

 
[6] V. Easwar, J. Sanfilippo, B. Papsin, and K. Gordon, 

“Factors affecting daily cochlear implant use in 
children: datalogging evidence,” J Am Acad Audiol, 
vol. 27, no. 10, pp. 824–838, Nov. 2016, doi: 
10.3766/jaaa.15138. 

 
[7] R. L. Goldsworthy and K. L. Markle, “Pediatric 

hearing loss and speech recognition in quiet and in 
different types of background noise,” Journal of 
Speech, Language, and Hearing Research, vol. 62, 
no. 3, pp. 758–767, Mar. 2019, doi: 
10.1044/2018_JSLHR-H-17-0389. 

 
[8] A. C. Neuman, M. Wroblewski, J. Hajicek, and A. 

Rubinstein, “Measuring speech recognition in 
children with cochlear implants in a virtual 
classroom,” Journal of Speech, Language, and 
Hearing Research, vol. 55, no. 2, pp. 532–540, Apr. 
2012, doi: 10.1044/1092-4388(2011/11-0058). 

 
[9] R. W. McCreery et al., “Speech recognition and 

parent ratings from auditory development 
questionnaires in children who are hard of hearing,” 
Ear Hear, vol. 36, pp. 60S-75S, 2015. 

 
[10] M. Klatte, J. Hellbruelr’, J. Seidel, and P. Leistner, 

“Effects of classroom acoustics on performance and 
well-being in elementary school children: a field 
study,” Environ Behav, vol. 42, no. 5, pp. 659–692, 
2010, doi: 10.1177/001391650933. 

 
[11] J. B. Nielsen and T. Dau, “A Danish nonsense word 

corpus for phoneme recognition measurements,” 
Acta Acustica united with Acustica, vol. 105, no. 1, 
pp. 183–194, 2019, doi: 10.3813/AAA.919299. 

 
[12] G. A. Studebaker, “A ‘rationalized’ arcsine 

transform,” Journal of Speech, Language, and 
Hearing Research, vol. 28, no. 3, pp. 455–462, Sep. 
1985, doi: 10.1044/jshr.2803.455. 

 
[13] V. Easwar, Z. E. Peng, S. Boothalingam, and M. 

Seeto, “Neural envelope processing at low 
frequencies predicts speech understanding of 
children with hearing loss in noise and 
reverberation,” Ear Hear, vol. 45, no. 4, pp. 837–
849, Jul. 2024, doi: 
10.1097/AUD.0000000000001481. 

  

DAS|DAGA 2025 Copenhagen

788


