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INTRODUCTION
Perception of intensity difference is essential, whether it is for speech or for non-speech stimuli. Intensity differences are reported to 
be utilized by normal hearing individuals to perceive the relative distance of sounds in the environment [1, 2], perceive emotions or the 
mental state of the speaker [3, 4], locate the source of sounds [5], and also for the perception of stress in speech [6-8]. Hence, for day-to-day 
functioning, individuals require to perceive the intensity of sounds heard by them and make judgments about their loudness. 

Individuals with hearing loss are known to have difficulty in hearing, impairing their communication abilities through the auditory 
modality. Difficulty in hearing includes problems in perceiving the intensity of sounds around them. This may impair their ability to 
make judgments of the relative distance of sounds, identify emotions from a speaker’s voice, localize sounds, and perceive stress 
patterns in speech. Cochlear implants are one of the devices used by individuals with hearing loss to overcome their difficulties in 
hearing sounds. Cochlear implants are reported to code a wide auditory dynamic range (120 dB) into a limited electrical dynamic 
range (10–30 dB) [9, 10]. All commercially available cochlear implants are noted to compress auditory signals during signal processing 
[11, 12]. Various signal processing strategies are reported to be used to enable individuals using cochlear implants to hear a range of 
intensities similar to what is perceived acoustically. These include adaptive dynamic range optimization [13-15], automatic gain con-
trol [16], microphone sensitivity[17], manipulation of the input dynamic range [18], and channel-specific gain [12]. 

Mertens and Punte [19] evaluated 54 individuals who had utilized their devices for at least three years to determine the percep-
tion of relative distance in post-lingual adults using cochlear implants. Individuals using cochlear implants were noted to have  
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significantly poorer scores in almost all components of spatial hear-
ing (direction, distance, and movement of sounds) and quality of 
sounds (segregation, recognition, clarity, and listening effort) than 
individuals with moderate hearing loss. The findings indicated that 
despite being able to perceive speech, cochlear implant users had 
difficulty in utilizing loudness cues for spatial hearing. 

Dorman and Loiselle [20] compared horizontal localization abilities in bi-
lateral post-lingual cochlear implantees with their interaural level differ-
ences. A compression ratio of 3:1 resulted in the interaural level difference 
being reduced above the knee point. The authors ascribed the errors in 
localizing in the horizontal plane to this reduced interaural level difference. 

Use of amplitude cues for the perception of emotions by adult co-
chlear implantees was observed to be poorer than that by normal 
hearing adults, 1–2 weeks post-switch-on [21]. Improvement was 
seen in some participants who were evaluated 6 months and 1 
year post-implant. This improvement was seen in the identification 
of emotions that varied in intensity (happy and sadness). However, 
cochlear implant users continued to confuse emotions that did not 
differ in intensity. Similar findings were noted by Luo and Fu [22] for 
sentences depicting different emotions.

Nikakhlagh and Saki [23] found differential limen for intensity of adult 
cochlear implantees to be poorer than that of normal hearing adults. 
This poor performance was considered to be mainly due to their in-
ability to utilize the processing strategy of the cochlear implants. 

The review indicates that intensity perception is adversely affected 
in individuals using cochlear implants. This has been noted to affect 
their ability to perceive relative distance of sounds in the environment, 
perceive emotions of speakers that have loudness variations, and lo-
calize sounds. Additionally, not having knowledge regarding loudness 
variations may affect their ability to carry out loudness matching and 
loudness growth measurement that are important steps while map-
ping cochlear implants. While studies have been conducted on adults, 
studies on intensity discrimination for acoustic stimuli in children us-
ing cochlear implants are sparse. Such information would indicate 
whether children using cochlear implants have similar difficulties in 
perceiving intensity variations as reported in the literature. Hence, the 
aim of the present study was to establish how loudness discrimination 
of acoustic stimuli varies between children using cochlear implant and 
age-matched typically developing children. 

MATERIALS AND METHODS
Intensity discrimination ability of children using cochlear implants 
was studied using a standard-group comparison design. The perfor-
mance of the group of children using cochlear implants was com-
pared with that of typically developing age-matched children. 

Participants 
The study included 30 children aged 6–15 years. Children were divided 
into two groups, one consisting of 15 children using cochlear implants 
(mean age=10.60 years, standard deviation (SD)=3.01) and the other 
group consisting of 15 age-matched typically developing children 
(mean age=10 years, SD=2.80). Informed consent was obtained from 
the guardians of the participants in accordance with the ethical guide-
lines of the institute where the children were tested [24]. The receptive 
language age of both participant groups on the “Receptive Expressive 

Emergent Language Skills” test [25] was at least five years. All the partic-
ipants also had normal Intelligence Quotient on the Raven’s Progres-
sive Matrices [26]. None of them had any history of a middle ear infec-
tion. The absence of a middle ear problem at the time of evaluation 
was confirmed by the presence of an A-type tympanogram. Addition-
ally, all the typically developing children had pure-tone air conduction 
and bone conduction thresholds within 15 dB HL. 

Children using cochlear implants wore monaural devices for at least 
1 year and had stable maps at the time of testing. Their average aided 
warble-tone thresholds in the frequencies 500 Hz, 1000 Hz, and 2000 
Hz were within the speech spectrum and ranged from 15 dB to 28.33 
dB (mean=21.88 dB, SD=4.03). The participants wore their cochlear 
implant processor using the settings recommended by qualified audi-
ologists. Further, 10 participants using cochlear implants wore hearing 
aids in their non-implanted ear. The demographic details of the partic-
ipants and their devices are given in Table 1. CI: cochlear implant; ACE: 
advanced combination encoder; FSP: fine structure processing

Stimuli
Three warble tones and three vowels were used to evaluate intensity 
discrimination. The warble tones, generated using the Psycon v2.18 
software (Columbus, Ohio) [27], had a duration of 1000 ms that included 
a rise and fall time of 10 ms. The 500 Hz, 1000 Hz, and 4000 Hz warble 
tones had a frequency deviation of 5% and a modulation rate of 5 Hz. 

The vowels /a/, /i/, and /u/ were recorded by an adult female speaker, 
with a neutral Indian accent. The recording was done using a sampling 
rate of 44,100 Hz and 32 bits resolution. The recorded material was 
scaled such that the three vowels had similar average intensity. A 1 kHz 
calibration tone was inserted prior to the recorded vowels. The record-
ed vowels were played to 10 normal hearing adults to check the clarity 
of the recording. The stimuli were selected only if all 10 adults could 
correctly identify the vowels. The spectrograms of the recorded vowels 
/a/, /i/, and /u/ are depicted in Figure 1(a), (b), and (c), respectively. 

Procedure
The children were tested in a well-lit, distraction-free, sound-treated 
two-room setup that met the requirement of the ANSI standards [28]. 
The stimuli were presented using the Psycon v2.18 software loaded in 
a laptop. The output from the laptop was routed through a loudspeak-
er (dB technologies M160, Bologna, Italy) and kept at a distance of 1 m 
from the head of the participants at 0° azimuth. Prior to the presenta-
tion of the stimuli, the volume control of the laptop was manipulated 
such that the output from the loudspeaker was 50 dB HL. The output 
level was measured using a sound level meter (Larson & Davis, Model 
824, Depew, New York), with a half-inch free-field microphone. 

Participants using cochlear implants were tested with their device set 
in the recommended settings. Participants who used hearing aids in 
the non-implanted ear were instructed to remove the device while 
being evaluated. Using an adaptive tracking procedure available in 
the Psycon v2.18 software, intensity discrimination thresholds were 
obtained utilizing a three-alternative forced-choice method. The three 
intervals were separated by a duration of 200 ms. Two of the intervals 
served as the anchor and one served as the variable interval. The inten-
sity of the anchor tones was kept constant at 50 dB HL, and the inten-
sity of the variable interval, which was selected randomly, contained 

369

Tak and Yathiraj. Intensity Discrimination: CI & TD Children



the louder stimulus. The participants were instructed to indicate as to 
which of the three intervals in each set was louder by lifting one, two, 
or three fingers to represent the first, second, or third intervals, respec-
tively. Prior to testing the participants, practice was given using live 
voice. The test stimuli were presented as soon as the child had under-
stood the task. Initially, the variable stimulus was set 10 dB above the 
anchor stimulus. The intensity of the variable tone was altered using a 
2 down/1 up rule, as proposed by Levitt [29], where it varied in 5 dB steps 
for the first two reversals and in 2 dB steps for the next four reversals. 
Breaks were given between the trials if a child showed signs of fatigue. 
The average of the final four reversals was calculated as the intensity 
discrimination threshold. This was done for all six stimuli. 

Statistical Analysis
Data were analyzed using the Statistical Package for the Social Sciences 
version 21 (IBM Corp., Armonk, NY, USA) to measure intensity discrim-
ination thresholds for statistical analyses. Shapiro–Wilk test was used 
for normally distributed data (p>0.05). Hence, parametric tests were 
conducted. Both descriptive and inferential statistics were performed. 

RESULTS
The results, comparing intensity discrimination thresholds of typi-
cally developing children and children using cochlear implants, are 

provided separately for the three warble tones (500 Hz, 1000 Hz, and 
4000 Hz) and the three vowels (/a/, /i/, and /u/). Data were compared 
between the two groups using two-way ANOVAs (2 groups×3 warble 
tones and 2 groups×3 vowels). The interaction between the stimuli 
and the participant groups was also determined.

Comparison of intensity discrimination thresholds for warble 
tones across participant groups
The mean and standard deviation of the intensity discrimination 
thresholds (Figure 2) were similar in the two groups of participants 
for the 500 Hz and 1000 Hz warble tones. However, children using 
cochlear implants had poor differential sensitivity for the 4000 Hz 
warble tone. A two-way repeated measures ANOVA was conducted 
to determine if a statistically significant difference exists between the 
groups. The frequency of the warble tones served as the within-sub-
ject factor, whereas the groups served as the between-subject factor. 
As Mauchly’s test indicated that the assumption for sphericity was not 
met, a Greenhouse–Geisser correction was incorporated. A two-way 
repeated measures ANOVA revealed that there was a significant main 
effect of the participant groups (F(1, 28)=9.48, p=0.005, ηp

2=0.25). 
Additionally, a significant interaction between the warble tones and 
the participant groups was observed (F(1.61, 44.97)=10.05, p=0.001, 
ηp

2=0.26). 

Separate one-way ANOVAs were conducted for each of the three 
warble tones as a significant main effect of the groups existed and 
there was an interaction between the groups and warble tones. 
There was no significant difference between the groups for the 500 
Hz warble tone (F(1, 28)=0.005, p=0.95, ηp

2=0.00) and the 1000 Hz 
warble tone (F(1, 28)=1.51, p=0.23, ηp

2=0.05). However, there was a 
significant difference between the groups for the 4000 Hz warble 
tone (F(1, 28)=19.02, p<0.00, ηp

2=0.40).

Table 1. Demographic details of the participants using cochlear implants

Participants Chronological Age (Years) Implant Processor Coding strategy Number of years of CI usage

1. 13 CI24 RE CP802 ACE 9

2. 11 CI512 CP810 ACE 7

3. 7 Nucleus 24RE CP802 ACE 4

4. 8 CI422 CP910 ACE 4

5. 8 CI24 RE CP802 ACE 4

6. 15 Freedom CP910 ACE 9

7. 12 Freedom Freedom ACE 6

8. 6 Freedom contour advance CP810 ACE 4

9. 15 Freedom Freedom ACE 7

10. 8 Freedom Freedom ACE 6

11. 11 Freedom contour advance CI24RE ACE 6

12. 9 Freedom CP810 ACE 4

13. 11 CI512 CP810 ACE 8

14. 15 MedEl Opus 2 Power FSP4 12

15. 11 Digisonic SP Saphyr SP Crystalis XDP 6

CI: cochlear implant; ACE: advanced combination encoder; FSP: fine structure processing

Figure 1. Formant frequencies of the vowels (a) /a/, (b) /i/, and (c) /u/.
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Comparison of intensity discrimination thresholds for vowels 
across participant groups
The mean intensity discrimination thresholds for vowels (Figure 2) 
were better in typically developing children than in children using 
cochlear implants for the vowels /a/ and /u/. Such a difference was 
not present for the vowel /i/. A two-way repeated measures ANOVA 
indicated the presence of a significant main effect of the group (F(1, 
28)=7.04, p=0.013, ηp

2=0.20), as well as a significant interaction of the 
stimuli and group (F(2, 56)=3.81, p=0.028, ηp

2=0.12). 

One-way ANOVAs, conducted separately for each vowel, revealed 
a significant difference between the two groups for the vowels /a/ 
(F(1, 28)=6.28, p=0.018, ηp

2=0.18) and /u/ (F(1, 28)=12.86, p=0.001, 
ηp

2=0.31). However, there was no significant difference for the vowel 
/i/ (F(1, 28)=0.006, p=0.939, ηp

2=0.00).

Thus, the results indicated that intensity discrimination was signifi-
cantly different between typically developing children and children 
using cochlear implants. This difference was seen only for specific 
warble-tone frequencies and vowels. 

DISCUSSION
The findings of the study are discussed to highlight the difference 
in intensity discrimination thresholds in 15 typically developing chil-
dren and 15 children using cochlear implants. This information is pro-
vided for the three warble tones (500 Hz, 1000 Hz, and 4000 Hz) and 
the three vowels (/a/, /i/, and /u/).

Comparison of intensity discrimination thresholds between par-
ticipants for warble tones
The findings of the current study indicated that children using co-
chlear implants performed significantly poorer than typically devel-
oping children only in the highest frequency that was tested (4000 
Hz). This difference was not observed in the lower two frequencies 
(500 Hz and 1000 Hz). This indicated that children using cochlear im-
plants needed greater difference in intensity at higher frequency to 
perceive the change in loudness than typically developing children. 
All the children using cochlear implants had used hearing aids for at 
least six months. This would have enabled them to have exposure to 
mid to low frequencies, which were audible with their hearing aids. 
This extended exposure to mid to lower frequencies probably would 

have resulted in them perceiving intensity differences better in these 
frequencies than in higher frequency. The participants would have 
been exposed to high frequencies only after using their cochlear im-
plants.

Similar results were also noted by Drennan and Pfingst [30] using 
electrical stimulation. Their study noted that differential limen of in-
tensity for electrode 16, which was responsible for stimulating low 
frequencies, was smaller than that for electrode 8, which coded high 
frequencies. The authors attributed this finding to more neuronal 
survival at low-frequency region, based on the findings of Nadol and 
Young [31]. They also ascribed to the proximity of electrode 16 position 
to the modiolus, as was earlier observed by Cohen and Saunders [32]. 

The finding of the current study regarding intensity discrimination 
is in line with the results noted by Nikakhlagh and Saki [23] in adult 
cochlear implant users. In contrast to the current study, their partici-
pants had poor intensity difference limens across all the frequencies 
tested by them (500 Hz, 1000 Hz, 2000 Hz, and 4000 Hz). Although 
the authors did not mention the intensity of the pedestal tone, it is 
possible that they used a lower pedestal tone than that used in the 
current study. This would have resulted in their participants having 
difficulty in all the frequencies as at low presentation levels, intensity 
discrimination limen has been reported to be independent of fre-
quency by Florentine and Buus[33]. 

Comparison of intensity discrimination thresholds between par-
ticipants for vowels
The findings for vowels indicated that children using cochlear im-
plant had significantly poorer intensity discrimination for the vowels 
/a/ and /u/ than typically developing children. However, this differ-
ence was not seen for the vowel /i/. The different formant structures 
of the vowels could have resulted in this variation in the findings. The 
first and second formants are relatively closely spaced in the former 
two vowels, as can be seen in Figure 1(a) and (c), in contrast to the 
vowel /i/ (Figure 1b). This could have resulted in the stimulation of 
closely spaced electrodes in the cochlear implant for the vowels /a/ 
and /u/, but the stimulation of electrodes that are far apart for the 
vowel /i/. Anzalone and Smith [34] noted that the slope of loudness 
growth curve increases as the electrode separation increases. Hence, 
the widely spaced formant frequencies of the vowel /i/, which would 
have stimulated widely spaced electrodes, would have resulted in a 
steeper loudness growth. Hence, a small change in intensity would 
have led to a loudness increment for the vowel /i/, but not for the 
vowels /a/ and /u/, which would have stimulated closely spaced elec-
trodes. This rapid growth in loudness for the vowel /i/ would have 
enable cochlear implant users to perceive the vowel similar to typi-
cally developing children. In contrast, the gradual growth in loudness 
for the other two vowels would have hampered the loudness growth 
perception of cochlear implant users, resulting in them performing 
poorer than typically developing children. 

CONCLUSION
The comparison of intensity discrimination thresholds between 
children using cochlear implants and typically developing children 
indicated that the former group had poor differential sensitivity for 
higher frequency warble tones. However, the thresholds were simi-
lar between the two groups for lower- and mid-frequency warble 

Figure 2. Mean and standard deviation (SD) of intensity discrimination thresh-
olds for warble-tones and vowels of typically developing children and children 
using cochlear implants.
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tones. Similarly, the intensity discrimination thresholds for vowels 
were significantly worse for children using cochlear implants for two 
of the vowels (/a/ and /u/). However, the sensitivity for the vowel /i/ 
was found to be comparable to that of typically developing children. 
The results indicate that children using cochlear implants are able to 
differentiate intensity cues of specific stimuli similar to that of age-
matched typically developing children, but are unable to do so for 
some stimuli. Thus, it can be construed that the algorithms in differ-
ent cochlear implant processors do enable children to discriminate 
intensity to a large extent for acoustic stimuli. However, it needs to be 
determined if similar findings would be obtained if electrical stimula-
tion is provided.
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