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Abstract

:

Past studies have reported that there are higher sound-pressure levels for each vowel in a child’s ear canal than those in adults due to reduced volume and a shorter ear canal. Furthermore, longer vocal tracts are associated with lower formant frequencies, and vice versa. The structural differences in this regard may reflect the difference in the occlusion effect. Thus, the present study compares the sound pressure levels (SPLs) and first formant frequencies of children and adults with normal hearing and determines the best vowel stimulus to assess the occlusion effect. A repeated measures research design was utilized to investigate the best stimulus with which to measure the occlusion effect among children and adults. Group 1 included ten children, and Group 2 comprised ten adults with normal hearing. The SPLs at frequencies between 200 Hz and 1000 Hz for three uttered vowels, with steps of 100 Hz, were measured using a hearing aid analyzer. The recorded vowels were saved in a ‘.wav’ format for formant frequency analysis. Furthermore, a paired comparison method was used to identify the vowel stimulus that most effectively induced the occlusion effect. A significantly higher SPL was observed for children compared to adults for each vowel. The formant frequency F1 value was higher for children than adults for each vowel, constituting a significant finding. In the paired comparison, the occlusion effect was reported to be significantly greater with respect to the vowel /u/ among adults, while it was reported to be greater in relation to the vowel /i/ among children. The vowel /u/ was the best stimulus with which to assess the occlusion effect among adults. The vowel /i/ was the best stimulus with which to assess the occlusion effect among children.
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1. Introduction


The occlusion effect (OE) is a phenomenon caused by improved bone conduction of sound when the ear canal is blocked [1]. Authors have described the occlusion effect as the perception of an individual’s own voice when the ear canal is completely or partially occluded [2]. In occluded conditions, few people experience a significant increase in loudness with respect to self-generated sounds such as vocalization, chewing, and swallowing compared to unoccluded conditions [3]. During speaking, the vocal fold vibrations or speech output are delivered to the cartilaginous portions of the ear canal via bone conduction [4] through the skull bones [5]. The movement of articulators causes the air particles in the occluded ear canal to vibrate, especially at low frequencies [2], thereby amplifying the sound by 20 to 30 dB or more [6]. Authors have reported that closing the external auditory canal improves the hearing threshold by around 10 decibels [7].



The occlusion effect frequently creates problems, especially among hearing aid wearers with low-frequency hearing thresholds of less than 50 dB HL [4]. Low-frequency sounds have larger wavelengths, so they are trapped inside an occluded ear canal. These low-frequency sounds trapped inside the occluded ear canal are conducted into the bony portion of the ear canal and pass through the air-conduction path or directly stimulate the cochlea housed in the temporal bone via the vibration of the skull during speaking [8]. Hence, hearing aid wearers who experience the occlusion effect often describe their voice as hollow, booming, akin to speaking in a drum or a tunnel, and/or echo [9]. According to a previous literature review [10], most hearing aid users often complain about the unnatural sound quality of their voice and the presence of other vegetative sounds, such as chewing and swallowing. In one study, researchers reported that only 70% of hearing aid users were satisfied with the sound quality of their voices, and others reported discomfort with respect to wearing hearing aids due to the sound quality of their voices [11].



Researchers have demonstrated the disparities in the occlusion effect between different vowels. A lower-level occlusion effect was noted for the open vowel /a/. However, the retracted vowel /i/ and puckered /u/ vowel were associated with more significant occlusion effects. The vibrations produced in the jaw are relatively weak for open vowels like /a/ but intense for closed vowels such as /i/ and /u/ [6]. This difference is caused by the high back pressure created during vocalization; that is, the increased ear canal sound pressure level (SPL) during the occlusion effect was relatively more intense for /i/ (142 dB SPL) and /u/ (138 dB SPL) compared to /a/ (116 dB SPL) [6]. These differences in the occlusion effect can also be attributed to the differences in the formant frequencies between these three vowels. The first formant frequency variation is principally related to tongue height during vowel articulation [12,13,14]. The first formant frequency is relatively lower for the high vowels /i/ and /u/ than for the low vowel /a/ [15]; therefore, the lower formant frequencies of the vowels/i/ and /u/ can contribute to higher occlusion effects for these vowels compared to the vowel /a/. Authors have investigated the occlusion effect among adults using the vowels /e/ and /i/ and revealed that the maximum occlusion effect was 19.10 dB for the vowel /i/ [16].



Only a few studies measuring the occlusion effect among infants have been conducted. Researchers have reported the absence of an occlusion effect among infants younger than six months due to their smaller ear volume and shorter ear canal length. This difference is related to the increased low-frequency sound pressure when the ear canal is occluded [17]. A recent review reported that infants had lower middle ear compliance and higher middle ear resistance than adults, and they had much less power transfer into the middle ear when their ears were occluded. Further, an infant’s compliant ear canal wall may absorb low-frequency energy trapped in the occluded ear; thus, there is no net increase in energy to stimulate the cochlea [18]. All these factors might result in infants experiencing a less potent occlusion effect.



The occlusion effect is well understood among adults and infants. However, there is a great need to determine an effective vowel stimulus with which to assess the occlusion effect among children. On the other hand, vocal tract length has been considered the second largest source of formant frequency variability [19]. The relationship between the length of the vocal tract and the position of the formant or the formant frequencies has been well established. Longer vocal tracts are associated with lower formant frequencies, and shorter vocal tracts are associated with higher formant frequencies [14,20]. Therefore, children generally have a shorter vocal tract, with higher formant frequencies, whereas adults have comparatively longer vocal tracts and present lower formant frequencies than children [14]. Thus, it can be hypothesized that the occlusion effect for children might differ from that experienced by adults.



Therefore, the present study aimed to determine an effective vowel stimulus with which to assess the occlusion effect among children. The objectives of the present study were (a) to compare the sound pressure levels between children and adults with normal hearing at low frequencies (200 to 1000 Hz in steps of 100 Hz) generated in the ear canal with an otoblock condition when vowels are produced with normal vocal exertion (at 65 dB SPL intensity), (b) to compare the first formant frequencies (F1) between children and adults with normal hearing using the stimulus waveform captured in the ear canal with an otoblock condition when vowels are produced with a normal level of vocal effort, and (c) to ascertain the best stimulus (vowel) for producing an occlusion effect using a paired comparison method among both children and adults with normal hearing.




2. Materials and Methods


A repeated measures research design was utilized to investigate the best stimulus with which to measure the occlusion effect among children and adults with normal hearing.



2.1. Participants


Two groups of participants were included in the study. Group 1 included ten children with normal hearing sensitivity between five and nine years of age (mean age = 7.6 years and SD = 1.37). Group 2 comprised ten adult participants with normal hearing sensitivity (mean age = 19.5 years and SD = 3.43). All the participants had ear canals free from debris, foreign bodies, and ear wax. All the participants had normal middle ear statuses and were native speakers of Kannada. The study did not include participants with a physical deformity of the ear.




2.2. Experiment 1—Measuring the Sound Pressure Level and First Formant Frequency of Vowels


2.2.1. Instrumentation


A block diagram of the instruments used to record the sound pressure levels and the first formant frequencies of vowels is displayed in Figure 1. A hearing aid analyzer was used to record the sound pressure level from 200 to 1500 Hz in steps of 100 Hz in each participant’s ear canal. A probe microphone of the hearing aid analyzer (Trumpet, Inventis, Titusville, FL, USA) was inserted into each participant’s ear canal without causing discomfort for the participant. The probe microphone was calibrated. The stimulus in the hearing aid analyzer was set as none, and the reference microphone was deactivated. Further, the speech trainer’s microphone was positioned 12 cm away from the participant’s lips, and the speech trainer’s insert receiver (ER-3A) was placed in the participant’s ear canal to allow us to hear their voice and thus assess the occlusion effect. The output of the hearing aid analyzer was connected to a personal system with the Praat software (version 6.0.21) installed to record the vowels in ‘.wav’ format.




2.2.2. Procedure


Each participant was instructed to vocalize the vowel /a/ with normal vocal effort and an open mouth approach, while the speech trainer’s microphone was placed 12 cm away from the lips of the participant. An SLM was placed one meter from the participant’s position to monitor the intensity level at 65 dB SPL. The output of the speech trainer was delivered through an insert receiver, ER-3A, placed in the participant’s ear canal to listen to their voice. In addition, the probe microphone of the hearing aid analyzer was inserted into the participant’s ear canal to record vowel spectra. Further, the output of the hearing aid analyzer connected to the personal system running Praat software recorded the vowel in ‘.wav’ format. A similar procedure was performed to record the other analyzed vowels (/i/ and /u/).



Analysis: The sound pressure levels at frequencies between 200 and 1000 Hz, in steps of 100 Hz, were noted down from the hearing aid analyzer. . Further, the vowels recorded in the children’s and adult’s ear canals were saved in ‘.wav’ format and imported into the Praat software. The stable part of the vocalized vowel /a/ was selected, and then by choosing the ‘formant frequency’ option, the first formant frequency (F1) of the vowel /a/ was noted in Hz. A similar procedure was performed to extract the first formant frequency for the other analyzed vowels /i/ and /u/.





2.3. Experiment 2—Paired Comparison Method as Used to Determine the Best Vowel with Which to Assess the loudness Reflecting an Occlusion Effect


A paired comparison method was used to determine the optimum stimulus among vowels in terms of producing the occlusion effect. The paired comparison method was used to group the following vowel pairs (/a/ - /i/, /a/ - /u/, and /i/ - /u/). Each study participant was instructed to vocalize each vowel pair ten times using an open-mouth approach. The microphone of the speech trainer was kept at a distance of 12 cm from each participant’s lips [21]. The output of the speech trainer was delivered through the earphone inserted into the participant’s ear canal. The intensity of the articulated vowel was monitored using an SLM placed one meter away from the participant’s mouth. A constant intensity of 65 dB SPL was maintained throughout the vowel articulation process. The intensity in the SLM was displayed to the participant on a monitor to serve as visual feedback. The participant asked to repeat the vowel if the intensity of the vowel was beyond 65 ± 2 dB SPL. Each participant was instructed to report the vowel with the highest loudness between each pair.



Analysis: In some vowel pairs, the first vowel might be louder, while in others, the second vowel might be louder. For illustration, in the vowel pair /i/ and /a/, the first vowel will be relatively louder than the second vowel. However, in the vowel pair /a/ and /u/, the second vowel will be relatively louder than the first vowel. If the participant correctly identified the vowel with higher loudness between /i/ and /a/, a score of one was assigned (e.g., /i/ = 1 and /a/ = 0). As it was a paired alternative forced choice comparison method, both vowels in a vowel pair were never judged to be equally loud by the participants.




2.4. Statistical Analyses


The collected data were analyzed using SPSS software (version 21). MANOVA was performed to determine if there were any significant differences between the groups for each vowel in terms of spectral energy and F1. A similar statistical analysis was performed for each vowel. Repeated measures ANOVA was performed to check for any significant differences in the occlusion effect between vowels in each group.





3. Results


The present study aimed to investigate the best stimulus for measuring the occlusion effect in children and adults with normal hearing. The collected data were analyzed using SPSS software [22].



3.1. Determining the Sound Pressure Level in Each Participant’s Ear Canal


As it can be observed in Figure 2a,b, the results revealed that the sound pressure levels for all three analyzed vowels at most of the frequencies were higher in the children’s ear canals compared to the adults’ ear canals. Therefore, the sound pressure levels were assessed separately for each vowel analyzed.



3.1.1. The Sound Pressure Level of the Vowel /a/ in Participants’ Ear Canals


For the /a/ vowel, higher energy was detected in the children’s ear canals than in those of the adults at each frequency. A MANOVA was performed to determine if there were any significant differences between the groups in terms of spectral energy from 200 to 1000 Hz.



The results revealed a significant difference in the spectral energy of the vowel /a/ between groups from 500 to 1000 Hz in steps of 100 Hz (Table 1). Although the sound energy was higher in children than adults in a frequency range from 200 to 400 Hz, this difference was not statistically significant.




3.1.2. The Sound Pressure Level of the Vowel /i/ in the Participants’ Ear Canals


For the vowel /i/, at each frequency, a higher energy level was found in the children’s ear canals compared to that of the adults. Except for 400 Hz, the results of the MANOVA conducted revealed a significant difference in spectral energy for the vowel /i/ between the groups from 300 to 1000 Hz in steps of 100 Hz (Table 2). Although the sound energy was higher in children than adults in the 200 Hz and 400 Hz frequencies, this difference did not reach significance.




3.1.3. The Sound Pressure Level of the Vowel /u/ in the Participants’ Ear Canals


For the /u/ vowel, higher energy was found in the children’s ear canals than in those of the adults at each frequency. The MANOVA results showed a significant difference in spectral energy for the vowel /u/ between the groups. There was a significant difference between groups pertaining to the vowel /u/ from 300 to 1000 Hz in steps of 100 Hz (Table 3). Although the sound energy was higher in children than adults at a frequency of 200 Hz (100 Hz in step size), this difference did not reach significance.





3.2. Comparison of First Formant Frequencies of Vowels /a/, /i/, and /u/


The vowels recorded in the children’s and adults’ ear canals are displayed in Figure 3a and Figure 3b, respectively. As it can be noted from Figure 3a,b, there were differences in the F1 values of all three of the vowels in question between children and adults. The F1 was higher for children than adults for each vowel (/a/, /i/, and /u/). As can be noted by referring to Table 4, for the children, the F1 value was highest for the vowel /a/, followed by the vowel /u/ and the vowel /i/. A similar pattern was noted with regard to the adults. The MANOVA results revealed a significantly higher F1 frequency among children than adults for the vowel /i/ (F(1,18) = 18.747, p = 0.001). A similar result was seen for the vowel /u/ (F(1,18) = 6.949, p = 0.017). However, there were no significant differences in the F1 frequency between groups regarding the vowel /u/ (F(1,18) = 6.949, p = 0.017).



A paired comparison method was used to find the best vowel with which to measure the occlusion effect in children and adults.



As shown in Figure 4, among the adults, the greatest occlusion effect was observed for the vowel /u/, followed by the vowel /i/ and then the vowel /a/. A repeated measures ANOVA was performed to determine whether there were any significant differences in the perceived effect of occlusion between the vowels /a/, /i/, and /u/ for adults. The results revealed a significant difference in the occlusion effect between vowels (F(2,18) = 10.50, p = 0.001). To determine the vowel for which the occlusion effect was observed, a post hoc Bonferroni test was performed. It was noted that there were no significant differences in the occlusion effect between the vowel pairs /a/ and /i/ (p = 0.923) and /i/ and /u/ (p = 0.058) for adults. However, a significant difference in perceived occlusion was found between the vowel pair and /a/ and /u/ (p = 0.004) for adults.



As can be observed in Figure 5, among children, the most intense occlusion effects were observed in relation to the vowel /i/, followed by the vowel /u/ and then the vowel /a/. The repeated measures ANOVA results revealed that there was a significant difference in the occlusion effect between vowels (F(2,18) = 12.763, p = 0.001). To determine the vowel for which the occlusion effect was observed, a post hoc Bonferroni test was performed. It was noted that there were no significant differences in the occlusion effect between the vowel pair /i/ and /u/ (p = 0.832). However, a significant difference in perceived occlusion was found between the vowel pairs /a/ and /i/ (p = 0.001) and /a/ and /u/ (p = 0.017) for children.





4. Discussion


The present study aimed to determine the best vowel stimulus with which to assess the occlusion effect among children and adults with normal hearing. Sound pressure levels and F1 values were measured for the vowels /a/, /i/, and /u/ in both groups. The paired comparison method was used to find the best vowel with which to measure the occlusion effect among the vowels /a/, /i/, and /u/ in each group.



As revealed via the paired comparison method, adults perceived more loudness when vocalizing the vowel /u/ followed by the vowel /i/. Among the three analyzed vowels, the lowest level of perceived loudness was noted for the vowel /a/. This was probably due to the lower F1 values for the vowels /u/ and /i/. In the present study, the lower mean value of F1 for the vowel /u/ was noted at 371 Hz, with a standard deviation of 150 Hz, while an F1 of 264 Hz with a standard deviation of 50 Hz was noted for the vowel /i/. The present study’s results are in accordance with the findings of Dillon (2012), who demonstrated that the occlusion effect was greatest for the vowels /i/ and /u/ as the first formant frequencies of the vowels /i/ and /u/ were near the maximum occlusion effect frequency, i.e., 300 Hz. This result was also supported by the research of a previous author who reported that the energy produced by the occlusion effect was at low frequencies, with the occlusion effect peak typically occurring in the 200 to 500 Hz range [23].



Furthermore, it was observed that the sound pressure levels for the vowels /i/ and /u/ were higher compared to those of the vowel /a/ in adults. According to the authors of [4], as the vowel /a/ is an open vowel, a reduced SPL is generated in the vocal tract during vocalization, whereas in the case of the closed vowels /i/ and /u/, a higher SPL is generated in the vocal tract during vocalization. The results of the present study support the findings of Dillion [4]. The mean value obtained for the vowel /a/ via the paired comparison method in the present study was 4, with a standard deviation of 5, indicating that the vowel /a/ might not be the best vowel stimulus with which to assess the occlusion effect among adults.



Higher energy was found in the children’s ear canals compared to those of the adults for the vowels /a/, /i/, and /u/ at each frequency. This study’s results are in accordance with the research reports from a previous study, which reported that the sound pressure levels developed in children’s ear canals were greater due to the smaller size of the ear canal in children compared to adults [24]. The F1 value was higher for children than adults for each vowel (/a/, /i/, and /u/). Further, as children have a shorter vocal tract, formant frequencies were comparatively higher among children compared to those observed among adults [14]. For children, the F1 value was highest for the vowel /a/, followed by the vowels /u/ and /i/. The results obtained using the paired comparison method revealed that children perceived the greatest occlusion effect when vocalizing the vowel /i/, followed by /u/ and then the vowel /a/. Among vowels, /i/ and /u/ are high vowels; they tend to have lower first formant frequencies than the vowel /a/, which is a low vowel [12,14]. Therefore, a higher SPL is generated in the vocal tract during the vocalization of the vowels /i/ and /u/ [4,10].




5. Conclusions


This study’s findings suggest that determining the best vowel stimulus can effectively aid the assessment of the occlusion effect in adults and children with normal hearing. The vowel /u/ was the best stimulus with which to assess the occlusion effect among adults. The vowel /i/ was the best stimulus for assessing the occlusion effect among children. Future research may be carried out on children with hearing impairment to determine the best vowel with which to assess the occlusion effect within this cohort, as the first formant frequency for vowels becomes more centralized among children with hearing impairment.
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Figure 1. Block diagram of instruments used to record the vowels and their sound pressure levels in the participants’ ear canals. 
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Figure 2. (a,b) Spectra of vowels /a/, /i/, and /u/ articulated by (a) children and (b) adults (SPL—sound pressure level). 
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Figure 3. (a,b) First formant frequency of vowels articulated by (a) children and (b) adults. 
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Figure 4. The number of times the adults specified that each vowel gave rise to an occlusion effect as assessed using the paired comparison method. 
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Figure 5. Number of times the children specified that each vowel gave rise to an occlusion effect as assessed using the paired comparison method. 
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Table 1. Energy level as a function of frequency with respect to vowel /a/ among children and adults, F values, and the p-values of MANOVA.
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Frequency

	
Children

	
Adults

	
F Value

	
p




	
Mean

	
SD

	
Mean

	
SD






	
200 Hz

	
61.0

	
8.756

	
62.10

	
13.57

	
0.04

	
0.832




	
300 Hz

	
79.10

	
17.717

	
64.50

	
13.58

	
4.27

	
0.053




	
400 Hz

	
66.20

	
14.741

	
61.60

	
16.25

	
0.43

	
0.516




	
500 Hz

	
89.40

	
12.651

	
59.80

	
15.80

	
21.38

	
0.001 ***




	
600 Hz

	
81.0

	
12.667

	
57.50

	
11.73

	
18.52

	
0.001 ***




	
700 Hz

	
74.90

	
11.995

	
55.10

	
10.90

	
14.91

	
0.001 ***




	
800 Hz

	
76.60

	
11.711

	
54.30

	
11.86

	
17.89

	
0.001 ***




	
900 Hz

	
77.80

	
15.215

	
54.20

	
11.97

	
14.86

	
0.001 ***




	
1000 Hz

	
77.40

	
16.311

	
52.60

	
12.38

	
14.66

	
0.001 ***








*** p < 0.001.













 





Table 2. Sound pressure level as a function of frequency with respect to the vowel /i/ among both children and adults, F values, and the p values of MANOVA.






Table 2. Sound pressure level as a function of frequency with respect to the vowel /i/ among both children and adults, F values, and the p values of MANOVA.





	
Frequency

	
Children

	
Adults

	
F Value

	
p




	
Mean

	
SD

	
Mean

	
SD






	
200 Hz

	
57.9

	
18.94

	
67.2

	
16.87

	
1.34

	
0.262




	
300 Hz

	
85.1

	
13.58

	
72

	
9.56

	
6.21

	
0.023 *




	
400 Hz

	
73.7

	
11.5

	
65.3

	
14.31

	
2.09

	
0.165




	
500 Hz