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Abstract

Aim/Background: Individuals deprived of full hearing ability suffer from many problems in their social, professional, and
personal lives. Prolonged hearing deprivation, particularly in children, results in many consequences including loss of control of
one’s voice. Impaired hearing control of the voice leads to dysphonia of different degrees. The aim of this study was to analyse
acoustic voice parameters in hearing-impaired, school-aged children (7-12 years) and the influence of treatment type on voice
quality.

Material and method: The subjects in this study were a group of 83 Polish school children, aged 7-12 years. ENT and phoniatric
examination were performed on each subject prior to inclusion. Acoustic voice analysis was performed for each individual. The
linguistic material was a prolonged [a] vowel. The acoustic analysis was performed with a digital spectrograph KAY 4300B for
multidimensional voice analysis MDVP (Multi-Dimensional Voice Profile). The criterion to include patients in the study group was
a profound prelingual, sensorineural hypoacusis. Within the study group, four subgroups were categorised according to the use of
hearing devices: 20 children without any type of hearing device (HL), 20 children with hearing aids (HA), and 20 children with
cochlear implants (CI). The children using hearing aids and cochlear implants were included in the study 6 months after the hearing
rehabilitation was implemented. The control group (NH) consisted of 23 normal-hearing children, in the same age group, without
any co-existing voice disorders. The statistical level of significance p < 0.05 was used.

Results: The selected, clinically significant voice parameters were analysed for the groups of children in the study.
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Fundamental frequency Fo is an arithmetical average of  performed 6 months after hearing aid use began, showed a slight decrease
fundamental frequency in the analysed sample, excluding voice breaks.  in the average value of FO and a significant decrease in the value after 6
In the group of hearing-impaired children HL, the highest value of  months of cochlear implant use. These changes were statistically

average fundamental frequency was observed (F0). The analysis significant with p < 0.024 (Table 1).
Fundamental Frequency: FO
Group of patients No of Standard deviation Median Geometrical average
with: patients Average [Hz] [Hz] [Hz] [HZz]
Normal hearing 23 217,38 16,86 217,62 216,77 Statistical
Hearing aids 20 281,73 90,2 260,68 270,55 significance
Cochlear implants 20 268,49 66,13 259,04 261,78 p <0,024
Hearing
impairment 20 289,49 91,16 264,47 277,52
Total 83 262,58 75,82 242,96 253,97

Table 1: Average Value of Fundamental Frequency (FO0)
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Individuals who used hearing aids presented with a decrease of FO after 6
months of use, whilst a much greater decrease of FO was observed in
individuals using cochlear implants.

Highest fundamental frequency Fhi describes the highest of all
voice frequencies in a sample. We found that values differed significantly

Copy rights@ Karol Myszel et.al.

(p <0.0002). In hearing-impaired children HL, the highest average value
of Fhi was observed. A significant decrease was noted when compared
with children fit with hearing aids, whilst a significant increase was noted
when compared with children fit with cochlear implants. (Table 2)

between subgroups

Highest Fundamental Frequency: Fhi
Group of patients No of Standard deviation Median Geometrical average
with: patients Average [Hz] [Hz] [Hz] [Hz]
Normal hearing 23 250,21 24,89 249,81 249,02 Statistical
Hearing aids 20 328,19 93,66 298,49 317,27 5'92'(‘;'8%%‘323
Cochlear p=5
implants 20 376,18 126,52 350,69 358,81
Hearing
impairment 20 344,88 126,78 319,01 325,25
Total 83 322,17 109,23 285,96 307,44

Table 2: Average Value of Highest Fundamental Frequency (Fhi)

Flo Lowest fundamental frequency Flo

We observed no significant difference in the measurement of Flo between
the subgroups.

Frequency of FO modulation - Fftr (rate of incidents and
tremor frequency)

In the analysed samples, FO modulating frequencies occurred (tremor
frequencies). The statistical analysis did not show significant changes of
values in respective groups.

Fundamental frequency variability vFO describes short- and
long-term changes in fundamental frequency in a sample, excluding voice
breaks. The examination showed an increased vFO in children within all
groups versus the control group. The significance index was p < 0.002,
which means that the differences amongst the examined groups were
statistically significant. The values observed are shown in Table 3. The
VvFO parameter measured 6 months after hearing aid and cochlear implant
fits did not present with significant changes.

Fundamental Frequency Variability: vFO
Group of patients No of
with: patients Average [%] Standard deviation [%] Median [%]
Normal hearing 23 5.13 10.88 2.15 Statistical
Hearing aids 20 5.52 7.98 3.49 significance
Cochlear implants | 20 8.64 11.44 5.57 p<0,002
Hearing
impairment 20 5.22 3.79 3.76
Total: 83 6.09 9.07 3.49

Table 3: Average Value of Fundamental Frequency variability (vFO)

Number of fundamental frequency periods PER (Pitch
Periods) describes the number of fundamental frequency periods in an
analysed voice sample. Our results showed a significant decrease of PER
in hearing-impaired children versus the control group. The differences

were statistically significant (Table 4). In the HA group, an improvement
of the parameter was observed, whilst in the CI group, the improvement
occurred much faster.

Number of Fundamental Frequency Periods (pitch periods): per
Group of patients No of
with: patients Average Standard deviation Median Geometrical average
Normal hearing 23 1363.96 503.33 1274 1266,58
Statistical
Hearing aids 20 968.05 578.96 874 786,48 significance
p < 0,000005
Cochlear implants 20 1292.35 565.21 1312 1152,69
Hearing
impairment 20 621.3 489.7 361 473,06
Total: 83 1073.62 602.79 1034 871,73

Table 4: Average Value of Number of Fundamental Frequency Periods (PER)
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Absolute jitter (Jitter-Jita) defines absolute changes of FO period
(from period to period) in a voice sample (absolute instability). In our
study, the differences of Jita and % Jitt amongst the groups were not
statistically significant.

Fundamental frequency average change quotient, RAP
(Relative Average Perturbation) describes a relative change of
fundamental frequency in a sample with a smoothing index of 3 periods,
excluding voice breaks. The differences of the quotient amongst all
groups were not statistically significant.

Fundamental frequency period change quotient, PPQ
(Pitch Perturbation Quotient) describes a relative change of
fundamental frequency in a sample with a smoothing index of 5 periods.
The statistical analysis did not show significant changes.

Smoothed Pitch Perturbation Quotient (sPPQ), similarly to
PPQ, did not appear to be significantly different amongst the groups.

Amplitude modulation index (Shimmer Percent; %Shim)
describes the percentage of relative change in amplitude of a signal in a

Copy rights@ Karol Myszel et.al.

sample from period to period. We found that the average values in
respective groups were not statistically significant.

Relative amplitude modulation index (Shim dB; ShdB)
defines short-term changes of peak-to-peak amplitude in a sample. The
statistical analysis of logarithm variables did not depict significant
changes amongst the groups.

Amplitude Perturbation Quotient (APQ) describes short-term
changes of amplitude from period to period with a smoothing index of 11
subsequent periods of laryngeal tone. In our study, we did not find any
significant changes amongst the groups.

Smoothed Amplitude Perturbation Quotient; sAPQ)

Like APQ, the sAPQ parameter describes amplitude peak-to-peak
changes with a smoothing index from 1 to 199 periods. The results
showed a statistical significance. In children aged 7 — 12, a slight decrease
of SAPQ was observed in the HL and HA groups, which indicates short-
term stabilization of amplitude control (Table 5).

Smoothed Amplitude Perturbation Quotient: SAPQ
Group of patients No of Standard
with: patients Average [%] deviation [%] Median [%]
Normal hearing 23 7.05 2.67 6.69
Hearing aids 20 6.07 2.86 5.69 o
Statistical
Cochlear implants 20 9.59 5 9.03 significance
Hearing p <0,02
impairment 20 6.69 2.08 6.76
Total: 83 7.34 351 6.69

Table 5: Average Value of Smoothed Amplitude Perturbation Quotient (SAPQ)

Peak Amplitude Variation (vAM) defines a relative standard
deviation of peak-to-peak amplitude, and short-term peak-to-peak
amplitude changes relative to long-term changes. It reveals every voice
amplitude change regardless of the cause. In our study, the highest

average values of vAm were present in the HL group, and the lowest, in
the control group. The differences were statistically significant, with p <
0.0001 (Table 6).

Peak Amplitude Variation: vAm
Group of patients No of Standard
with: patients Average [%] | deviation [%] Median [%] Geometrical average [%]
Normal hearing 23 14.71 4.84 14.11 14,13
Hearing aids 20 21.02 8.78 20.42 19,58 Statistical
significance
Cochlear implants 20 22.64 10.1 20.14 20,95
Hearing p <0,0001
impairment 20 27.87 14.76 23.78 24,92
Total: 83 21.31 11.02 17.76 19,27

Table 6: Average Value of Peak Amplitude variation (vAm)

Hearing impairment causes an increase of vAm leading to voice
instability and disturbances in amplitude control. Our study showed a
VAm increase in the HL group reaching values almost twice as high as
those in the control group. The use of hearing aids and cochlear implants
significantly lowered vAm values indicating an improvement of patients”
auditory control of voice.

Noise-to-Harmonic Ratio (NHR)

Auctores Publishing — Volume 3(3)-034 www.auctoresonline.org
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This parameter defines an average ratio of non-harmonic energy of the
spectrum in a range of 1.5 — 4.5 kHz to harmonic energy of the spectrum
in a range of 70 Hz to 4.5 kHz. Thus, the ratio describes the presence of
noise in the analysed signal. In our study, NHR was decreased in the HL
and HA groups, whilst a significant increase was noted in the CI group.
The results showed a statistical significance (Table 7).
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Noise to Harmonic Ratio: NHR
Group of patients No of Standard

with: patients Average deviation Median

Normal hearing 23 0.17 0.06 0.15

Hearing aids 20 0.15 0.07 0.13

Cochlear implants 20 0.18 0.07 0.15

Hearing
impairment 20 0.14 0.05 0.13
Total 83 0.16 0.06 0.14

Statistical significance
p <0,02

Table 7: Average Value of Noise to Harmonic Ratio (NHR)

Voice Turbulence Index (VTI)

This index measures a relative level of energy of high-frequency noise. In
our study, no statistical significance was found.

Soft Phonation Index (SPI)

This index defines an average ratio of the energy of harmonic components
of the low-frequency spectrum (70 Hz to1.6 kHz) to harmonic energy of
high-frequency components of the spectrum (1.6 kHz to 4.5 kHz).

In our study SPI was lower in the HA and CI groups, however in the ClI
group the SPI values were higher. The differences between the groups
were significant (p < 0.005) (Table 8).

Soft Phonation Index: SPI
Group of patients No of Standard
with: patients Average deviation Median
Normal hearing 23 9.43 4.22 9.54 _Sta_t;_S“Cﬁ'
. significance
Hearing aids 20 7.37 7.01 5.85 p < 0,005
Cochlear implants 20 4.45 2.82 3.73
Hearing
impairment 20 7.59 4.54 7.1
Total: 83 7.4 5.14 6

Table 8: Average Value of Soft Phonation Index (SPI)

FO Tremor Intensity Index (FTRI), which analyses frequency
tremor, defines the ratio of the frequency of the most intense modulating

component to the total frequency magnitude. The values in respective
groups presented with a statistical significance (Table 9).

FO Tremor Intensity Index: FTRI
Geometrical
Group of Standard average
patients with: | No of patients | Average [%] | deviation [%] Median [%] [%]
Normal hearing 23 0.78 0.39 0.41 0,57 Statistical
significance
Hearing aids 20 1.4 0.74 0.69 1,13 p<0,02
Cochlear
implants 20 1.02 0.9 0.6 1,05
Hearing
impairment 20 1.81 1.37 1.4 1,98
Total: 83 1.27 0.62 0.61 1,04

Table 9: Average Value of FO Tremor Intensity Index

The increase of the index, which almost double compared with the control
group, was noted in the HL group.

In the HA and CI groups, we observed a significant decrease in FTRI,
whilst in the CI group the decrease was greater. This was reflected in an
observed decrease of voice tremor in the patients.

Amplitude Tremor Frequency Index (ATRI) expresses an
average ratio of amplitude of modulation components in the signal (30 Hz
to 400 Hz) to its averaged maximum amplitude. This parameter serves as

Auctores Publishing — Volume 3(3)-034 www.auctoresonline.org
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a measure of discrete tremor of laryngeal tone. In our study, ATRI did not
present with a statistical significance.

Degree of Voice Breaks (DVB) describes voice breaks, (i.e.: the
ratio of the total length of breaks to the total length of the sample). In our
study, the ratio did not present statistically significant changes amongst
the groups for frequency of occurrence of positive DVB values.
Statistically insignificant, were also the differences in frequency of the
occurrence of voice breaks.
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Degree of Sub-Harmonics (DSH) defines the ratio of the number
of subharmonic tones to the number of periods of basic tone in all
segments of the sample. For a healthy voice, the value of DSH should be
equal to zero. In voice disturbances, DSH reaches positive values, which
means that higher harmonic components of laryngeal tone appear, and
they overlap the fundamental frequency. Our study did not reveal
statistically significant changes amongst the groups.

Degree of Voiceless (DUV) describes the number of subharmonic
segments (where FO is not present) in the total sample. In a healthy voice,
the value of DUV should be equal to zero. We did not observe significant
changes amongst the groups.

Discussion

Some reports in the literature describe changes in acoustic voice
parameters in people with hearing impairment. Auditory-voice feedback,
controlled by the central nervous system, is inaccurate due to hearing loss,
and results in a poor control of voice [1-3]. Other researchers have
described the influence of various factors that cause disturbances in voice
parameters. These factors include the onset of the hearing impairment, the
length of time between onset and audiological intervention, and the type
of rehabilitation. We can conclude from the literature that hearing
impairment most commonly causes changes in frequency parameters (FO,
VFO, jitter, %jitter), presence of noise components (NHR, SPI), and voice
tremor (ATRI, FTRI). The changes occur as a result of incoordination
between laryngeal muscles and disfunction of respiratory tract
aerodynamics [6-11].

One of the most significant parameters in describing voice conditions is
fundamental frequency (F0). According to various authors, the average
fundamental frequency in children is 250-275 Hz. However, because this
changes as a function of a child’s growth, its analysis requires reference
to studies reflecting its developmental variability [12-13]. Giusti, et al.
performed a study to examine the influence of deafness on patients’
voices. They examined 64 patients with prelingual deafness, aged 6-13
years [14]. They observed a significant increase of fundamental frequency
(average value 435 Hz) and the deterioration of voice quality as assessed
perceptually in 90% of patients. Significant variability of fundamental
frequency was also noted, approximating 13 semitones. The voice was
described as tense, strained, less melodic, and guttural. These
observations were confirmed by the studies of Das, et al., who observed
irregular cramps of the glottis resulting in a lack of control of vocal fold
tension and subglottic pressure, negatively affecting voice quality [15].

According to some researchers, disturbed tension of internal laryngeal
muscles underline an increased fundamental frequency FO and its
variability (vF0) as well as the disturbances of other acoustic voice
parameters. Pruszewicz, et al. observed the highest variability of
fundamental frequency from cycle to cycle and the greatest lack of control
for amplitude and frequency in children with congenital deafness [16].
Szkietkowska, et al. examined the values of fundamental frequency in a
group of 165 children, aged 2 months to 12 years, divided into four
subgroups according to age. In all subgroups of deaf children, excluding
the youngest, 212 months, a significantly higher fundamental frequency
FO was observed when compared with the control group. The most
noticeable differences occurred in children aged 1-3 years and 7-12 years
[17]. The researchers observed the most crucial changes of fundamental
frequency in deaf children compared with the control group in the age
range of 1-3 years. After this age, as both hearing and hearing-impaired
children grow, average values of FO decrease gradually. In our study, in
the HL subgroup of hearing-impaired children, the highest average
fundamental frequency was observed (289.49 Hz). The study conducted
six months after hearing aids had been fitted (HA group) showed that the
average fundamental frequency was slightly lower, whilst a significant
decrease was noted in children with cochlear implants (CI group). Similar

Auctores Publishing — Volume 3(3)-034 www.auctoresonline.org
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observations were made by Delgado-Pinheiro, et al. [18], who compared
acoustic voice parameters in hearing-impaired children, aged 3-18 years,
to their normally hearing peers. The results showed a gradual decrease of
the average fundamental frequency, similar to other researchers’
observations. The research of Delgado-Pinheiro, et al. revealed
statistically significant differences in hearing-impaired people versus the
control group for vFO (variability of fundamental frequency) and vAm
(variability of amplitude). The average values of both parameters were
lower in hearing-impaired children. This indicates voice instability, which
was also reflected in a voice perception assessment. In profoundly
hearing-impaired people, greater voice irregularity and nasalence were
present.

The results of our study also illustrate significant differences in vFo and
vAm values in hearing-impaired children compared with their normally
hearing peers. The values of these parameters were significantly higher in
hearing-impaired children compared with the control group. The decrease
of FO as a function of age can be explained by growth, longer length of
time of exposure to sounds, and anatomical differences in the structure of
the larynx and vocal tract. Audiological intervention, either with the use
of a hearing aid or cochlear implant, plays a crucial role in the
normalization of the above parameters [19- 28]. The results of our study
show a convergence with other researchers” studies performed with other
age groups. The studies show a general agreement that a cochlear implant,
as a modern auditory prosthesis, is a much more effective tool, than a
traditional hearing aid, to improve the acoustic control of voice in hearing-
impaired children.

Conclusions

A long-term hearing deprivation, regardless of the level of hearing
impairment, disturbs the acoustic structure of voice in children. As our
research shows, the most significant changes include fundamental
frequency (FO), highest fundamental frequency (Fhi), variability of
fundamental frequency (vF0), number of periods of fundamental
frequency (PER), amplitude perturbation quotient (SAPQ), variability of
amplitude (vAm), noise to harmonic ratio (NHR), soft phonation index
(SPI), and frequency tremor index (FTRI). As a result, patients with a
profound level of hearing impairment develop long-term problems in the
control of voice frequency and amplitude. Acoustic analysis confirmed
that the use of hearing rehabilitative devices significantly improves the
majority of acoustic voice parameters. The improvement of acoustic voice
parameters reflects improved auditory control of voice frequency and
amplitude, and a decrease in noise components and voice tremor.
Significantly better voice results we observed in children who have
cochlear implants.
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