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Acoustic Analysis of Crying Signal in Infants with Disabling
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Summary: Objective. Crying is a multimodal, dynamic behavior and the first way to communicate. Early
identification of hearing impairment is critical for prevention of speech and language disorders. The present study
aimed to assess the acoustic features of infant's cry signals to find possible differences between two groups includ-
ing hearing-impaired (HI) infants and normal hearing (NH) control.

Methods. The data were collected from 34 (17 HI, 17 NH) infants under 2 months of age. Recording of the
infant cry signals was collected during the examination of the Babinski reflex and was subsequently submitted for
acoustic analysis. The total duration of the recording for each infant was approximately 30 seconds. The acousti-
cal features included fundamental frequency (F,), formants (F;, F,, and F5), intensity, jitter, shimmer, ratios of
F,/F; and F3/F, ratio of harmonic to noise, and voice break. The recording device was an Olympus ws-321M
voice recorder with 44,100 Hz sampling frequency in the stereo form. Praat analysis software (version 27, 3, 5)
was used to analyze the crying signals. The data were then statistically analyzed using SPSS version 21.

Results. Acoustic analysis of the crying signals showed that HI infants have lower intensity and higher F, and
voice break than NH infants. However, the other differences were not statistically significant.

Conclusion. The results of the present study demonstrated that the acoustic components including F,, intensity,
and voice break may be used as indices to discriminate HI infants from NH infants under 2 months of age. These
findings can be increased our knowledge concerning the functional mechanisms of the vocal organ in HI and NH

infants.
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INTRODUCTION
Bilateral and permanent hearing impairment is estimated to
be between 1.2 and 5.7 per 1000 live births." This rate is
reported to be 3 per 1000 among Iranian infants.” Approxi-
mately half a billion people affected by disabling hearing
impairment which makes up about 6.8% of the world's pop-
ulation. These numbers are substantially very high and
point to the growing importance of hearing impairment and
global hearing health care.” The typical consequences of
this condition include significant delays in language devel-
opment and academic achievement,' because the brain of
hearing-impaired (HI) infants does not receive any auditory
feedback from the speech organ. Assessment of hearing in
children and early identification of hearing impairment
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have been considered crucial because early diagnosis of
hearing impairment results in better outcomes in speech,
language development, and educational achievement.”

Studies show if the auditory feedback is missing, the cre-
ated sound by HI individuals may be acoustically different
from the normal hearing (NH) individuals,” so the analysis
of sounds is an objective method for evaluating the baby's
hearing without his/her cooperation. Due to the limitations
in other methods, an analysis of infants’ sounds and vocal-
izations seems to be an alternative method for assessing
children's hearing.

Vocalization and crying are two types of sounds pro-
duced by infants. Studies of infant vocalizations have shown
that vocalizations develop in an ordered sequence of stages
between birth and the first words. Regardless of the linguis-
tic community in which words are learned, babies begin by
communicative crying, cooing, and then producing redupli-
cated consonant-vowel (CV) syllables, also known as
canonical babbling, and then nonreduplicated CV, also
known as variegated babbling with sentence-like intona-
tional patterns. Then they express first pseudo-words, single
syllable words, and multisyllabic words.*®’ As the vocabu-
lary grows, the frequency of babbling declines until the age
of around 18-20 months, when it ceases completely. Some
researchers have reported strong similarities in the babbling
of NH and HI infants, while others have reported the oppo-
site.* For example, Eilers and Oller,® Moeller et al,” and
Schramm et al'’ reported that HI infants are significantly
delayed at the onset of canonical babbling. Stoel-Gammon
and Otomo” reported HI infants as a group who produced a
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lower proportion of CV strings with true consonants prior
to month 18. Therefore, the timetable and the nature of
babbling in HI infant are not yet well understood.

Vocalization in infants up to 12 months of age has
been shown to be dependent on auditory feedback.'':'”
But on the one hand, unlike crying, vocalization such as
cooing and babbling does not exist in the first days of
birth and it is crucial to detect the hearing impairment
in the first days of birth, and on the other hand, there
are contradictory opinions about the difference in vocali-
zation between the two groups. As a result, we will study
the differences in crying between the two groups in this
study.

Crying signals are important to be considered by
researchers because crying is the primary method of
communication and the acoustic analysis of the pro-
duced sound in crying is an index of function of the
whole auditory system. Production of sounds is a direct
result of the laryngeal function shaped by the resonating
cavities including the oral cavity.*'® Moller and
Schonweiler'' identified longer cry durations and more
complex melody contours in infants with HI in compari-
son to NH infants. Jones found a higher fundamental
frequency (F,) in HI infants compared to NH infants.'
Wermke et al'” found a lower amount of acoustic energy
with higher harmonics in HI infants. Moller and
Schonweiler'' reported that cries of HI infants have less
energy in the upper frequency bands and the second for-
mant (F,) is lower in HI infants than NH infants. In
addition, cries of HI infants are longer than their NH
counterparts. Melodic analyses indicated a higher com-
plexity of cries for HI infants than NH infants.'' There-
fore, it seems that the characteristics of HI infant cries
are different from those of NH infants and might be
used as a criterion for an early diagnosis of hearing
impairment. The aim of previous studies was to use
infant cries as a diagnostic tool for certain diseases.

Although the existing strategies of newborn hearing
screening have a high reliability, the author's research
team finds it essential to try to work out a new, cheaper,
simple and reliable screening method, which would give
a new potential approach to the early detection of hear-
ing impairment. Regarding to Wermke et al,'” an

TABLE 1.

analysis of the acoustic parameters of infant cries might
offer a noninvasive tool for the assessment of vocal pro-
ductions. Accordingly we were targeted to create a new
hearing screening tool which be able to analysis infant's
crying signals based on acoustical features of infant's
cry. The purpose of the present study was therefore to
investigate a comparison of the various acoustic charac-
teristics of cry signals between HI and NH infants
group. To our knowledge, few studies have been per-
formed to investigate acoustical features of HI infant
cries in literatures yet. The findings of this investigation
create a new horizon to present a new hearing screening
method based on the acoustic differences between the
cries of normal infants and HI infants in the future.

MATERIALS AND METHOD

Subjects

In total, the data were collected from 34 full-term infants
including 17 (8 girls and 9 boys) HI infants (M =1.76
month, standard deviation =4 0.66) with mean birth
weight of 2319.21 + 334 g and 17 (8 girls and 9 boys) NH
infants (M = 1.34 month, standard deviation = +0.54) with
mean birth weight of 2761.21 + 435 g as a control group
enrolled in the study who referred to the ENT and Head
and Neck Research Center of Rasoul-e-Akram Hospital
(Tehran, Iran) from July 2015 to May 2016. We included
only babies who had severe to profound hearing
impairment confirmed by the auditory brain stem responses
(ABR) and the distortion product otoacoustic emission
(DPOAE) tests. The recordings were made in three hospi-
tals of Iran University of Medical Sciences, Tehran, Iran.
None of the subjects had a history of anatomical abnormali-
ties or observational neurological illness according to the
examiner's observations and parental reports. None of them
had preterm births. The results of otoacoustic emission
(OAE) and ABR diagnostic tests were summarized in two
groups of the HI and the NH control infants (for details see
Table 1).

The parents were given a written consent form. The study
was approved by the Ethical Committee of the ENT and
Head & Neck Research Center, Iran University of Medical
Sciences, Tehran, Iran.

Mean Values and Standard Deviations for Auditory Diagnostic Tests in Two Groups of the Hl and NH Infants

Hearing results

Hl infant (N=17) NH infant (N=17)

Mean SD Mean SD
Click ABR estimated threshold (dB nHL) Left ear No response - 22.05 3.09
Right ear No response - 21.47 2.34
Tone burst ABR at 500 Hz estimated threshold (dB nHL) Left ear No response - 25.88 1.96
Right ear No response - 26.17 2.18
DPOAE (dB) Left ear No response - 15.23 4.67
Right ear No response - 17.11 4.24

Abbreviations: dB nHL, dB for normal hearing level; SD, standard deviation.
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Acoustic analyses procedures

The baby was placed in the mother's arms. The distance
between the microphone and the mouth of the infant was
20 cm. None of the infants were hungry or felt sleepy during
the recording. The infant cries were collected during the
examination of the Babinski reflex. For the appearance of
the reflex, the lateral side of the sole of the foot was stimu-
lated by a blunt instrument.

The recording device was an Olympus ws-321M voice
recorder with 44,100 Hz sampling frequency in the stereo
form. Finally, all the recorded sounds were saved onto a
personal computer as separate wave (.wav) files. The overall
duration of the recordings was approximately 30 seconds
for each infant. All the sound recordings were made in a
quiet and sound-proof room in the hospital.

The author used Praat analysis software (version 27, 3, 5)
for all the crying analysis steps. Praat analysis software inves-
tigated the sound signals based on the cries, which were shown
as a sequence of segments repeatedly. We used the broadband
analysis and the linear predictive coding to convert the acous-
tic waves to spectral data. These methods are excellent to view
the temporal structure of the sounds and to see the vowel for-
mants.'® First, the whole cry signal was separated to the cry-
ing segments because preprocessing is necessary to eliminate
the technical defects of the recording (eg, silence, background
noise, and coughing) and to find the important sections of the
crying signal. Each segment of crying has a start point and an
end point. For detecting the vocal signals, we used the method
applied by Zhang et al.'” Their technique is based on observ-
ing the spectrum of the crying signal in certain times. If har-
monic spectral components are found, the investigated signal
is a part of a cry segment. For this purpose, we asked three
speech and language pathologists to observe and listen to the
crying signals, and to separate the critical segments of the cry-
ing signals based on Zhang's idea. Five to six cries were gath-
ered from each infant, which summed up to 187 cries: 85 cries
from the healthy infants and 102 from the HI group. Second,
the acoustic features of the selected segments were extracted
including the spectrum, F, intensity, jitter, shimmer, formants
(Fy, F», and F3), ratios of F»/F; and F3/F;, ratio of noise to
harmonic and harmonic to noise (HNR), and voice break.

16

Hearing assessment procedures

We did not include any baby with abnormal initial OAE
and then normal ABR or vice versa. As we already men-
tioned, the aim of current study was assessed the acoustic
characteristics of infant crying signals to find possible differ-
ences between two groups including HI infants and NH
controls. In this regard, we included only babies with severe
to profound hearing impairment confirmed by the ABR
and the DPOAE:s tests. ABR and DPOAE were adminis-
tered to confirm the hearing impaired in the group of HI
infants as well as the NH status in the NH control group.
The stimuli for ABR and DPOAEs were generated using
Bio-logic Navigator Pro electrophysiological system (Bio-
logic Systems Corp., a Natus Company, Mundelein, IL).

The ABR test was measured in response to a click, and for
wave V in response to a 500 Hz tone burst. The infants were
laid on a bed in an acoustically and electrically shielded
room. The responses were recorded with a vertical montage
of four-disk Ag-AgCl electrodes (noninverting on the vertex
[Cz], grounded on the forehead, and inverting the electrodes
on each mastoid). Contact impedance indicators for the
disk electrodes were less than 2 k), which was maintained
at a level lower than 5 kQ).

We applied sweep tones in frequency over a (2f;-f,) range
of 500—4000 Hz for DPOAE:s that enhance response levels
(eg, Li-L, =0 dB; f5/f; =1.22; L;, L, =70, 70 dB of sound
pressure level [dB SPL]). The special infant probe assembly
was employed. The data were screened to include a minimal
signal-to-noise ratio of 3 dB before the analyses. Data
points with the noise floor of above 0 dB SPL were also
rejected. The responses greater than 6 dB SPL above the
background noise (signal-to-noise ratio) at four frequencies
(0.5, 1, 2, and 4 kHz) were regarded as sounds regarded
within a healthy (ie, normal hearing and functioning)
cochlea.

Statistical analyses

The Kolmogorov—Smirnov test was performed to investi-
gate the normal distribution of the samples. The distribu-
tion of the samples was normal. Descriptive statistics were
used to explain the results of auditory diagnostic tests and
the demographics of the population-gestational age, birth
weight, gender stratification in two groups of HI and NH
infants. An independent sample ¢ test was used to compare
the different variables in the two-matched groups (NH
infants and HI infants). Results with P < 0.05 were declared
significant.

RESULTS

The results of the DPOAE and ABR tests are reported in
Table 1. Absolute latencies were measured for waves I, 111,
and V at 80, 60, 40, and 25 dB for normal hearing level in
response to a click and for wave V at 80, 60, 40, and 25 dB
for normal hearing level in response to a 500 Hz tone burst.

Table 2 summarizes the results of the ¢ test comparisons,
with significant differences highlighted. The mean value of
Fy in the HI infants was higher in comparison to the NH
infants and the differences in F was statistically significant
(t23.7 = —0.289, P = 0.000). The mean value of F; in the HI
infants was lower compared to the NH infants, but the dif-
ferences between the two groups were not statistically signif-
icant (#35p =1.698, P =0.09). Moreover, the mean value of
the F,/F, ratio was lower in the HI infants than in the NH
infants but the differences were not statistically significant
(t3p = —1.373, P=0.17). The mean value of intensity was
lower in the HI infants than in the NH infants and the dif-
ferences of intensity were statistically significant
(t3p=2.555, P = 0.01). Moreover, it was found that the
mean value of HNR was lower in HI infants than in NH
infants but the difference was not statistically significant
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TABLE 2.

Results of Independent Sample t Tests and the Means and Standard Deviations (in the Brackets) of Acoustic Features in

NH Infants and HI Infant Cries

Acoustic features NH infants Hl infants tvalue Pvalue
Mean (SD) Mean (SD)

Fo, Hz 348.67 (51.84) 388.86 (2.6) —2.849 0.00
Fi, Hz 1086.33 (127.55) 1002.67 (158.16) 1.698 0.09
F,, Hz 2033.84 (289.04) 2014.46 (270.82) 0.202 0.84
F3, Hz 2941.65 (537.15) 2827.02 (303.76) 0.766 0.44
F./F4, Hz 1.88 (0.30) 2.03(0.32) -1.373 0.17
Fa/F;, Hz 2.72 (0.61) 2.86 (0.43) —-0.774 0.44
Intensity, dB 82.49 (3.22) 79.34 (3.91) 2.555 0.01
Shimmer, % 5.68 (3.18) 5.96 (2.53) —0.282 0.78
Jitter, % 0.89 (1.10) 0.89 (0.73) 0.013 0.98
Voice break 0.64 (0.93) 2.23(2.30) —2.633 0.01
HNR mean, Hz 14.05 (4.70) 13.10 (4.28) 0.615 0.54
Duration, s 2.34(1.17) 1.87 (0.72) 1.383 0.17

Abbreviation: SD, standard deviation.

(t32=10.615, P=0.54). Compared to the NH infants, the
mean value of the voice breaks was higher in the HI infants
and the differences of the voice breaks were statistically sig-
nificant (3, = —2.633, P=0.01). The mean value of the
duration of one signal of crying was lower in the HI infants
than in the NH infants but these differences were not statis-
tically significant (z3, = 1.383, P =0.17).

The overall duration of the recordings for each infant was
approximately 30 seconds. A selected crying signal (about 6
seconds out of 30 seconds) is presented in Figure | as a sam-
ple, which shows the waveform and the spectrograph of the
crying signal (about 6 seconds) in an NH infant and an HI
infant with 28 days of age. Also, one segment of the selected
crying signal (one crying signal) in the two groups is pre-
sented in Figure 1. The figure shows that the number of sig-
nals in the HI infant during the 6 seconds recording of the
crying signal was higher than in the NH infant and the total
duration of the one crying signal in the HI infant was
shorter than in the NH infant.

DISCUSSION
In general, the results of the present study on infant crying
have demonstrated that some of the acoustic features
including F, intensity, and voice break were statistically
different between the NH infants and HI infants. These can
be used as a suitable acoustic measure to investigate sound
production characteristics and conditions of potential lan-
guage developmental risks during infancy. The findings of
the present study can be utilized to define the important
acoustic components in differentiating between HI infants
and NH infants. We believe that by developing a diagnostic
tool, we will create new possibilities for infants who suffer
from birth defects or undetectable diseases, develop a faster
treatment, and protect them from health threats. Moreover,
future efforts to evaluate the crying differences between

normal infants and other infants with various disorders
especially congenital HI may be a worthwhile enterprise.

In the current study, the specification of voice break data
revealed significant differences in the crying signal of the
two groups. Voice break is referred to as the sudden and
unintended changes in the pitch and the quality of voice.'®
The mean voice break was higher in the HI infants than in
the NH infants. The HI population has excessive effortful
vocalization because the auditory feedback is missing. Con-
sequently, the tension of the larynx in the HI infants was
higher in comparison to the NH infants and probably the
increase of tension results in an increase in the voice
break."”

The other objective of our study was to determine the dif-
ference between F in the crying signal of the two groups of
infants. We found that the HI infants had a significantly
greater mean F, than the NH infants. The fundamental fre-
quency is vibration of the vocal folds.”’ Hamzavi et al,”'
Wermke et al,'” and Etz et al'”> showed the mean F, is
greater in HI individuals than NH individuals. Varallyay
and Beny¢ et al’” reported the same results. Laryngeal mus-
cle tension/contraction contributes to controlling Fo.”* As
already mentioned, the tension of the laryngeal muscle in
the HI infants was higher in comparison to the NH infants
and probably the increase of tension results in an increase in
Fo."” Also, the auditory feedback has an important role in
controlling F,. Lack of auditory feedback in profound HI
babies can probably influence on greater F, in HI infants
compared to NH infants.”*

Another finding of the present study showed that the
mean intensity of the crying signals in HI infants was signifi-
cantly lower in comparison to the NH infants. It seems that
the auditory feedback is one of the important factors in con-
trolling loudness.”” The brain of the HI population does not
have any auditory feedback. It seems that these infants usu-
ally use the proprioceptive sensory to precept their
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FIGURE 1. A. Selected crying signal from an NH infant at 28 days of age. The waveform was shown at the top and the spectrogram was
shown at the bottom. B. Selected crying signal concerning an HI infant at 28 days of age. The crying signal was broken more in the HI infant
than in the NH infant. The number of crying signals increased in the HI infant during the 6 seconds of crying. C. The one crying signal in the
NH infant. The waveform was shown at the top and the spectrogram at the bottom. D. The one crying signal in the HI infant. The duration

of the one crying signal was shorter in the HI infant than the NH infant.

vocalization. This probably results in additional activation
and tension in the larynx. The tension of the larynx can
result in an increase in the subglottic pressure and a decrease
in the airflow in the vocal tract.”® As a consequence, it is
expected that the intensity of crying be lower in HI infants.
The results were in line with Etz et al's'” study in which the
intensity significantly decreased in HI infants compared to
NH and cleft palate infants.

Another finding in our study showed that the mean value
of F; and F, was smaller in the HI infants but the difference
between NH infants and HI infants was not statistically sig-
nificant. The structure of formants (F;, F,, and F3) is the

most important physical property of vowels since the qual-
ity of a vowel depends on these formants.”” F, is related to
tongue height, F, is related to tongue backing, and Fj is
related to lip spreading.”®*’ Consistent with our study, Nic-
olaidis et al’’ reported smaller values for F; and Etz et al'”
found smaller values for F, in HI infants. Development of
vowels usually occur between 0 and 6 months after birth;”'
however, the samples of this study were in the age range of
0—2 months. Therefore, F; and F, features may indicate
greater changes after the age of 2 months especially in the
HI infants. Also, the small sample size probably influenced
our nonsignificant results.
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Additionally, the index of HNR was lower in the HI
infants than in NH infants. Nevertheless, the difference was
not statistically significant between the two groups. The
ratio is a measure of harmonic energy to noise energy in the
signal and an objective and quantitative index to evaluate
the degree of hoarseness and harsh voice quality. If the
degree of the judged hoarseness increases, there will be
more and more noise; therefore, HNR will decrease.’”””
Other features that can be used to evaluate the hoarseness
include measurements of voice frequency (jitter) and ampli-
tude (shimmer) perturbation. When jitter increases, the
noise can be enhanced and then the harmonic index
reduces.” The higher F, is associated with the higher jitter.
In the present study, the increase of Fy in the HI infants did
not result in any change in the jitter and the shimmer meas-
urements. As a result, it seems that the collection of the
acoustic features such as HNR, jitter, and shimmer are
determinative of the degree of hoarseness. In agreement
with our study, Etz et al'” found higher mean values for
microvariability of vocal fold functions (especially shimmer)
in HI infants compared to NH infants. However, more
investigations are needed to be carried out on the hoarseness
of crying in HI infants with a larger sample size.

The investigation of cry duration in the two groups dem-
onstrated a shorter duration for the HI infants compared to
the NH infants. Nonetheless, the result was not statistically
significant. These findings were inconsistent with the results
of Mbller and Schonweiler'' and Etz and et al.'” They
reported a longer duration of crying in HI infants than NH
infants. Perhaps, the reason was that instead of investigating
the whole cry signal, we investigated the duration of a cry
segment in the two groups of infants in our study.

The whole auditory system is involved during the crying
baby to control the quality of the produced voice. In this
way the acoustic analysis of crying signals produced by an
infant can be useful to check the function of auditory system
integrity. Also, the volume, the pitch, and the tone color is
changing during baby's cry. The logic of the current study
was based on the question whether or not a sample of a
baby's cry signal can reflect of congenital hearing
impairment. We also intended to know that whether or not
infant voice analysis test can be used for primary health
care system purposes. So, further investigations with a large
sample size should be determined to consider validity of the
test as a screening tool. These voice signals will be analyzed
by a specific voice analyzer software to compare the results.
We are looking for a sensitive and specific screening method
using signal processing knowledge and analysis of such sig-
nals through the preprocessing, feature extraction, classifi-
cation, and design of proper user medium. This idea has
been sought to implement our suggested system in the new-
born hearing screening. The authors of this study emphasis
to performed other studies to clarify the role of congenital
hearing impairment degrees (mild, moderate, severe, and
profound hearing impairments) and the types of hearing
impairment on cry voices. The characteristics of crying sig-
nal for each infant will be compared with the crying signal

characteristics of normal infants of the same age group.
Therefore the infants will be classified into two groups of
pass (normal) or refer (need to more diagnostic tests).

However, according to the present results the analysis of the
infant's cry characteristics can get potentially valuable infor-
mation to early identify deafness before 1 month yields. The
information from this study is not sufficient for using crying
as a screening tool. There is a critical concern regarding the
sensitivity and specificity of the cry analysis test as well as
overall reproducibility of the test, particularly in primary care
settings. If the sensitivity and specificity would be acceptable
then we would be able to implement in a large population of
infants. Since acoustic analysis of crying signal in newborns
and infants is easily performed, so this test can be potentially
considered as a newborn hearing screening instead or com-
bined with OAE/ABR screening tests. In screening approach,
all neonates would be classified as "pass" for normal or "refer"
for the case has some probity of abnormality to arrange more
clinical diagnostic considerations.

Our data suggest that the characteristics of F, intensity,
and voice break may be the most important acoustic fea-
tures to demonstrate the difference between the crying of HI
and NH infants younger than 2 months. Nonetheless, other
factors such as F»/F;, F;, and HNR can also be important
to separate HI infants and NH infants. Previous studies did
not investigate all of these factors. Therefore, the neuro-
physiological bases of infant crying still remain unknown.
Further research is needed to demonstrate the effects of
these acoustic features especially in infants older than two
months old, because the morphology and the histology of
vocal folds may change anatomically and functionally dur-
ing the maturation period, especially in the respiratory and
neurophysiological control mechanisms.***’

CONCLUSIONS
According to the results of this study, it seems that some cry
acoustical features of infants including F,, intensity, and
voice break are different between the two groups of HI and
NH infants. These cry acoustical features may be utilized to
a developed tool for early identification of hearing impair-
ments among infants. A logical continuation of this study is
to include larger infant HI populations with different hear-
ing statuses, including normal, mild, moderate, and severe
hearing impairment. All of the infants in this study had
severe to profound hearing impairments approved by physi-
ologic and electrophysiological tests. Therefore, these sub-
jects represent the severe to profound hearing impairment
population, which constitutes a fraction of hearing
impairment. The correlation between hearing thresholds
and the observed cry signal alterations suggests that future
studies should examine the effect of congenital hearing
impairment on crying signals. Also further studies should
be conducted in primary care settings to explore the influ-
ence of components of the testing procedure to optimize test
sensitivity and to promote standardization of the testing
procedure. Besides, it is necessary to investigate the acoustic
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characteristics of crying in the different age groups of
infants from 0 month to 1 year old to developmentally iden-
tify the differences between their crying signals. These longi-
tudinal studies should be addressed in subsequent studies.
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