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IMPORTANCE Few studies have used objective measures to evaluate the development of the
normal pediatric voice. Cepstral analysis of continuous speech samples is a reliable method for
gathering acoustic data; however, it has not been used to examine the changes that occur with
voice development.

OBJECTIVE To establish and characterize acoustic patterns of the normal pediatric voice using
cepstral analysis of voice samples from a normal pediatric voice database.

DESIGN, SETTING, AND PARTICIPANTS Cross-sectional study of 218 children aged 4 to 17 years,
for whom English was the primary language spoken at home, conducted at a pediatric
otolaryngology practice and pediatric practice in a tertiary hospital (April 2012–May 2014).

INTERVENTIONS AND EXPOSURES Sustained vowel utterances and continuous speech
samples (4 Consensus Auditory-Perceptual Evaluation of Voice [CAPE-V] and 2 sentences
from the rainbow passage) were recorded and analyzed from children with normal voices.

MAIN OUTCOMES AND MEASURES Normal values were collected for the acoustic measures
studied (ie, fundamental frequency, cepstral peak fundamental frequency, cepstral peak
prominence [CPP], low-to-high spectral ratio [L/H ratio], and cepstral-spectral index of
dysphonia in recorded phrases) and compiled into a normative acoustic database.

RESULTS Significant changes in fundamental frequency were observed with a distinct shift
in slope at ages 11 and 14 years in boys for sustained vowel (ages 4-11 years, −6.83 Hz/y
[P < .001]; 11-14 years, −27.62 Hz/y [P < .001]; and 14-17 years, −5.68 Hz/y [P = .001]), all
voiced (ages 4-11 years, −4.19 Hz/y [P = .002]; 11-14 years, −29.42 Hz/y [P < .001]; and
14-17 years, −4.63 Hz/y [P < .001]), glottal attack (ages 4-11 years, −4.51 Hz/y; 11-14 years,
−27.23 Hz/y; and 14-17 years, −1.70 Hz/y [P < .001 for all]), and rainbow (ages <14 years,
−20.68 Hz/y [P < .001]; and 14-17 years, −4.50 Hz/y [P = .001]) recordings. A decreasing linear
trend in fundamental frequency among all recordings (vowel, all voiced, easy onset, glottal
attack, plosives, and rainbow) was found in girls (−2.56 Hz/y [P < .001], −3.48 Hz/y [P < .001],
−2.82 Hz/y [P < .001], −3.49 Hz/y [P < .001], −2.30 Hz/y [P < .001], and −2.98 Hz/y [P = .01],
respectively). A linear increase in CPP was seen with age in boys, with significant changes seen
in recordings for vowel (0.10 dB/y [P = .05]), all voiced (0.2 dB/y [P < .001]), easy onset
(0.13 dB/y [P < .001]), glottal attack (0.12 dB/y [P < .001]), plosives (0.15 dB/y [P < .001]), and
rainbow (0.17 dB/y [P = .006]). A significant linear increase in CPP for girls was only seen in all
voiced (0.13 dB/y [P < .001]). L/H ratio showed a linear increase with age among all speech
samples (vowel, all voiced, easy onset, glottal attack, plosives, and rainbow) in boys
(1.14 dB/y [P < .001], 0.92 dB/y [P < .001], 1.19 dB/y [P < .001], 0.79 dB/y [P < .001], 0.69 dB/y
[P < .001], and 0.54 dB/y [P = .002], respectively) and girls (0.96 dB/y, 0.60 dB/y, 0.75 dB/y,
0.37 dB/y, 0.44 dB/y, and 0.58 dB/y, respectively [P � .001 for all]).

CONCLUSIONS AND RELEVANCE This represents the first pediatric voice database using
frequency-based acoustic measures. Our goal was to characterize the changes that occur in
both male and female voices as children age. These findings help illustrate how acoustic
measurements change with development and may aid in our understanding of the
developing voice, pathologic changes, and response to treatment.
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S poken language is our primary form of communication
that facilitates our social development, education, and
interpersonal and professional interactions. Childhood

and adolescence represent essential periods of development
for both vocal quality and speech. Pediatric voice disorders can
have a profound impact on a child’s social and intellectual de-
velopment, affecting up to 10% of the population,1,2 thus high-
lighting the importance of better understanding the normal
process of vocal development. However, objective data char-
acterizing this progression are lacking. Without an understand-
ing of how acoustic measurements of the normal pediatric voice
develop and change over time, our ability to use these objec-
tive measurements in evaluating children with voice disor-
ders and their response to treatments is limited.

Perceptual analysis performed by trained speech patholo-
gists and clinicians has traditionally been used to study char-
acteristics of the normal voice and to identify voice disor-
ders. A relatively modern assessment created to judge voice
quality and the severity of disorders is the Consensus Auditory-
Perceptual Evaluation of Voice (CAPE-V).3 To perform a CAPE-V
analysis, the patient reads the following 4 sentences:
• Easy onset, “How hard did he hit him?”

• All voiced, “We were away a year ago.”

• Glottal attack, “We eat eggs every Easter.”

• Plosives, “Peter will keep at the peak.”
Despite attempts at objectivity, CAPE-V relies on the trained
observer’s perceptions and inherently has some degree of sub-
jectivity when used for perceptual analysis. Quality-of-life in-
struments, such as validated questionnaires, have also been
used in adults and children to identify “normal” and “abnor-
mal” voice characteristics and how they affect function.4-6

Unlike analyses performed by a trained observer, acous-
tic measurements calculate vocal properties from algorithms
that use period and frequency and can provide objective
information about the qualities of the normal and dysphonic
voice. Time-based algorithms performed on sustained vowel
utterances provide information about cycle-to-cycle varia-
tions in frequency and amplitude, which help objectively
characterize subjective perceptions of breathiness, rough-
ness, and strain.4

In 2012, Maturo et al7 published the first large series of time-
based acoustic measurements from normative voice record-
ings in children. Three hundred thirty-five boys and girls rang-
ing in age from 4 to 18 years were recorded speaking sustained
vowel utterances, and then fundamental frequency (F0), jit-
ter, shimmer percentage, and noise-to-harmonic ratio were cal-
culated. Their findings did not reveal age-based differences in
acoustic properties such as jitter and shimmer but did show
differences across age for noise-to-harmonic ratio. They also
found certain transitional periods of development, marked by
critical age points, where significant changes in F0 began.7 This
finding gives credibility to the significance of a vocal fold with
a developing layered structure rather than a simple cord where
function changes in linear relation to cord length.8

One potential limitation of the work by Maturo et al7 is that
acoustic measurements were calculated using 1 voice sample
and that sustained vowel utterances obtained from children

at 1 point in time might lack reliability. To address this issue
of consistency, Hill et al9 obtained sustained vowel utter-
ances from 50 boys and girls aged 4 to 17 years at 2 narrowly
spaced points in time. Time-based acoustic measurements be-
tween sustained vowel utterances were found to show con-
sistency only in F0. Poor reliability was seen with jitter, shim-
mer, and noise-to-harmonic ratio.9 This finding suggests that
sustained vowel utterances should not be the only voice sample
used to obtain acoustic measurements in children.

Cepstral analysis uses frequency-based algorithms to ex-
amine continuous speech samples. These algorithms are used
to create a cepstrum, the broken-down components of a speech
sample represented as a distribution of pitches and their cor-
responding intensities (measured in decibels). A great deal
of information can be uncovered from a cepstrum, such as
frequency and variability, much like time-based acoustic analy-
ses. Unlike sustained vowel utterances, however, cepstral
analyses of continuous speech samples may provide a more
representative assessment of a patient’s voice.10-15 In 2013,
Diercks et al16 demonstrated that standardized continuous
voice recordings obtained from normal children at 2 points in
time were consistent for measures of fundamental frequency
and variability.

Given the advantages of frequency-based acoustic mea-
surements on standardized continuous speech samples, the goal
of this research was to establish the first cepstral analysis da-
tabase in children aged 4 to 17 years. With this database, we hope
to provide a more accurate representation of the developing pe-
diatric voice compared with prior studies. Without first char-
acterizing the normal pediatric voice, acoustic measurements
cannot be used to quantify degrees of dysphonia and treat-
ment response in children with vocal dysfunction.

Methods
This study was carried out between April 2012 and May 2014
with the approval of the institutional review board of the
Massachusetts Eye and Ear infirmary. Patient participation
in this study was dependent on the agreement of both the
parent and child, with written informed consent obtained.
Patients between the ages of 4 to 17 years were recruited in
an outpatient pediatric otolaryngology clinic as well as a
general pediatric clinic. Patients with a hearing loss greater
than 20 dB, history of airway procedures or voice disorders,
developmental delay, or cognitive delay were excluded from
the study. All patients used English as their primary lan-
guage spoken at home.

Children were seated in a quiet room with an adjustable
microphone (Shure Beta 53; Shure Inc) placed to the right oral
commissure. Recordings were collected with a Dell Optiplex
960 personal computer (Dell Inc) with an Intel Core Duo 2 CPU
(3.1 GHz, 1.94 GB of RAM) (Microsoft Windows XP Profes-
sional Version 2002; Microsoft Corp). Multidimensional Voice
Program (model 5101) and Analysis of Dysphonia in Speech and
Voice (model 5109) for the Computerized Speech Laboratory
(model 4500) (KayPENTAX) were used to analyze voice re-
cordings. The MDVP was used to evaluate F0 for sustained
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vowel utterances. The ADSV was used to evaluate cepstral peak
fundamental frequency (CPP F0), cepstral peak prominence
(CPP), CPP standard deviation (SD), low-to-high spectral ra-
tio (L/H ratio), L/H ratio SD, and cepstral-spectral index of dys-
phonia of sustained vowel utterances (CSID) in CAPE-V sen-
tences and the second and third sentences of the rainbow
passage (“The rainbow is the division of white light into many
beautiful colors. These take the shape of a long round arch with
its path high above and its 2 ends apparently beyond the ho-
rizon”). The definitions of these values are given in Table 1.

When recording sustained vowel utterances, children were
asked to maintain the vowel /a/ at a comfortable pitch and loud-
ness level for 4 seconds. For CAPE-V and rainbow sentence re-
cordings, children were asked to use their normal speaking
voice. The rainbow sentences could not be reliably spoken by
younger participants and only were included for children aged
10 to 17 years. Samples from 220 children (113 male and 107 fe-
male) were recorded.

We used descriptive statistics, obtaining mean (SD), me-
dian, and range, for both MDVP and ADSV data across age. Data
were summarized as both sexes combined and stratified by sex.
For each set of data, means with error bars (SDs) were initially
plotted for visual inspections of slope for both sexes com-
bined and stratified by sex. Locally weighted scatterplot
smoothing (LOESS) was then applied to sex-stratified data to
determine if the values changed linearly over time or if it
showed break points of change in slope. If the values changed
constantly over time, a simple linear regression was fitted. If
LOESS fits showed any break points of change in slope, then
piecewise regression was performed.

Results
A total of 220 children (113 male and 107 female) partici-
pated in this study (Table 2). All participants had normal
voices that were either self-reported or confirmed by their

parents and were screened for any disqualifying factors
prior to recording.

Piecewise regressions showed distinct periods of change,
marked by critical points, in male frequency measures across
age, with both the MDVP and ADSV data (Figure). The rate of
change of the MDVP and ADSV data for each distinct period,
marked by critical points, is given in Table 3. In the male popu-
lation, MDVP F0 and ADSV CPP F0 from sustained vowel, all
voiced, and glottal attack all showed statistically significant
critical points at ages 11 and 14 years. These transitional peri-
ods were not observed in frequency data from our female par-
ticipants. Instead, a more linear relationship was seen with the
mean frequency significantly decreasing across age (Table 4
and Figure).

For CPP in the male population, linear regression showed
a significant positive slope for all voiced (approximate change
per increasing year, 0.2 dB; P < .001), easy onset (0.13 dB;
P < .001), glottal attack (0.12 dB; P < .001), plosives (0.15 dB;
P < .001), and the rainbow sentence (0.17 dB; P < .01). Only all
voiced had a linear regression that showed significant posi-
tive slope in CPP for girls (approximate change per increasing
year, 0.13 dB; P < .001). Low-to-high spectral ratio showed a
small, yet significant linear increase in all ADSV recordings
against age for both sexes (Table 4).

The measured ADSV variables for each sex and age group
are given in eTables 1 and 2 in the Supplement.

Discussion
To our knowledge, this is the largest study evaluating healthy
voice development in children using cepstral analysis. Prior da-
tabases have been collected using time-based acoustic mea-
sures; however, sustained vowel utterances do not provide re-
liable data regarding variability in acoustic signal. Continuous
speech samples can be evaluated objectively through ceps-
tral analysis and provide a more representative speech sample
for analysis.

Fundamental frequency—the rate of vocal fold vibra-
tion—is a common measurement in voice analyses. In 2012, Ma-
turo et al7 published the largest database examining normal
pediatric voice development using time-based algorithms. This
work demonstrated specific periods of transition in F0 during
development in both male and female participants. In male par-
ticipants, F0 began to shift at age 12 years and reached matu-
ration at age 16 years. In female participants, F0 began to tran-
sition at age 11 years and reached maturation at age 14 years.7

While our results from both time-based and cepstral-
based algorithms support the findings of Maturo et al7 of 2 tran-
sition periods for F0 in male participants, our transitional pe-
riods were marked by critical points primarily at 11 and 14 years.
In addition, our fundamental frequency data for female par-
ticipants showed a decreasing linear correlation with age with
no critical points. This discrepancy is surprising because both
studies were performed primarily in the same clinic at the Mas-
sachusetts Eye and Ear Infirmary with very similar sample
populations. A possible explanation for these disparities could
stem from the different researchers collecting the voice data

Table 1. Definitions of Measures Calculated by ADSV Software

Statistic
(Unit of Measure) Description
CP (dB) A high-intensity amplitude in the cepstrum that

corresponds to the dominant F0.3

CPP (dB) Measures the difference between F0 intensity and the
average intensity of the signal. A higher CPP should be
seen with normal voices.16

L/H ratio (dB)a The mean ratio of signal energy below 4000 Hz to the
energy above 4000 Hz for the selected voice data
frames.17

Mean CPP F0 (Hz)a The mean frequency of the cepstral peaks
corresponding to the range 60 Hz to 300 Hz for the
selected voiced data frames.17

CSIDa A multivariate calculation that gives an estimation of
vocal abnormality. Higher scores correlate with
dysphonia.17

Abbreviations: ADSV, Analysis of Dysphonia in Speech and Voice (KayPENTAX);
CP, cepstral peak; CPP, cepstral peak prominence; CPP F0, cepstral peak
fundamental frequency; CSID, cepstral-spectral index of dysphonia;
F0, fundamental frequency; L/H ratio, low-to-high spectral ratio.
a L/H ratio, mean CPP F0, and CSID were taken from the KayPENTAX ADSV

software manual.17
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or the larger sample size used in the study by Maturo et al.7

While further work should be done to solve this inconsis-
tency, it is important to note that our results also include ad-
ditional ADSV data. The transitional periods in F0 we found in
male participants aged 11 to 14 years were seen with MDVP data
as well as 4 of 6 ADSV CPP F0 measures (vowel, all voiced, glot-
tal attack, and rainbow). In female participants, no transition
periods in F0 were seen with the MDVP data or any of the 6 ad-
ditional ADSV frequency measures we collected. It is possible
that with our female population, critical points in F0 and CPP
F0 were too subtle to detect and a larger sample size is needed.

In 2013, Diercks et al16 demonstrated that cepstral analy-
sis of continuous speech recordings offers a more reliable
method for measuring voice perturbation and variability. Fre-
quency-based acoustic measurements of signal variability, in-
cluding CPP, L/H ratio, L/H ratio SD, and CSID score (multivar-
iate index measure) are all reliable calculations for measuring
the pediatric voice.16 Cepstral peak prominence is the differ-
ence between F0 intensity and the average intensity of the voice
sample.9 Previous literature has reported that a low CPP cor-
relates strongly with perceived ratings of dysphonia and
breathiness.12,14,18,19 Our data showed a small but significant
increasing trend in CPP in male participants (Table 4). One pos-
sible explanation is that as age increases, phonation is better
controlled during speech, which leads to a higher CPP. In fe-
male participants, a significant increasing trend was only seen
with all voiced (Table 4). Larger sample sizes in future studies
may better resolve potential trends in vowel, easy onset, glot-
tal, plosives, and rainbow with age. L/H ratio is a measure of
the distribution of low to high frequency energy in a voice
sample, and studies have associated low values of this statis-
tic with dysphonia.3,16 We found a significant linear increase
in L/H ratio in both sexes for all phrases. As F0 decreases, the
addition of lower frequencies acquired by an individual could
potentially raise L/H values.

We initially believed that we could compare existing nor-
mative CSID data to children’s values in our study to exclude
any candidates with voice abnormalities. Diercks et al16 found
that the CSID score generated by the ADSV software was a re-
liable measure when examined across 2 points in time. Publi-
cations examining CSID have shown the ability to distinguish
between normal and dysphonic voices and that the score is con-
sistent with perceptual ratings from speech pathologists.20,21

However, the CSID scoring system for the ADSV software was
developed based on adult data, and normative values have only
been researched and published in adult populations. Our work
suggests that the values calculated from mature voices are not
representative of the pediatric population. While all of the chil-
dren included in the study had normal voices, younger chil-
dren tended to display higher CSID values that would other-
wise be labeled as dysphonic in adults. Our pediatric CSID values

for easy onset, all voiced, glottal attack, and plosives all de-
creased with age, eventually falling within the normative range
seen in adult populations. For both sexes, CSID values for sus-
tained vowel were still high by age 17 years. However, this is
expected because sustained vowels have a higher variability
than continuous speech samples.16 Recordings from the rain-
bow passage remained relatively constant, likely since they were
used for ages 10 years and older. To define expected CSID scores
for children across age and sex, further work needs to be done
to characterize the normal ranges and values for each age group.

One potential limitation of this study was that patients were
recruited in a tertiary care pediatric otolaryngology practice
and general pediatric practice and may not accurately repre-
sent the general pediatric population. We did, however, at-
tempt to include only children with normal voices through ap-
propriate participant screening. In addition, we did not screen
for external factors, such as sleep deprivation, caffeine in-
take, and hydration, which can also affect accuracy of acous-
tic measurements. Some age groups in this study are not rep-
resented equally, and because the patient population is
stratified by sex and age, each group has a relatively small
sample size. Therefore, some trends in the data, such as clear
transitional periods in female F0 development, may emerge
given a larger sample size. While Diercks et al16 were able to
show that continuous recordings of children aged 4 to 18 years
were reliable, they did not look at each individual age group.
It is possible that some of the age groups used in this study can-
not reliably produce continuous speech.

A great deal of work has been done examining the acoustic
properties of the human voice in both normal and dysphonic
populations. While there is good literature on adult normative

Table 2. Distribution of Recorded Patients

Participants

Age, y

4 5 6 7 8 9 10 11 12 13 14 15 16 17
Male, No. 5 8 10 10 10 8 10 9 4 10 10 7 4 8

Female, No. 5 4 10 10 7 9 8 9 8 7 10 7 8 5

Figure. Piecewise Linear Regression Across Age Fit to Male and Female
ADSV Data, Sustained Vowel Utterances
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Male regression (blue): y = 517.06–27.62* x, 11< x ≤14
209.90–5.68* x, 14< x ≤17

288.37–6.83* x, 4≤ x ≤11

ADSV indicates Analysis of Dysphonia in Speech and Voice (KayPENTAX); and
CPP F0, cepstral peak fundamental frequency.
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acoustic values, it is not applicable to pediatric populations.4

Several studies have used acoustic measures to examine dys-
phonia in children,11,22-26 yet there is currently no database that
looks at these measures in normal developing voices. To better
understand dysphonic voices in children and the developing
voice in general, it is important to properly characterize the nor-

mal pediatric voice. Future work with cepstral analysis needs
to be performed using larger sample sizes to more accurately
define the acoustic properties of the pediatric voice.

Although we have shown both distinct and subtle changes
of the developing voice using cepstral analysis, the underly-
ing causes of these changes have yet to be identified. Histo-

Table 3. Transitional Periods in Fundamental Frequency for Male Participants, With MDVP and ADSV Measures

Statistic Software Critical Points Ages Slopes P Value
Sustained vowel, F0 MDVP 11 and 14 4 to 11 −6.93 <.001

11 to 14 −31.88 <.001

14 to 17 −5.87 <.001

Sustained vowel, CPP F0 ADSV 11 and 14 4 to 11 −6.83 <.001

11 to 14 −27.62 <.001

14 to 17 −5.68 .001

All voiced, CPP F0 ADSV 11 and 14 4 to 11 −4.19 .002

11 to 14 −29.42 <.001

14 to 17 −4.63 <.001

Easy onset, CPP F0 ADSV 10 and 13 4 to 10 −2.63 .08

10 to 13 −22.78 <.001

13 to 17 −7.30 <.001

Glottal attack, CPP F0 ADSV 11 and 14 4 to 11 −4.51 <.001

11 to 14 −27.23 <.001

14 to 17 −1.70 <.001

Plosives, CPP F0 ADSV 11 and 13 4 to 11 −3.45 .01

11 to 13 −35.26 <.001

13 to 17 −3.35 <.001

Rainbow, CPP F0 ADSV 14 10 to 14 −20.68 <.001

14 to 17 −4.50 .001

Abbreviations: ADSV, Analysis of
Dysphonia in Speech and Voice
(KayPENTAX); CPP F0, cepstral peak
fundamental frequency;
MDVP, Multidimensional Voice
Program (KayPENTAX).

Table 4. Change in Fundamental Frequency (MDVP and ADSV), L/H Ratio, and CPP
for Male and Female Participants

Recorded
Phrase Measure

Male Female
Approximate
Change per

Increasing Year P Value

Approximate
Change per

Increasing Year P Value
Sustained vowel MDVP F0, Hz … −3.83 <.001

ADSV CPP F0, Hz … −2.56 <.001

CPP, dB 0.10 .05 0.05 .38

L/H ratio, dB 1.14 <.001 0.96 <.001

All voiced ADSV CPP F0, Hz … −3.48 <.001

CPP, dB 0.2 <.001 0.13 <.001

L/H ratio, dB 0.92 <.001 0.60 <.001

Easy onset ADSV CPP F0, Hz … −2.82 <.001

CPP, dB 0.13 <.001 0.01 .73

L/H ratio, dB 1.19 <.001 0.75 <.001

Glottal attack ADSV CPP F0, Hz … −3.49 <.001

CPP, dB 0.12 <.001 0.03 .20

L/H ratio, dB 0.79 <.001 0.37 <.001

Plosives ADSV CPP F0, Hz … −2.30 <.001

CPP, dB 0.15 <.001 0.04 .08

L/H ratio, dB 0.69 <.001 0.44 <.001

Rainbow ADSV CPP F0, Hz … −2.98 .01

CPP, dB 0.17 .006 0.06 .16

L/H ratio, dB 0.54 .002 0.58 .001

Abbreviations: ADSV, Analysis of
Dysphonia in Speech and Voice
(KayPENTAX); CPP, cepstral peak
prominence; CPP F0, cepstral peak
fundamental frequency;
F0, fundamental frequency;
L/H ratio, low-to-high spectral ratio;
MDVP, Multidimensional Voice
Program (KayPENTAX); ellipses, data
are reported in Table 3.
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logical work has shown that there is a clear change in vocal fold
architecture from birth to adulthood.8 Other factors such as
vocal fold length and hormonal influences are also linked to
acoustic development.7,27 It is likely a combination of several
of these characteristics that lead to the mature, adult voice.

Conclusions
To our knowledge, this is the first study to look at normative
pediatric voice development using cepstral-based algorithms
to analyze continuous speech. With our voice recordings, we
have been able to map the development of the pediatric voice
for both male and female populations. Our data corroborates

previous findings that male voice development has a transi-
tional period marked by 2 critical points in frequency change.
While many studies have examined acoustic measurements
of the abnormal voice based on time- and frequency-based al-
gorithms, more work is needed to define the acoustic profiles
of the normal pediatric voice. Voice maturation is a complex
process, which involves changes in vocal fold length and tis-
sue architecture. Correlating data about the acoustic profile of
normal children with changes in vocal fold structure during
development may help us to understand more about how the
voice matures. Moving forward, we hope these data can
facilitate additional acoustic voice investigations and
eventually aid in diagnosing voice disorders and measuring
response to treatment.
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