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Figure 3. Frequency as a function of age and sex.
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Vowel formant frequencies are used to derive metrics of vowel dispersion, including vowel 
space area, which presumably reflect articulatory working space. Such acoustic metrics 
may be sensitive to:
• some types of speech disorder
• developmental and lifespan effects 
• sex differences 
• variations in speaking style or register

Establishing a sex-specific lifespan normative database of vowel formant frequencies will 
be instrumental in:
• discovering developmental anatomic-acoustic and articulatory-acoustic relationships 
• guiding the interpretation of results for disordered speech in children and adults

Methodological considerations pertinent to the construction of a lifespan normative 
database of vowel formant-frequency measurements include:
• the recording environment and equipment (microphone/recorder)
• special methodological considerations regarding: 1) the speech stimuli used, 2) acoustic 

analysis methods and measurements, as well as 3) vowel dispersion metrics.

Figure 1. Special methodological considerations for estimating vowel formant frequencies and 
summarizing the data statistically and/or graphically.

The purpose of this poster is to:
• highlight the importance of these methodological considerations; and to 
• present preliminary data on the vocal fundamental frequency (F0) and the first four 

formant frequencies (F1-F4) for the corner vowels /i u ɑ æ/ for healthy male and female 
speakers ages 4 to 92 years. 

Methods
Participants included 231 healthy individuals (106 male and 128 female participants) 
between the ages 4 to 92 years. 

Ages 4-20 yrs (<20)
Speaker sex n Mean age (SD)
F 74 11.97 (4.55)
M 64 11.61 (4.15)

Adults (>20 yrs)
Speaker Sex n 20-30 n 40-60 n 75-92 n All
F 21 18 10 49
M 17 9 9 35

Recording protocol entailed recording participants’ speech in a quiet room using a 
Shure-SM48 microphone connected to a Marantz-PMD660 digital audio recorder.  
The stimuli were presented visually and aurally using a laptop with the TOCS+ 
Platform program (4) for randomization. Participants were instructed to repeat the 
words at a normal loudness level. There were 7 tokens per vowel (5 distinct 
words per vowel, with 2 words repeated). 

Acoustic Analysis: Based on findings from previous work that evaluated the 
accuracy of vowel formant measurements in four acoustic analysis systems (1); 
and determined the effect of analysis parameter manipulations on formant 
measurements in children and adults (3), the following protocol was developed 
and used: 

• Waveforms for each word were segmented using Praat, then the F0 and the 
F1-F4 frequencies were estimated using a modified version of TF32.

• The spectrogram and waveform of the segmented word were displayed to 
select the measurement point for formant analysis. 
• Measurement time point was vowel-specific since vowels such as /u/ and 

/ae/ are often produced with diphthong-like formant shifts, therefore using 
the typical temporal midpoint of the vowel can yield misleading data. 

• Vowel-specific temporal measurement point used were as follows: 
• /i/ point of highest frequency of F2
• /u/ point of lowest frequency of F2
• /ɑ/ point of least separation of F1 and F2 frequencies
• /æ/ point of most evenly spaced formants (taking care to avoid 

measurement at a point of decreasing F2-F1 difference which reflects 
backing of the vowel). 

• F1-F4 frequencies were determined with the Fast Fourier Transform (FFT), 
Linear Prediction Coding (LPC) and cepstrum by inspecting:
• the spectrogram (with overlaid LPC formant tracks), and the spectral slice 

(with zoom-in function for greater measurement accuracy)
• combined displays of the FFT spectrum, LPC spectrum, and cepstrum.

• Vowel-specific analysis challenges included: distinguishing formants that are 
closely spaced or distinguishing F1 from H1 [first harmonic] in high vowels.

• Analysis parameters manipulated included: dynamic range, DFT points, LPC 
coefficients, and cepstral coefficients. 

• F0 was measured with TF32’s pitch tracer at the same temporal point as the 
formant estimates, except when this point was affected by irregular phonation 
or the pitch tracer failed. A time-slice FFT was used to identify the first 
harmonic if the pitch trace was questionable. 

• Missing data occurred when it was not possible to make a measurement for a 
word/vowel. Percent missing by measurement as follows:

Results
Summary plots of the lifespan raw data for male and female speakers are 
displayed in two panels: <20 (left) and >20 (right) for the fundamental frequency 
(F0) and formant frequencies F1-F4 for all four vowels in male (blue) and female 
(red) speakers. Outliers, defined as measurements that exceeded 2.576 SD from 
their vowel X sex X age group mean, were removed resulting in approximately 1% 
of measurements being excluded from modeling/analysis efforts. 

• Ages <20 (4-20 yrs): For each measurement (F0-F4) and for each vowel and 
sex, a local regression (loess) on age was fit to the word-level data. 

• Ages > 20 (20-92 yrs): Plots show the mean of the three adult age cohorts (20-
30, 40-60 & 75-92 years) connected. Age group comparisons were made 
separately for males and females using mixed effects models, with fixed effects 
for sex, age group, and sex X age group interaction, and a random effect for 
subject. The p-values for the age group comparisons were adjusted using the 
Tukey-Kramer method. 

Formant and vowel specific developmental trends/observations:

Discussion – Conclusions 
The following conclusions can be drawn from the analyses completed to date:
1. The collection of data with a standardized speech sample and carefully 

specified methods of analysis may help to reduce extraneous sources of 
variability so that sex and age differences can be identified more confidently.

2. The pattern of formant frequency change over the developmental period of 4 to 
20 years varies with vowel, formant, and speaker sex. 
• The steepest developmental gradients for all 4 vowels were observed for the 

higher formants F3 and F4. Developmental changes were most prominent in 
F1 for the low vowels and in F2 for the front vowels. 

• These developmentally sensitive formants are of particular interest in the 
study of anatomic-acoustic relationships across the lifespan and potentially 
for the study of speech development in individuals with anatomic anomalies 
(e.g., Down syndrome).

3. In adults, as age increases, F0 and F1 continue to decrease in female speakers 
but not male speakers with the largest differences between the young adult and 
middle adult age groups, and the young adult and older adult age groups.

4. Sex differences in formant frequencies are not uniform across vowels or 
formants. The earliest indications of sexual dimorphism are observed for the low 
vowels. Sex differences in formant frequencies are definitely present by age 6 
years for all vowels but appear earlier for some vowels.

5. F1 and F2 of vowel /u/ showed little influence of speaker age or sex, and the F2 
value was notably lower than in some other published studies(5). This is likely 
due to the temporal measurement point used in this study.
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Speech stimuli included five monosyllabic 
words for each of the four corner vowels 
/i u ɑ æ / as in “eat, hoot, hot and hat”. Selected 
words were:
• familiar to younger participants
• easy to represent as an object or an action
• associated with high phonological 

neighborhood density, which reportedly 
maximizes F1/F2 vowel space (6). 

/i/
bead, bee, eat,
    sheep, feet

boo, boot, zoo,
hoot, shoe

/u/

dot, hop,
pot, top,
hot

/ɑ//æ/

bath, bat, cat,
     hat, sad

F0 F1 F2 F3 F4
Ages 4-20 0.21% 0.30% 0.10% 2.43% 6.00%
Adults 0.09% 0.04% 0.00% 1.28% 4.85%

Figure 2. Word stimuli per corner vowel.

F4 • F4 has a steep developmental gradient for all vowels that tapers off in females 
during puberty.

• No changes in F4 in adult age cohorts (20-30, 40-60 & 75-92 years).
• Sexual dimorphism evident for all vowels by age 4.

F3 • F3 has a developmental gradient that tapers off in females during puberty.
• No changes in F3 in adult age cohorts.
• Sexual dimorphism evident for all vowels by age 4.

F2 • F2 has developmental gradient for front vowels /i æ/ but not for back vowels 
particularly /u/.

• F2 decreases significantly for the vowel /u/ in female adult age cohorts.
• Sexual dimorphism evident for all vowels by age 4.

F1 • F1 has a developmental gradient for low vowels /æ ɑ/ only.
• F1 decreases significantly for all vowels except /ɑ/ in female adult age cohorts.
• Sexual dimorphism becomes more evident for the high vowels /i u/ after age 10. 

F0 • F0 sexual dimorphism evident after age 10. 
• F0 continues to decrease with aging in females but not males.

Future Direction
1. Examine inter- and intra-subject variability in vowel specific formant frequencies 

to assess developmental changes in variability.
2. Obtain estimates of formant bandwidth to construct a normative database of 

bandwidth values.
3. Pursue data reduction using computation of various dispersion metrics to address 

questions such as vowel-specific vs all-vowel developmental changes (2, 7).
4. Expand vowel formant normative database to include ages 2 to 4 years first, then 

birth to two years.

Select measurement
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Estimate formant
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amplitudes

Esitmate formant
bandwidths

Decide on statistical
or graphical analysis
(data reduction)

Consider
 Vowel midpoint
 Inflection point
 Steady state
 Multiple time samples

Consider
 FFT, LPC, cepstrum
 Analysis parameters
 Comparison values
 Detecting errors

Note: LPC not accurate
More accurate, but tedious:
 3dB downpoints in frequency
     domain (a)
 Damping in time domain (b)

Some choices:
 Vowel space area (a)
 Point clouds (b)
 Vowel formant dispersion
 Formant difference values
 Formant ratios

Spectrogram of /zu/ Spectrogram of /baet/

FFTFFT

LPCLPC

a b

MidpointMidpointInflection
point

Inflection
point

55

33

11

Vocal fryVocal fry

F2 MinimumF2 MinimumMidpointMidpoint

aa b

F4F4

F3F3

F2F2

F1F1

Frequency (kHz)Frequency (kHz)Frequency (kHz)Frequency (kHz)
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CepstrumFFT and LPC

Select speech sample

Consider
 Speaking rate and style
 Word stress
 Phonetic context
 Phonological neighborhood
     density

Sustained vowel? CVC?
Neutral context, e.g. /hVd/?
Familiar words?
Carrier phrase?
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