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Abstract

Evaluation of precision of consonant articulation is commonly used metric in assessment of pathological speech.
However, up to date most of the research on consonant characteristics was performed on English while there are obvious
language-specific differences. The aim of the current study was therefore to investigate the patterns of consonant
articulation in Czech across 6 stop consonants with respect to age and gender. The database used consisted of 30 female
and 30 male healthy participants (mean age 51.0 years, standard deviation 18.0 years and range from 20 to 79 years).
Four acoustic variables including voice onset time (VOT), VOT ratio and two spectral moments were analyzed. The Czech
plosives /p/, It/ and /k/ were found to be characterized by short voicing lag (average VOT ranged from 14 to 32 ms) while
voiced plosives /b/, /d/ and /g/ by long voicing lead (average VOT ranged from -79 to -91 ms). Furthermore, we observed
significantly longer duration of both VOT (p < 0.05) and VOT ratio (p < 0.01) of voiceless plosives in female compared
to male gender. Finally, we revealed a significant negative correlation between age and duration of voiceless (r = -0.36,

p < 0.05) as well as voiced VOT (r = -0.45, p = 0.01) in female but not in male participants.
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Introduction

The elderly population is growing fast all over the
world and therefore, the number of elderly subjects with
speech/language disorders has also increased rapidly
[1]. The occurrence of voice and speech disorders in
adult age is commonly associated with neurological
disorders such as Parkinson's disease, Alzheimer's
disease, Huntington's disease and many others. Interest-
ingly, it has been previously demonstrated that abnor-
malities of speech in these disorders may occur several
years before the diagnosis is established [2-4] and
may even be the earliest indicator of the disease [5].
However, the natural changes of voice and speech also
occur in healthy population as a consequence of normal
aging process. Therefore, considering that early diagno-
sis of neurological diseases is essential in improving the
patients' life, research focused on speech characteristics
of healthy speakers and aging effects is vital for clinical
purposes. Without a general model of speech aging for
normal healthy, elder individuals, it will be difficult to
recognize whether the changes of speech are related
to presymptomatic changes due to development of neu-
rodegenerative diseases or if it is just a simple effect
of normal aging process.

Evaluation of consonant articulation accuracy is
a commonly used metric in the assessment of patho-
logical speech performances [4, 6-8]. Among various
classes of consonants, stop plosives are thought to be the
most suitable class for investigation. From acoustic
point of view, several measurements can be used for
their description including various measures of conso-
nant duration, spectral moments or formant transitions
[6]. Among them, voice onset time (VOT) was perhaps
the most frequently used parameter, and a relatively
large amount of data has been published on VOT in
normal healthy speakers.

VOT is defined as an interval between the articu-
latory release of stop and the onset of vocal fold
vibration [6]. This temporal parameter is the most
reliable acoustic cue for the distinction between voiced
and voiceless stops [6, 9]. In most languages, the VOT
values for voiced and voiceless stops are produced in
discrete duration ranges that correspond to one of the
three voicing categories including voicing lead (voicing
begins before the stop release; long negative VOT),
short voicing lag (short positive VOT) and long voicing
lag (long positive VOT) [9]. For example, in English
voiceless plosives are predominantly characterized by
long voicing lag while voiced plosives by short voicing
lag [6,9]. On the other hand, in Italian, voiceless
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plosives are typically characterized by short voicing lag
while voiced plosives by long voicing lead [10]. How-
ever, up to date most of the research on consonant
characteristics was performed on English native
speakers [6,7,9,11-13] while there are obvious
language-specific differences that have to be considered.

Admittedly, the measurement of VOT is dependent
on some physiological or other speaker-related variables
such as age, gender, speaking rate or dialect. In speech
performances of normal healthy speakers, VOT varies
with the speech rate. In particular, VOT decreases as
the speaking rate increases and vice versa, indicating
that the overall rate changes are implemented at the
segmental level [9, 14]. With respect to age and gender
differences in VOT production, the findings in previous
literature are rather inconsistent [11-13, 15-19]. While
some researchers reported no differences in VOT
duration between younger and older speakers [11, 15] as
well as between performances of men and women
[12, 16] others found both longer [17, 18] or shorter [13]
duration of VOT in older speakers as well as gender-
dependence of VOT [13, 19]. These discrepancies in the
literature may be attributed to several reasons such as
the various distributions of age in investigated speakers’
groups, small sample size, different languages, speaking
tasks or consonants used. Taken together, there are
conflicting reports on age- and gender-related changes
of VOT in literature and little is known about acoustic
characteristics of consonants in Czech.

The aim of the current study was, therefore, to inves-
tigate the patterns of consonant articulation in Czech
across bilabial, alveolar and velar voiceless and voiced
stop plosives. In addition, the effect of age and gender
on consonant articulation was assessed.

Methods

Participants

From 2016 to 2017, a total of 60 normal healthy
participants of different ages were recruited including 30
healthy women (HW, mean age 51.0, standard deviation
(SD) 18.0, range 20—79 years) and 30 healthy men (HM,
mean age 49.3, SD 16.9, range 2277 years). The
exclusion criteria for participants were the history of
neurological or communication disorders, the serious
problems with respiration or hearing, the suspicion of
memory deficits and/or the active usage of anti-
depressants, antipsychotics or other drugs that have
a direct effect on speech or mood. All participants were
Czech native speakers born or permanently living in
Prague or its surroundings. The study was approved by
the Faculty of Biomedical Engineering, Czech
Technical University in Prague ethics committee Nr.
A004/016 and each participant provided written,
informed consent for recording procedure.

Recording procedure

The audio data were recorded in a quiet room with
alow level of ambient noise using a head-mounted
condenser microphone (Beyerdynamic Opus 55,
Heilbronn, Germany) placed approximately 5 cm from
the subject’s lips. The speech signals were sampled at
48 kHz with 16-bit resolution.

During recording, each participant was instructed to
read 18 words presented by the examiner on paper cards.
The subjects were further warned not to be surprised as
some of the words would be meaningless. As Czech is
a language with fixed unambiguous pronunciation rules,
no training of reading was performed. The cards were
presented with stable pace about 1 card per 2 seconds to
ensure speaking task to be as speaking rate-independent
as possible. The whole speaking task was performed
twice.

Speech stimuli included a series of tokens designed
as "CVtka", where the C represents one of the conso-
nants and V corresponds to the corner vowels. Specifi-
cally, 3 voiceless stop plosives /p/, /t/ and /k/ as well as
3 voiced stop plosives /b/, /d/, and /g/ were involved.
The vowels consisted of /a/, /1/, and /u/. These three
vowels were chosen as they are a representative sample
with respect to vowel height since vowel height has been
reported to have an effect on VOT [7]. The suffix /tka/
was added to ensure the easy pronunciation of tokens.
All eighteen words included: KYTKA; PUTKA;
DATKA; TYTKA; KUTKA; DYTKA; GATKA; TATKA;
GUTKA; KATKA; BATKA; DUTKA; PATKA; PITKA;
BUTKA; BITKA; GYTKA; TUTKA. For further analyses
only the initial-consonants were used.

Acoustic analysis

Audio samples were analyzed using specialized
speech software PRAAT® [20]. Four acoustic variables
including VOT, voice onset time ratio (VOT ratio), and
the first (SM1) and second (SM2) spectral moment were
employed to assess the precision of consonant
articulation. Time of consonant release, vowel onset,
and vowel occlusion were determined from the first
syllable of each token by hand using both wide-band
spectrogram and oscillographic sound pressure signal
displayed on the screen. VOT was defined as an interval
between the articulatory release of stop and the onset of
vocal fold vibration [6]. If multiple bursts occurred, the
initial burst was used to measure VOT [7]. VOT ratio
was defined as VOT divided by the duration of whole
syllable [7, 8]. Both positive and negative values of
VOT were allowed. The negative values of VOT refer
to voicing lead, typical for Czech voiced plosives [21].
The first spectral moment reflects the average energy
distribution across a defined segment of the spectrum,
while the second spectral moment shows the deviation
of frequencies represented in the spectrum.
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Statistical analysis

Before statistical analysis, the assigned values for
each participant obtained from two vocal task runs were
averaged. In addition, the values for each stop plosive
were averaged across all corner vowels. The acoustic
parameters were assigned for a subset of voiceless
(defined as average value from /p/, /t/, and /k/) and
voiced (defined as average value from /b/, /d/, and /g/)
consonants. As all acoustic variables were normally
distributed (Kolmogorov-Smirnov test), group differ-
ences for each acoustic parameter and gender were
calculated using the two-sample t-test. The Pearson
coefficient was calculated to determine correlations
between speech variables and age. Due to the explor-
atory nature of the study, adjustment for multiple
comparisons was not performed and the level of signifi-
cance was set to p < 0.05.

Results

Considering voiceless plosives, significantly longer
duration of VOT and VOT ratio was found in men
compared to women for stop consonant /p/ (p < 0.05;
p <0.01) aswell as /t/ (p < 0.01; p < 0.001). In addition,
we revealed lower SM1 in men compared to women
across all 3 plosives /p/ (p < 0.05), /t/ (p < 0.05) and /k/
(p < 0.001) and lower SM2 in consonant /k/ (p < 0.01).
With respect to voiced plosives, the significant differ-
ences between genders were found only for measure
of SM1 where men manifested lower SM1 for /b/
(p <0.05), /d/ (p < 0.01) and /g/ (p < 0.01) compared to
women. The means and standard deviations across each
speaker’s group and acoustic measure are shown in
Table 1 and Table 2.

Table 1: Results of acoustic analyses for plosives /p/, It/
and /k/. Statistical comparison between genders:
*p < 0.05, **p < 0.01, ***p < 0.001.

o/ 1t/ /K
Mean/SD Mean/SD Mean/SD
VOT (ms)
HW 13.6/3.6* 18.0/4.7** 27.8/8.2
HM 16.8/5.7* 23.1/6.7** 32.1/9.2
VOT ratio (-)
HW 0.20/0.06** 0.25/0.06*** 0.42/0.16
HM 0.26/0.10** 0.33/0.10*** 0.48/0.11
SM1 (Hz)
HW 2910/400* 3798/498* 3132/299***
HM 2638/456* 3484/663* 2600/420***
SM2 (Hz)
HW 4662/321 4859/334 4558/289**
HM 4485/399 4748/430 4258/404%*

Figure 1 illustrates the results of correlation analysis
between speech variables and age across both genders
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and a subset of voiceless as well as voiced plosives.
VOT of voiceless plosives correlated with age in women
(r =-0.36, p < 0.05). Considering voiceless plosives, we
also observed a negative correlation between VOT ratio
and age in women (r = -0.41, p <0.05) and between
SM1 and age in men (r = -0.44, p < 0.05). Regarding
voiced plosives, we revealed correlation between age
and voiced VOT only in women (r = -0.45, p=0.01). In
addition, we found a negative correlation between SM1
elicited from voiced consonants and age in both genders
(women: r = -0.40, p < 0.05; men: r = -0.48, p < 0.01)
and between SM2 and age in women (r = -0.39,
p <0.05).

Table 2: Results of acoustic analyses for plosives /b/, /d/
and /g/. Statistical comparison between genders:
*p < 0.05, **p < 0.01, ***p < 0.001.

/b/ /d/ /8/
Mean/SD Mean/SD Mean/SD

VOT (ms)

HW -90.6/23.4 -84.3/27.7 -90.2/30.6

HM -85.7/23.4 -79.1/20.0 -81.9/31.6
VOT ratio
(-)

HW -0.91/0.24 -0.80/0.22 -0.81/0.25

HM -0.93/0.27 -0.83/0.18 -0.81/0.29
SM1 (Hz)

HW 2008/450* 2215/314** 2119/358**

HM 1785/297* 1968/350** 1892/289**
SM2 (Hz)

HW 4219/474 4046/276 4066/349

HM 4090/284 4060/326 3968/377

Discussion

In previous literature [11-13,15-19], there are
conflicting reports on the effects of age and gender on
acoustic characteristics of consonants such as VOT.
Furthermore, little is known about acoustic character-
istics of stop consonants in Czech. Therefore, the aim
of the current study was to investigate the patterns of
consonant articulation in Czech across 6 stop plosives
and to assess the effect of age and gender on common
acoustic features.

The Czech voiceless plosives /p/, /t/ and /k/ were
found to be characterized by short voicing lag while
voiced plosives /b/, /d/ and /g/ by long voicing lead. The
average duration of VOT in voiceless stops ranged
from 14 to 32 ms while in voiced stops ranged from -79
to -91 ms. These findings are the most similar to Italian
and Spanish [10, 22] (for overview on comparison with
other languages see Ogut et al. [23]). Interestingly, the
durations of VOT about 14 to 25 ms were also measured
from fast syllable repetition of /pa/-/ta/-/ka/ using the
database of 24 Czech native speakers [8]. Thus, it
appears that VOT does not differ significantly between
reading words and diadochokinetic speaking task.
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Fig. 1: Results of correlation analysis between speech variables and age for A) voiceless plosives and B) voiced plosives.
The purple color and circlets are used for women while the blue color and cross are assigned to men.

With respect to gender differences, we observed the
longer duration of VOT in /p/ and /t/ in men compared
to women. It should also be mentioned, that these differ-
ences between genders were not suppressed using the
measurement of VOT ratio, a rate-independent variation
of VOT, thus prolonged voiceless VOTSs in men cannot
be interpreted as a simple effect of slower speaking rate
in males. On the other hand, neither VOT nor VOT ratio
of voiced plosives was revealed to be gender-dependent.
Finally, SM1 was found to be lower in men compared to
women across both voiced and voiceless consonants
probably mainly due to lower fundamental frequency
exhibited by male speakers.

Considering the effects of age, our results showed
significant correlation between age and voiceless VOT
in female subjects but not in male subjects. The older
women exhibited shorter duration of VOT compared to
younger ones. Interestingly, the shortening of consonant
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duration in women was preserved even when using VOT
ratio thus cannot be interpreted as a simple effect of
faster speaking rate. Our results can be compared to two
previous studies investigating voiceless plosives in
Dutch [17] and Hungarian [18] speaking subjects as they
reported their speakers to produce short voicing lag, i.e.
the same VOT category as was presented by Czech
speakers. In general, our findings are quite well in
agreement with these studies [17, 18] as a group of
Hungarian speakers composed predominantly of women
demonstrated significantly shorter VOT of /p/ and /t/ in
older (mean age 76.9 years) compared to younger group
(mean age 25.3 years) [18] and a group of 130 male and
135 female Dutch-speaking participants demonstrated
no significant change in duration of VOT of /p/ and /k/
[17].

Finally, considering voiced plosives, we observed
the age-dependence of voiced VOT in women, SM1 in
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men as well as in women and SM2 in women. However,
to the best of our knowledge, we are not aware of any
study that would investigate the effect of aging on
articulation of “truly” voiced stop consonants such as
those presented in initial-word position in Czech.

Conclusion

We showed that the commonly used measurements
for evaluation of precision of consonant articulation
such as VOT can be both age- and gender-dependent.
Thus, during the design of cross-sectional study or
binary classification experiments using assessment
of consonant articulation, authors should always keep in
mind to carefully select participants in order to ensure
gender- and age- balanced groups since an inappropriate
design of speakers’ groups may easily lead to false
results [24].
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