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Abstract: The relationship between reverberation times and the voic-
ing and silence accumulations of continuous speech was quantified in 22
primary-school teachers. Teachers were divided into a high and a low
reverberation time groups based on their classroom reverberation time
(higher and lower than 0.90 s). Reverberation times higher than 0.90 s
implicate higher voicing accumulations and higher accumulations of the
silences typical of turn taking in dialogue. These results suggest that
vocal load, which can lead to vocal fatigue, is influenced by classroom
reverberation time. Therefore, it may be considered a risk factor for
occupational voice users.
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1. Introduction

Excessive reverberation and noise can be perceived as disturbing to the speaking situa-
tion. In the case of voice professionals, such as teachers, whose occupation requires
them to be intelligible, adjustment of speech (e.g., lengthened words and pauses) can
be a natural adaptive action (Cooke et al., 2014). This behavior is typical of clear
speech, which is produced spontaneously when high speech intelligibility is required
(Picheny et al., 1986).

While it has been long shown that speech produced in the presence of noise,
i.e., Lombard Speech, typically exhibits evidence of word lengthening and the insertion
of more and longer pauses (Summers et al., 1988), few studies have dealt with the
influence of room acoustics on variations in the speech duration in voice professionals.
Black (1950) noted that a reader’s mean duration per phrase is longer in larger and
more reverberant rooms, while Pelegr�ın-Garc�ıa et al. (2011) found that the phonation
time percentage was higher in reverberant room than in anechoic conditions. A ten-
dency to increase the occurrence of longer voicing periods was also observed in voice
professionals for higher reverberation times (RT; Astolfi et al., 2015); this tendency
resulted in increased phonation time percentages for teachers who taught in more
reverberant rooms.

From a clinical point of view, vocal fatigue is used to denote negative vocal
adaptation that occurs as a consequence of prolonged voice use or vocal load (Scherer
et al., 1991; Welham and Maclagan, 2003). Vocal recovery from prolonged voice use
is usually measured on the order of several hours to several days (Hunter and Titze,
2009). However, prolonged voice use does not result from continuous voicing but from
short bursts of voicing that accumulate throughout the day and, as suggested by Titze
et al. (2007), might be related directly to vocal fatigue. Titze et al. further discusses the
potential benefits of short silence periods (between the voicing) which could be related
to short-term vocal recovery. They investigated the distribution of voicing and silence
periods for teachers at work and reported the overall voice accumulation of each
period by multiplying the number of occurrences by their corresponding duration.
Nevertheless, a teacher’s voicing and silence periods are likely changing as speech pro-
duction adjusts to the communication environment (e.g., Lombard, reverberation
time). Therefore, a teacher’s voicing and silence periods may be influenced by a class-
room RT yet such a relation has not been studied and may give insight onto how the
RT may affect vocal health.
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Research is needed to associate the change in voicing (e.g., accumulation of
short voicing and silence intervals) due to the presence of noise or noise and reverbera-
tion, and to correlate them to the perception of uncomfortable speech, vocal fatigue
and vocal recovery, for voice professionals. In the present study, we hypothesize that
high RT is a risk factor for vocal fatigue in voice professionals because it increases the
vocal load with the implication that increased load would require increased recovery
time. To test this hypothesis, we quantified the relationship between classroom RT
conditions and the voicing and silence accumulations of continuous speech in a sample
of vocally healthy primary school teachers.

2. Experimental method

The participating teachers were part of a larger study (Bottalico and Astolfi, 2012). All
teachers underwent clinical examinations (Bottalico et al., 2016), and only the subjects with-
out severe voice disorders were selected for the present analysis. The subjects with severe
voice disorders were not included because they could have shown a difference vocal behavior
(Bottalico et al., 2016; Åhlander et al., 2014) The sub-sample includes 22 teachers at six pri-
mary schools in Italy: three schools were built at the end of the nineteenth century, while the
others were built in the 1970s. These buildings provided a large range of classroom RTs,
from 0.68 to 1.58 s, with the mean value equal to 0.96 s and the median equal to 0.9 s. The
teachers were divided in two groups by the RT. If RT in the classroom where the teachers
were monitored, was higher than the median (0.9 s), the teacher was inserted in the group
high RT, otherwise in the group low RT. The average background noise levels in the high
RT and in the low RT groups were 53.6 dB(A) [standard deviation 7.8 dB(A)] and
50.6 dB(A) [standard deviation 5.4 dB(A)]. The difference in the background noise levels
between the two groups was not statistically significant (t¼ 1.28, df¼ 23.2, p value¼ 0.21).
For this reason, the background noise levels were not included in the analysis. More details
on the larger study are reported in Bottalico and Astolfi (2012).

The mean age of the 22 teachers was 45 years (range 31–59 years). The teachers
were monitored over one or two workdays during 4 hour blocks, the standard working
hours for a teacher in Italy. A total of 39 workday samples were collected and included
in the analyses. The average duration of the monitoring was 228 min (3.8 h). In the class-
rooms with high RT the average was 226 min (3.76 h), while in the classrooms with low
RT the average was 232 min (3.85 h). The difference of the monitoring times between the
two groups was not statistically significant (t¼�0.73211, df¼ 40.106, p value¼ 0.4684).
However, the values of the accumulations were reported in seconds/hour in order to com-
pensate for possible difference in the monitoring time. Table 1 reports the main character-
istics of the teachers and the number of monitored workdays.

Each teacher was fitted with the Ambulatory Phonation Monitor (APM,
model 3200, KayPENTAX, Montvale, NJ). This device consists of an accelerometer,
which is positioned at the sternal notch, and an acquisition unit that processes the
accelerometer signal. The APM 3200 provides a time-history of voicing information
using a frame length of 0.05 s; the voicing information included fundamental fre-
quency, f0, and an estimation of the sound pressure level (SPL) at a distance of 15 cm
on-axis from the speaker’s mouth. Fundamental frequency calculation and estimated
SPL were dependent on a subject-specific setup routine, which included a reference
microphone in order to correlate the skin acceleration level to the SPL.

Of the information provided by the device, only the presence or absence of
detected voice excitation is of interest for the present study. Voiced and unvoiced
frames were discriminated by the APM. When the root-mean-square level acquired by
the transducer exceeded a preset threshold, the frame was designated as voiced, and
for that frame, f0 and SPL were determined (Cheyne et al., 2003). Otherwise, the out-
put for the frame was equal to 0.

The number of continuous periods of voicing and silence which were between
0.2 to 10 s (in 0.05 s steps) were identified from APM time histories. Subsequently, the
time accumulations for each continuous period were calculated by multiplying the num-
ber of occurrences by the corresponding duration of the period. The accumulations of
voicing and silence periods below 0.2, which were the first three continuous time periods
(0.05, 0.10, and 0.15 s), were not considered in this study because, as suggested by Titze
et al. (2007), least two data points are required to determine the shortest on-off sequence,
and considerable “sampling noise” may have contaminated the data in the first three
time steps. Furthermore, the threshold commonly used to define a pause in natural
speech is 0.25 s (Picheny et al., 1986). As far as the voicing accumulation is concerned,
the focus of this analysis was on periods between 0.2 and 1.3 s. The upper limit of 1.3 s
was chosen considering the fact that the values of the accumulations for periods longer

Bottalico et al.: JASA Express Letters [http://dx.doi.org/10.1121/1.4973312] Published Online 10 January 2017

J. Acoust. Soc. Am. 141 (1), January 2017 Bottalico et al. EL27

http://dx.doi.org/10.1121/1.4973312


than 1.3 s were close to 0 seconds/hour and the fact that, according to Italian prosody
(C-ORAL-ROM, 2005), the range of the words’ duration in Italian language is between
0.2 and 1.3 s. The signal processing was performed with MATLAB R2016a (MathWorks,
Natick, MA). Statistical analysis was conducted using R version 3.1.2 (R Foundation
for Statistical Computing, Vienna, Austria). For both types of accumulation, nonlinear
regression models were fitted combining the function lm and poly in R.

3. Results

Figure 1 shows the average values of voicing accumulations in seconds per hour for
continuous voicing period durations between 0.2 and 1.3 s (word level) for all the

Table 1. Characteristics of the investigated teachers, including gender, age, number of monitored working-days
and mid-frequencies RT of the classrooms where they had taught.

Subject Gender Age Number of monitored working-days RTm,500–2kHz (s)

1 Female 38 2 1.00
2 Female 43 2 0.99
3 Female 54 2 1.58
4 Female 35 1 1.00
5 Female 39 2 0.99
6 Female 40 2 1.21
7 Female 47 1 1.04
8 Female 31 1 1.09
9 Female 34 2 1.30
10 Female 58 1 1.09
11 Female 34 2 0.83
12 Female 33 2 0.83
13 Male 43 2 0.90
14 Female 49 1 0.83
15 Male 59 2 0.76/1.11a

16 Female 38 2 0.71
17 Female 52 2 0.85
18 Female 55 2 0.73
19 Female 58 2 0.90
20 Female 54 2 0.73
21 Female 56 2 0.68
22 Female 40 2 0.82

aThe two working-days were monitored in different classrooms.

Fig. 1. Mean values of voicing accumulations in seconds per hour, for time step duration between 0.2 and 1.3 s
for all the subjects, per group of RT (high for RT higher than 0.9 s in grey, low for RT lower than 0.9 in black),
with SE indicated by error bars. The curves represent the polynomial regression models in the two conditions
(high and low RT), together with the 95% confidence bands.
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subjects. Because a higher number of voicing occurrences is present in shorter voicing
periods, the voicing accumulation in time (seconds/hour) from these short voicing peri-
ods is higher than the accumulation from longer voice periods. The grey points repre-
sent the mean voicing accumulation in classrooms with low RT (0.58 s<RT< 0.90 s),
while the black points represent the voicing accumulation in classrooms with high RT
(0.90 s�RT< 1.58 s). Eighteen working days were monitored in classroom with low
RT, while 21 in classrooms with high RT. The error bars represent the standard errors.
The curves represent the polynomial regression models in the two conditions (high and
low RT) together with the 95% confidence bands. The model results are shown in
Table 2 and include the intercept and the interaction between time (first and the second
degree terms) and RT group (high and low). The residual standard error was 11.36
with 892 degrees of freedom. The R2 adjusted for the complexity of the model was
0.74 and F statistic was 628; while the p value was lower than 0.0001. As it can be
noticed from Fig. 1, the values of voicing accumulation in low RT classrooms are sig-
nificantly shorter than the accumulation in high RT classrooms in almost all the range
of Time (0.2–1.3 s). The difference seems to been negligible for voice frames durations
longer than 1.2 s, where the confidence bands of the two curves overlap.

Figure 2 shows the average values of continuous silence accumulations in sec-
onds per hour for duration periods between 0.2 and 10 s for all the subjects. Because a
higher number of silence occurrences is present in shorter silence periods, the silence

Table 2. Polynomial models (2 degree) for response variables voicing and silence accumulations considering as
predictor for the interaction between time (first and the second degree terms) and RT Group (high and low).

Voicing accumulations Estimate Standard Error t value p valuea

(Intercept) 85.40 1.98 43.02 <0.001
Time: high RT �103.16 6.16 �16.75 <0.001
Time2: high RT 30.65 4.22 7.26 <0.001
Time: low RT �125.27 6.25 �20.05 <0.001
Time2: low RT 47.746 4.34 11.00 <0.001
Silence accumulations
(Intercept) 17.01 0.15 111.65 <0.001
Time: high RT �2.82 0.07 �37.58 <0.001
Time2: high RT 0.15 0.01 19.79 <0.001
Time: low RT �3.19 0.08 �41.36 <0.001
Time2: low RT 0.19 0.01 23.93 <0.001

aAll p values were significant at the <0.001 levels.

Fig. 2. Mean values of silence accumulations in seconds per hour, for time step duration between 0.2 and 10 s
for all the subjects, per group of RT (high for RT� 0.9 s in grey, low for RT< 0.9 in black). Error bars have
not been included for a better data visualization. The curves represent the polynomial regression models in the
two conditions (high and low RT), together with the 95% confidence bands.
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accumulation in time (seconds/hour) from these short periods is higher than the accu-
mulation from longer silence periods. The grey points represent the silence accumula-
tion in classroom with low RT (0.58 s<RT< 0.90 s), while the black points represent
the silence accumulation in classroom with high RT (0.90 s�RT< 1.58 s). The curves
represent the polynomial regression models in the two conditions (high and low RT)
together with the 95% confidence bands. The model results are shown in Table 2 and
include the intercept and the interaction between time (first and the second degree
terms) and RT Group (high and low). The residual standard error was 4.15 with 7678
degrees of freedom. The R2 adjusted for the complexity of the model was 0.46 and F
statistic was 1634; while the p value was lower than 0.0001. As it can be noticed from
Fig. 2, the values of silence accumulation in low RT classrooms are significantly
shorter than the accumulation in high RT classrooms in almost all the ranges of con-
tinuous time periods (0.2–10 s). The difference seems to be negligible for time periods
shorter than 1.5 s and longer than 8 s, where the confidence bands of the two curves
are overlapped.

4. Conclusions

The determination of the distribution of short voicing and silence periods represents
the first step in the quantification of the amount of vibration exposure that teachers
have by talking. Bottalico et al. (2016) assessed the relationship between the silence
and voicing accumulations of primary school teachers and the teachers’ clinical status.
The aim of that study was to determine whether more voicing accumulations periods
and fewer silence accumulations were measurable for the vocally unhealthy subjects
than for the healthy subjects, which would imply more vocal loading and fewer short-
term recovery moments. The authors concluded that the teachers with structural voice
disorders accumulated more voicing occurrences in intervals between 0.1 and 3.15 s
than teachers without structural voice disorders.

In the current study, only teachers without structural voice disorders were con-
sidered with the goal to find possible associations between the vocal behavior, in terms
of voicing and silence accumulations, and the RT in the classrooms where they were
teaching.

Higher voicing accumulations in all the time intervals were found in higher
RT. This finding supports the results of Black (1950), Pelegr�ın-Garc�ıa et al. (2011),
Astolfi et al. (2015), and Bottalico (2016). All these studies found higher phonation
times in more reverberant conditions. Titze et al. (2007) and Bottalico et al. (2016) sug-
gested that the elevated accumulation of voicing periods might be related directly to
vocal fatigue and lead to a voice disorder.

Regarding the silence accumulations, the silence accumulated by the low and
high RT teachers was similar for intervals shorter than 1.5 s (associated to short pauses
between words typical of monologue communication) and for intervals longer that 8 s.
The pauses longer than 8 s represent the greatest accumulation of vocal rest during the
workday for teachers. The silence accumulated between 1.5 and 8 s were higher in
classrooms with high RT. This length of silences is typical of pauses between sentences,
as perhaps waiting for a response from a student (Titze et al., 2007). The results sug-
gest that teachers are adjusting their teaching strategies, spending more time waiting
for the students to answer in classroom with higher RT, probably with the goal of
improving intelligibility.

Future research will consider the effect on voicing and silence accumulations
of RT and other acoustical parameters using a larger sample size. Additionally, future
research will consider how such acoustic effects would impact the subjective perception
of vocal effort and vocal fatigue in real classrooms. The results of this study provide
insight into how RT influences vocal load, which is directly related to vocal fatigue
(Scherer et al., 1991), and how bad acoustics can be considered a risk factor for occu-
pational voice users.
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