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Effects of lung volume on the glottal voice 
source 
Jenny Iwarsson: Monica Thomasson and Johan Sundberg 

Abstract 
According to experience in voice therapy and singing pedagogy breathing habits 
can be used to modify phonation, although this relation has never been 
experimentally demonstrated. In the present investigation we examine if lung 
volume afSects phonation. Twentyfour untrained subjects phonated at different 
pitches and degrees of vocal loudness at different lung volumes. Mean subglottal 
pressure was measured and voice source characteristics were analyzed by inverse 
filtering. The main results were that with decreasing lung volume the closed 
quotient increased while subglottal pressure, peak-to-peak flow amplitude, and 
glottal leakage tended to decrease. In addition, some estimates of the amount of 
the glottal adduction force component was examined. Possible explanations of the 
findings are discussed. 

Introduction 
In clinical voice therapy as well as in singing 
pedagogy it is a common experience that an 
appropriate breathing strategy has important 
effects on phonation. While different techniques 
are used for achieving such a breathing 
function, the goal seems to be the same, a 
desirable voice quality and vocal health. Many 
voice disorders, especially in women, are 
functional, i.e., caused by inappropriate phona- 
tory habits (Fritzell, 1996). Among such voice 
patients, hyperfunction and a pressed voice 
quality, caused by an exaggerated glottal 
adduction, are frequently observed. An appro- 
priate treatment is often voice therapy where a 
basic goal is to give the patient an adequate 
breathing technique. This strongly suggests that 
the breathing behaviour affects vocal fold 
vibration. 

Some support for this idea has been found in 
previous investigations. Hoit and coworkers 
(1993) studied the connection between lung 
volume and Voice Onset Time, the time from the 
release of a voiceless stop sound to full vocal- 
fold vibration amplitude. They found that voice 
onset time was longer at high lung volume than 
at low lung volume. This finding supports the 
idea of a connection between lung volume and a 
glottal abduction force component. 

A plausible explanation of a phonatory effect 
of lung volume is the tracheal pull. It represents 
a mechanical link between the breathing and 
phonatory apparatus, and implies that the 

elasticity of the trachea exerts a caudally 
directed force on the larynx (Zenker & 
Glaninger, 1959; Zenker & Zenker, 1960; 
Zenker, 1964; Vilkrnan & Karma, 1989; 
Vilkman et al., 1996). According to Zenker 
(1964) and others the tracheal pull is associated 
with a glottal abduction force, as can be seen in 
Figure 1. "The arrangement of laryngeal mucous 
membrane and connective tissue plates in its 
environment causes a widening of the glottis in 
unfixed specimens when the trachea is pulled 
downward" (Zenker, 1964, p 22). 

Figure 1. Schematic illustration of Zenker's 
idea that a caudally directed force on the larynx 
widens the glottis and hence can be assumed to 
generate a mechanical abductive force 
component. 
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According to Macklin (1925), the carina 
position and hence also the tracheal pull varies 
with lung volume; he found that the carina 
moved about 21 mm caudally during inhalation, 
and because of the trachea elasticity such a 
movement must modulate the tracheal pull and 
hence also of the abductive glottal force com- 
ponent. As pointed out by Fink and Demarest 
(1978) the laryngeal adjustment varies during 
the breathing cycle. Inspiration is typically 
associated with a descent of the larynx and a 
widening of the glottis due to a separation of the 
arytenoid cartilages. This suggests the possi- 
bility that a variation of lung volume (LV) 
would induce a variation of an abductive force 
component in the glottis. 

Summarizing, previous research shows that 
the glottal abduction force component varies 
with lung volume during tidal breathing. Glottal 
abduction is obviously relevant also to phona- 
tion; an increased abduction results in a lower 
vocal-fold vibration amplitude and a longer 
closed phase and hence a smaller amplitude of 
the airflow pulses through the glottis (Titze & 
Talkin, 1979; Gauffin & Sundberg, 1989; 
Sundberg, 1994). The aim of the present study 
was to experimentally test if lung volume 
affects the glottal voice source during 
phonation. 

A 

Eighteen males and 14 females volunteered in 
the study, age range 21-54. None of them had 
any voice training and all lacked experience of 
singing. This type of subjects was preferred, as 
voice training can be assumed to induce 
behaviors which may conceal mechanical 
effects of breathing behaviour on phonation. All 
subjects were unaware of the purpose of the 
study. 

The independent variable in the experiment 
was lung volume. Standing in an upright 
position, the subjects repeated the syllable 
[pae:] starting at a maximum lung volume and 
continuing until they ran out of breath. The 
procedure was repeated at three pitches and in 
medium, soft and loud phonation, in that order. 
The subjects were instructed to expand their 
abdominal walls during inhalation, as such an 
expansion would be a safe sign of a lowering of 
the diaphragm position (Hixon, 199 1). Also, this 
inhalation pattern is practised in voice therapy 
as well as in singing pedagogy. The signal 
representing this expansion was displayed as a 
visual feedback on an oscilloscope screen. 

OSCILLOSCOPE 
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Figure 2. Block diagram of the experimental 
setup. The following signals were recorded on 
the DAT FM recorder: audio signal (MIC), 
airflow from the mask (FLOW), subglottal 
pressure (Ps), and the Respitrace signals 
showing rib cage (CHEST), abdomen (ABD 
WALL) and lung volume (Z). The last three 
signals were also displayed on a mingograph. 
The signal from the lower respiband was shown 
to the subjects on an oscilloscope screen as a 
visual feedback. 

The experimental setup is illustrated in 
Figure 2. A respiratory inductive plethysmo- 
graph (Respitrace) provided with elastic 
transducers (Respibands) was used to document 
lung volume and breathing behaviour. The 
upper ribbon was placed on the rib cage and the 
lower ribbon on the abdominal wall just below 
the navel. The signals from the two respibands 
and their sum was displayed on a mingograph 
(SIEMENS 34T). First, the subjects performed 
isovolume manoeuvres while the amplification 
of the chest and abdominal signals were 
adjusted such that the sum reflected relative 
lung volume. Also they performed maximum 
inhalations and exhalations, so as to determine 
vital capacity. Finally, they performed a series 
of relaxed sighs revealing the relaxation 
expiratory level, REL. 

The audio signal was picked up at a constant 
distance of 30 cm by a high-fidelity microphone 
(SONY ECM 959 DT). Mean subglottal 
pressure was captured as the oral pressure 
during [p]-occlusion by means of a thin plastic 
tube (inner diameter z 4 rnrn), mounted in the 
flow mask such that it reached the subiect's oral 
cavity and attached to a pressure transducer 
(Glottal Enterprises 162) (Hertegird et al., 
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1995). During the recording sessions the oral 
pressure signal was monitored by the 
experimenter on an oscilloscope screen. The 
oral flow was recorded by means of a 
Rothenberg flow mask (Glottal Enterprises). 
Flow calibration was realized by means of a 
flow meter (VEB Priifgerate-Werk, Medingen, 
type TG06 Nr a64083) attached to a high 
pressure air bottle provided with a pressure 
reduction valve. All data were recorded on 
separate tracks of a TEAC multichannel FM 
DAT recorder (RD 200 PCM). The calibrations 
of flow and pressure were recorded on the tape. 

Analysis 
Figure 3 shows the various signals recorded for 
a series produced at high FO in soft phonation. 
The total range of variation of the signal 
representing lung volume was determined for 
each subject so that any values could be 
expressed as a percentage of this range. From 
each series the second [pae:] syllable was 
selected for analysis. It was typically produced 
at about 90% of the vital capacity, and was 

regarded as representative of phonation at high 
lung volume. The syllable produced at 20% of 
the maximum lung volume used in that series 
was selected to represent phonation at low lung 
volume. Thus, we avoided extremely low lung 
volumes which might trigger atypical glottal 
behaviour (Shipp et al., 1985). To check if the 
data varied systematically with lung volume we 
also analyzed one syllable produced at about 
40% of the maximum lung volume in the series, 
i. e., close to REL. 

All flow signals were inverse filtered using 
the Glottal Enterprises filter. Two filters were 
used, one for the first and one for the second 
formant. A ripple-free closed phase was used as 
the criterion for tuning the filters. Four male and 
4 female subjects showed negative flow during 
the closed phase under at least some phonatory 
conditions. This probably reflected occasional 
incidences of leakage between the flow mask 
and the subject's face. To ensure a reliable 
analysis material, all these subjects were 
excluded from the investigation. The resulting 
flow glottogram from 24 (14+10) subjects 
signal was digitized and recorded on a data file, 

Figure 3. Example of 
one series produced 
at high FO in soft 
phonation, showing 
the various signals 
analysed. 

(Sjllables selerlrd for analysis) fi lt fi 
90 5% 40 4 20 8 
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Period time 
P ~ P  FIOW Figure 4. Illustration of the 

glottogram churacteristics ana 
lysed: peak-to-peak (PtP) 
flow, closed quotient (Q,,), 
glottal leak, period time. 

Leak 

using the SWELL computer program 
(Ternstrom, 1991). Oral pressure was recorded 
on a different track of the same file. 

The flow glottogram characteristics were 
determined from the middle part of the vowel, 
where traces of articulatory movement were 
absent. The following glottogram characteristics 
were measured: peak-to-peak flow amplitude, 
glottal leakage, defined as the mean of the flow 
values appearing during the quasi-closed phase; 
duration of the quasi-closed phase; and period 
time (Figure 4). Also, for all vowels analysed 
subglottal pressure and the associated values of 
abdominal wall expansion and relative lung 
volume were determined. 

In addition, some measures possibly reflect- 
ing glottal adduction were examined: (a) the 
relative glottal area, estimated as the ratio peak- 
to-peak flow amplitude to the square root of 
subglottal pressure, (b) glottal compliance, 
computed as the ratio between the flow 
contained in the flow pulse to subglottal 
pressure, (c) glottal permittance, i.e., the ratio 
peak-to-peak flow amplitude to subglottal 
pressure, and (d) HI-H2, the level difference 
between the first and second partials of the 

voice source as determined from spectrum 
analysis of the flow glottogram (Klatt & Klatt, 
1990; Stevens & Hanson, 1995). All these data 
were gathered for all pitch, loudness and lung 
volume conditions. 

The parameters analysed were submitted to 
an analysis of variance, using the Super Anova 
computer program (SuperANOVA). 

Results 
The subjects were instructed to expand their 
abdominal wall during inhalation. All subjects 
followed this instruction. The flow glottogram 
characteristics mostly varied quite systematic- 
ally with lung volume, such that the values per- 
taining to 40% lung volume were inbetween 
those pertaining to 90 and 20 % lung volume. In 
the following, only the glottogram charac- 
teristics observed under the two latter 
conditions will be compared, thus representing 
high and low lung volume respectively. 

Lung volume was found to consistently 
affect subglottal pressure as shown by the two 
scatterplots in Figure 5, where symbols refer to 
subjects. The plot compares the subglottal 

0 5 10 15 20 25 30 0 2 4 6 8 10 12 14 16 18 

High Lung Volume High Lung Volume 

Figure 5. Scatter plots of subglottal pressures observed under identical FO and loudness conditions 
at high and low lung volumes. Symbols refer to subjects. Left and right panels show data for male 
and female subjects. The effect of lung volume on sugblottal pressure was higly significant, p=.0001. 
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pressures observed under the same phonatory 
conditions at low and high lung volume. The 
diagonal represents zero difference between 
high and low lung volume. The figure shows 
that all subjects tended to use a higher 
subglottal pressure in high lung volume than in 
low lung volume. This result was statistically 
highly significant (p=.0001). Thus, these 
untrained subjects seemed to refrain from a 
muscular compensation of the changing 

elasticity forces resulting from the decrease of 
lung volume. A similar dependence was 
observed also for the peak-to-peak flow ampli- 
tude, see Figure 6 (p=.0001). This may be a 
consequence of the changes in subglottal 
pressure. 

Figure 7 shows the quasi-closed quotient for 
the male and female subjects. This quotient 
tended to be lower at high than at low lung 
volume, thus suggesting a greater glottal 

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 O 0.1 0.2 0.3 0.4 0.5 

High Lung Volume High Lung Volume 

Figure 6. Scatter plots of peak-to-peak flow amplitudes observed under identical FO and loudness 
conditions at high and low lung volumes. Symbols refer to subjects. Lefr and right panels show data 
for male and female subjects. The effect of lung volume on peak-to-peak flow amplitude was highly 
significant, p=.0001. 
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Figure 7. Scatter plots of the quasi-closed quotient observed under identical FO and loudness 
conditions at high and low lung volumes. Symbols refer to subjects. Lefr and right panels show data 
for male and female subjects. The effect of lung volume on quasi-closed quotient was highly 
significant, p=.0001. 
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Discussion 
This attempt to quantitatively assess the 
significance of lung volume to glottal voice 
source characteristics have clearly demonstrated 
that respiratory factors do affect phonation. 
Thus our investigation provides a scientific 
support for the common experience in voice 
therapy and singing pedagogy that phonation 
can be improved by modifying phonatory 
breathing behaviour. 

Several phonatory effects of lung volume 
were observed in the present study. At high as 
compared to low lung volume we found a higher 
subglottal pressure, a greater flow amplitude, a 
lower closed quotient, a greater glottal leakage, 
and a greater relative estimated glottal area. It is 
well known that a variation of subglottal 
pressure affects many glottal parameters, other 
things being equal. For instance, flow amplitude 
increases with increasing subglottal pressure. 
However, in the present investigation the closed 
quotient and the glottal leakage changed in the 
opposite direction as compared with what could 
be expected. For instance, although subglottal 
pressure was high at high lung volumes the 
closed phase was still short and the leakage was 
great. Both these changes suggest a substantial 
change of the overall glottal abduction force. 

It is hard to decide to what extent the 
observed phonatory effects of lung volume 
depend on our experimental conditions such as 
the expansion of the abdominal wall during 
inhalation. It would be particularly interesting to 
find out if they remain also if the inhalation is 
performed with a contracted abdominal wall. 

Neither is it possible to decide if the 
phonatory effects were due to an abductive 
component of the tracheal pull. Still, this seems 
a strong possibility. Indeed, some major 
phonatory effects, such as the shorter closed 
phase and the greater glottal leakage observed at 
high lung volumes, are compatible with an 
abductive component of the tracheal pull. On 
the other hand, the dependence of phonation on 
lung volume may emanate not only from 
mechanical but also from muscular factors or 
from a combination of both. 

We tried many glottogram measures to 
estimate the effects of lung volume on the 
glottal adduction forces: compliance, permitt- 
ance, estimated relative glottal area and the 
harmonic 1 - harmonic 2 difference. Of these 
the two last mentioned ones reached and almost 
reached significance at the 95% level, respec- 
tively. It is hard to decide which of these 
alternatives best reflects the overall glottal 
adduction force. The problem with all these 

measures is that they vary with subglottal 
pressure in a way that needs to be further 
elucidated. 

Shipp and coworkers (1985) estimated 
glottal adduction forces from EMG signals of 
laryngeal muscles measured at lung volume 
extremes. They examined the difference in the 
EMG amplitude from the adducting inter- 
arytenoid and the abducting posterior crico- 
arytenoid muscles and found that this difference 
was greater at maximum than at minimum lung 
volume, thus suggesting that adduction was 
greater at high lung volume. The present study 
revealed signs of a smaller adduction force at 
high lung volumes, i. e., the opposite result. On 
the other hand, our data concerned the overall 
output as manifested in terms of phonation 
which can be assumed to reflect the summed 
effects of muscular and mechanical forces. In 
addition, Shipp et a1 used highly trained singer 
subjects while our subjects were all nonsingers. 
It seems reasonable to assume that singers 
compensate more carefully for changes of 
mechanical conditions than nonsingers. Our 
results lend support for the latter assumption in 
that our subjects did not fully compensate for 
the elasticity effects on subglottal pressure. 

Our results seem to imply that lung volume 
affects glottal adduction. Some support for this 
idea can be found in the literature. Speny and 
coworkers (1994) observed that a female patient 
with a hyperfunctional voice and nodules tended 
to terminate her utterances at lower than normal 
lung volumes. Hoit and coworkers (1996) claim 
that "it may be that a modification as simple as 
initiating breath groups at higher lung volumes 
could enhance voice quality and reduce the 
effort involved in country singing". Referring to 
Hixon and Putnam (1983) they also point out 
that "speaking at low lung volumes has been 
shown to be associated with functional misuse 
of the voice". The present investigation seems 
to offer a mechanical andlor physiological 
explanation to these observations. Moreover, 
our findings suggest that the relation between 
lung volume and phonation might be taken 
advantage of in voice therapy and singing 
pedagogy, particularly if phonatory behavior is 
taken into account. Thus, hyperfunctional voices 
might profit from phonation at high lung 
volumes, while for hypofunctional voices it may 
not be helpful to initiate phonation after a deep 
inhalation. Similarly, our results seem to explain 
the typical experience in singing pedagogy that 
there is a great difference in the task of singing 
a descending as opposed to an ascending scale. 
In a descending scale an exaggerated adduction 
for the high notes is likely to be counteracted by 
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the abductive component associated with the 
high lung volume. 

Conclusions 
This investigation has demonstrated that lung 
volume affects phonation, such that the overall 
glottal adduction seems smaller at high than at 
low lung volumes. Thus, the investigation 
substantiates with quantitative data the classical 
experience in voice therapy and singing 
pedagogy that breathing habits can be used as a 
means to modify phonation. 
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