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Lung volume and phonation: a methodological 
study 
Jenny Iwarsson, Monica Thomasson and Johan Sundberg 

Abstract 
Lung volume aflects the tracheal pull, i.e., the force by which the trachea pulls the larynx 
caudally. According to Zenker (1964), the tracheal pull is associated with an abductive force. 
It seems possible that this force affects phonation; for example, a high lung volume/low 
diaphragm is likely to further flow phonation, which is characterised by a minimum of 
adductive force, as a high lung volume is associated with a greater tracheal pull. The purpose 
of the present pilot study was to test this possibility. Five untrained subjects were asked to 
phonate at three degrees of vocal loudness at three pitches with a high and a low lung 
volume. Abdominal circumference was used as criterion for diaphragm position, and mean 
subglottal pressure was determined fiom oral pressure during p-occlusion. Larynx position 
was tracked by means of a twin-channel electroglottograph. Voice-source characteristics 
were analysed by means of inverseB1tering. Glottal compliance, i.e., the ratio flow-pulse area 
to subglottal pressure, was used as a quantitative estimate of the phonatory abductive 
component. The results showed that (I) subglottal pressure tended to be higher at high than 
at low lung volumes, thus suggesting that the subjects did not fully compensate for the change 
of respiratory elasticity forces; (2) the larynx tended to be lower at high lung volumes than at 
low lung volumes; (3) glottal compliance decreased with decreasing lung volume, but only for 
those subjects who expanded their abdominal wall during inhalation; and (4) the closed 
quotient increased with decreasing lung volume for the same subjects. The results indicate 
that it would be worthwhile to use the method in a full scale investigation with a large number 
of subjects. 

Introduction 
Clinical experience suggests that breathing behaviour has important effects on 
phonation. One possible cause of such effects is the so called tracheal pull, 
representing a mechanical link between the breathing and phonatory apparatus. The 
tracheal pull implies that the trachea exerts a caudally directed force on the larynx, 
which is caused by the elastic interconnections of the tracheal rings and the anatomy of 
the breathing apparatus. 

According to Macklin (1925), the tracheal pull varies with lung volume (LV); 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. Zenker (1964, 
p.22) claimed that the tracheal pull is associated with an abductive glottal force: "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". This suggests the possibility that the tracheal pull is associated with 
a glottal abductory force which would vary with LV. 

This assumption is in accordance with findings by Sundberg et al. (1989). They 
studied the effect of the tracheal pull on the activity of the cricothyroid muscle which 
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narrows the anterior gap between the cricoid- and thyroid cartilages, thus stretching the 
vocal folds and raising the pitch. For a given pitch, the cricothyroid activity was found 
to be greater at high LV (i.e., at low position of the diaphragm) than at low LV (high 
diaphragm). They also found a higher cricothyroid activity under conditions of a "co- 
activated diaphragm", which apparently implied a low diaphragm. Thus, the tracheal 
pull seemed to counteract the muscular force exerted by the cricothyroid muscle. 

Hoit et al. (1993) studied the connection between LV and Voice Onset Time, VOT, 
the time from the release of a voiceless stop sound to full vocal-fold vibration 
amplitude. They found that VOT was longer at high LV than at low LV. This finding 
supports the idea that the tracheal pull is associated with an abductive force. 

The amount of glottal adduction is relevant to voice quality. A strong adduction 
results in a low vocal-fold vibration amplitude and a long closed phase and hence a 
small amplitude of the airflow pulses through the glottis (Sundberg, 1994; Gauffin & 
Sundberg, 1989). The amount of glottal adduction is relevant also to vocal health. 
Exaggerated adduction belongs to the characteristics of hyperfunction, which often 
leads to voice disorders. 

Summarising, earlier research has offered a chain of hypotheses which might 
explain why and how the breathing pattern affects voice production. The tracheal pull 
varies with LV and may be associated with glottal abduction. This suggests the 
possibility that the tracheal pull can be used as a means in voice therapy and 
pedagogical practice. The present study is the first in a planned series of investigations 
aiming at describing the significance of breathing behaviour to phonation. The purpose 
of this first study was to identi@ main questions regarding experimental and analysis 
methods. 

Experiment 
Five males, age range 24-3 1, volunteered as subjects. None of them had had any voice 
training and also lacked experience of singing. This type of subjects was preferred, as 
voice training can be assumed to induce strategies 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 the tracheal pull which varies 
depending on LV. The experimental setup is shown in Figure 1. To document LV and 
breathing behaviour, a respiratory inductive plethysmograph with elastic transducers 
(Respibands) was used. The upper ribbon was placed on the rib cage at the level of the 
nipples and the lower ribbon on the abdominal wall just below the navel. Using a 
mingograph the amplifications of the signals from the respibands were adjusted, first 
during isovolume manoeuvres such that their sum represented LV on an arbitrary 
scale. Then the subjects made maximum inhalations and exhalations so as to capture 
vital capacity, VC. They also performed a series of relaxed sighs showing hnctional 
residual capacity, FRC. 
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Figure I .  Experimental setup; MIC: audio signal, FLOW: jlow signal, Ps: subglottal 
pressure, EGG: vertical larynx position, CHEST, ABD. WALL and C: Respitrace signals @om 
rib cage and abdominal wall circumference and their sum, respectively. 

The audio signal was picked up at a constant distance of 30 cm by a high-fidelity 
microphone. Subglottal pressure was captured as the oral pressure during [pl- 
occlusion. The oral flow was recorded by means of a Rothenberg flow mask (Glottal 
Enterprises). The vertical larynx position was picked up using a twin-channel 
electroglottograph (Rothenberg, 1992, Pabst & Sundberg, 1993). All data were 
recorded on separate tracks of a TEAC multichannel FM DAT recorder. 

Standing in an upright position, the subjects repeated the syllable [pae:] on each of 
three different pitches and in medium, soft and loud phonation, in that order. Each 
condition was repeated at least four times. Two experimental procedures were tried for 
controlling diaphragm position. The three first subjects were asked first to phonate four 
[pae:] syllables immediately after a deep inhalation and then after a relaxed sigh. This 
resulted in a rather taxing experiment for the subjects. Therefore we modified the 
procedure for the two remaining subjects, who were asked to repeat the same syllable 
starting after a deep inhalation and continuing until he ran out of breath. This task 
turned out to be simpler for the subjects and also simplified the subsequent analysis. 
Abdominal wall expansion is a safe sign of a lowering of the diaphragm position. Our 
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first subject (nr 5) did not move his abdominal wall appreciably. Therefore we 
encouraged the subsequent subjects to check that the abdominal wall expanded during 
inhalation. The signal representing such expansion was displayed to these four subjects 
on an oscilloscope as a visual feedback. 

Analysis 
The total range of variation of the signals representing LV and abdominal wall 
expansion signal was determined for each subject so that any values could be 
expressed as a percentage of the total range of variation. For the three subjects who 
phonated at the two different LVs as separate tasks, the second or third [pae:] syllable 
from the high and low LV series was selected for analysis. For the subjects who 
phonated from maximum to minimum LV the second syllable was selected, typically 
representing around 90% of the vital capacity, as representative of high LV. For the 
low LV, we selected the syllable which was produced at about 25% of the maximum 
abdominal wall expansion, thus avoiding an extremely low LV which might trigger 
atypical behaviour (Shipp & al., 1985). 

The flow signal was inverse filtered (Glottal Enterprises MSIF-2), using a flat 
closed phase as the criterion for tuning the filters. Two filters were used, one for the 
first and one for the second formant. The resulting flow glottogram signal was digitised 
and recorded on a data file, 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 
syllable, where traces of articulatory movement were absent. The following glottogram 
characteristics were measured: (1) peak-to-peak flow amplitude, (2) leakage, i.e., the 
mean flow during the quasi-closed phase, (3) duration of the closed phase, and (4) 
period time. In addition, the corresponding values of (5) LV, (6) abdominal wall 
expansion, (7) subglottal pressure, and (8) vertical larynx position were determined for 
all syllables analysed. 

A decrease of the glottal adductive force increases the pulse amplitude and 
decreases the closed quotient. Both these phonatory variables also depend on subglottal 
pressure. Therefore, the ratio between the area of the glottal pulse, approximated as a 
triangle, and Ps, was selected as a plausible measure of the abductive glottal force. 
Henceforth, this ratio will be referred to as the glottal compliance. As this measure 
may vary with both pitch and subglottal pressure, it is comparable under conditions of 
constant pitch and subglottal pressure. 

Results 
Although all subjects were instructed to start phonating after a deep inhalation, they 
showed different breathing strategies with regard to the dependence of abdominal wall 
expansion on LV. Table 1 shows the slopes and correlation coefficients for this 
dependence. As indicated by the slope factors and correlation coefficients, three of the 
subjects tended to expand their abdominal walls with LV, while two subjects did not 
consistently recruit abdominal wall expansion in their breathing activity. Thus, only 
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subjects 1, 2 and 3 seemed to have managed to use the visual feedback from the 
abdominal wall Respitrace signal presented on the oscilloscope. 

Table I .  Subjects' breathing strategies with regard to the dependence of abdominal wall 
expansion on L V listed in terms of slopes and correlation coeflcients for the best linear fit of 
plots showing abdominal wall expansion as finction of LV. 

Subiect S l o ~ e  r 2 

LV was found to consistently affect subglottal pressure in most phonations. As 
illustrated in Figure 2 all subjects tended to use a higher subglottal pressure in high LV 
than in low LV. Only single exceptions were observed to this trend. Thus, the subjects 
seemed to refrain from a muscular compensation of the decreasing exhalatory elasticity 
forces resulting from the decrease in LV. 

Subglottal Pressure in cm H 2 0  

High Lung Volume 

I Figure 2. Comparison of subglottal pressures (Ps) observed for identical pitches and degrees 
of vocal loudness and produced at high and low LV: The diagonal line represents the case 
that the same values were observed in both conditions. The dzflerent symbols refer to dzflerent 
subjects. 

LV was found to consistently affect also vertical larynx position as illustrated in 
Figure 3. Thus, all subjects had a lower vertical larynx position at high LVs than at low 
LVs, as shown in Figure 4. It is possible that this dependence of larynx height on LV 



reflects an effect of the tracheal pull; the diaphragm would assume a higher position 
and, hence, the tracheal pull would be smaller under conditions of low LV. 
Interestingly, this was true also for subjects 4 and 5, who did not expand their 
abdominal walls. 

Vertical Larynx 
Position 

Lung Volume 

Rib Cage 

Abdomen 

Time (s) I I 5 1 n 1 

Figure 3. Example of synchronous recording of the various experimental variables versus 
time. 

In some subjects the glottal compliance showed a clear dependence of subglottal 
pressure. Therefore, Figure 5 shows this glottal compliance as function of subglottal 
pressure for the various subjects. For subjects 1, 2 and 3 the general trend was that, for 
a given subglottal pressure and fundamental frequency, this glottal compliance was 
greater at high LVs than at low LVs. This suggests that for these subjects glottal 
adduction was generally weaker at high LVs. This finding is in keeping with the idea 
of Zenker (1964), that the tracheal pull is associated with an abduction force. For 
subjects 4 and 5, on the other hand, no clear effects were observed in this respect. 
These subjects did not expand their abdominal walls with LV. 
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Vertical Larynx Position 
(arbitrary scale) 

High Lung Volume 

Figure 4. Comparison of vertical larynx position observed for identical pitches and degrees of 
vocal loudness and produced at high and low LV. The diagonal line represents the case that 
the same values were observed in both conditions. The dzflerent symbols refer to dzflerent 
subjects. 

The glottal pulse area depends both on the pulse amplitude and on the closed 
quotient. Both these variables are affected by glottal adduction forces. As shown in 
Figure 6 the closed quotient clearly contributed to the effect on glottal compliance in 
subjects 1 ,2  and 3, i.e. for the subjects who varied abdominal wall expansion with LV. 

Discussion and Conclusion 
Two effects of LV were observed in all five subjects. Subglottal pressure decreased 
and vertical larynx position was raised with decreasing LV. Similar observations were 
made in two investigations of the phonatory effects of support. In singing without 
support, subglottal pressure was mostly lower and larynx position higher than during 
singing with support (Sonninen & al., 1994; Griffin & al., 1995). This suggests the 
fascinating possibility that support is sometimes related to the phonatory characteristics 
associated with high LV. 

We chose an expansion of the lower part of the abdominal wall as our criterion for a 
low diaphragm position. However, if the diaphragm contracts while the abdominal 
wall remains fixed, a widening of the lower contour of the rib cage results. In this case, 
a lowering of the diaphragm is combined with a constant position of the abdominal 
wall. Therefore, a widening of the abdominal wall is a safe but not the only criterion of 
a lowering of the diaphragm. It seems advisable in hture experiments to record the 
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Subglottal Pressure (cm H20) 
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Figure 6. Closed quotient as Jiznction of subglottal pressure for the various subjects and 
pitches. Filled and open circles refer to high and low L K  

Subject 5 Subject 5 
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abdominal wall expansion both at the level of the navel and immediately below the rib 
cage. 

Subjects 4 and 5 did not exhibit any consistent dependence between abdominal wall 
expansion and LV. Their larynx position varied with LV, but they did not show any 
consistent phonatory effects. On the other hand, larynx position can of course be varied 
also by external laryngeal muscles. Another possiblility is that even a purely costal 
inhalation is associated with some tracheal pull. 

Two experimental procedures were tried in the present investigation. One was that 
the subjects first phonated after a deep breath and then after a relaxed sigh, i.e., at high 
LV and at FRC. The other was that the subject started at a high LV and continued until 
he ran out of breath. The latter method seemed better, as the task apparently was easier 
and the results were easier to analyse. 

We used the glottal compliance as our criterion for glottal abduction. This measure 
should be more reliable than the glottal perrnittance, i.e., the ratio between pulse 
amplitude and subglottal pressure, as it also takes into account the closed quotient. 
This ratio is related to other measures which have been used in the past. Hammarberg 
et al. (1980) measured the level difference between the peaks corresponding to the 
fundamental and the first formant in long term average spectra of running speech. 
Another related measure is the Amplitude Quotient, defined by Alku and Vilkrnan 
(1995), as the ratio between the AC airflow amplitude and the amplitude of the 
negative peak of the differentiated glottogram; the AC airflow amplitude is closely 
correlated with the pulse area and the negative peak of the differentiated glottogram is 
highly correlated with subglottal pressure (Gauffin & Sundberg, 1989). A third related 
measure is the difference between the amplitude of the first harmonic and the 
amplitude of the first formant peak (Stevens, 1995); the amplitude of the hndamental 
is strongly related to the area of the flow pulse and amplitude of the first formant is 
highly dependent of subglottal pressure (Fant & al., 1985). 

Using this measure we found that for a given subglottal pressure and pitch three of 
our five subjects showed signs of a reduced glottal adduction at high LVs. This 
supports the assumption that in these subjects the tracheal pull affected glottal 
adduction. This tentative result should obviously be tested on a greater number of 
subjects in a future experiment. 
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