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HOW CONSTANT IS SUBGLOTTAL PRESSURE IN SINGING?* 

Joharl Sundberg , Nirini Elliot, & Putt-icia Cramming 

Abstract 

According to previous investigations by Leanderson, Sundberg, & von Euler, sub- 
glottal pressure in singing is adapted to pitch and loudness. Thus, wide musical in- 
tervals and great, sudden changes of loudness were found to be associated with 
substantial and precise pressure changes. In this study, we will focus on the signifi- 
cance to subglottal pressure of smaller, but equally important effects, namely those 
associated with musical expression, particularly alternations between stressed and 
unstressed syllables. We will use a GAELTEC pressure transducer introduced 
through the nose for measuring changes in subglottal pressure during vocal exer- 
cises and artistic performance of lieder and arias. Synchronous recordings are made 
of fundamental frequency and loudness. Professional singers will serve as subjects. 

INTRODUCTION 
Almost without exception, singing teachers agree that the respiratory system is a factor of major 
relevance for the control of phonation during singing. It is frequently referred to as "breath sup- 
port". Similarly, many speech therapists regard the respiratory habits of their patients an effective 
means to improve a failing phonatory function. This strongly suggests that respiration is an impor- 
tant factor in the control of the phonatory apparatus. 

The prime phonatory variable regulated by the respiratory apparatus is subglottal pressure. In 
other words, subglottal pressure should be a factor of major significance to phonation, according to 
the general view among voice teachers. The main acoustic effect of an increase of subglottal pres- 
sure is known to be an increase of loudness of phonation. As a secondary effect, the fundamental 
frequency of phonation increases somewhat. 

However, phoneticians often argue that in normal conversational speech subglottal pressure can 
be regarded as a constant, i.e., non-varying parameter. In an excellent article, Ohala (1990) re- 
viewed the literature on this topic. He concluded that "Claims that independent action of the respi- 
ratory system underlies the production of ... stress ... are called into question." 

It is thus possible to vary loudness by other means than subglottal pressure. The mechanism is 
related to the glottal airflow, i.e., the voice source. It has been shown that the sound level of vowels 
is determined by the steepness of the trailing end of the airflow pulses (Fant, Liljencrants, & Lin, 
1985; Gauffin & Sundberg, 1989). This steepness can be increased by increasing the amplitude of 
the pulses, by increasing the length of the closed phase, and by increasing the skewing of the pulses. 
The two former changes arise as a consequence of increases of subglottal pressure, while the latter 
seems mainly dependent on the relation between the fundamental frequency and the first formant. 
However, also changes in glottal adduction affects the pulse amplitudes and the duration of the 
closed phase. Therefore, some regulation of loudness is possible also by glottal adduction. The 
loudness variation reflecting prosodic variations, such as stress of a certain syllable, is thus believed 
to be controlled by factors other than subglottal pressure. 

On the other hand, there seems to be no conflicting views as to the role of subglottal pressure for 
overall loudness variation in speech. It is a well-established fact that speakers typically increase 
subglottal pressure when asked to speak more loudly. 

At the same time, there seems to be solid evidence that subglottal pressure is systematically var- 
ied during singing. Rubin, LeCover, & Vennard (1967) measured subglottal pressure in singers by 
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inserting a fine needle into the trachea of some singer subjects. They found that these singers al- 
ways raised their subglottal pressure to increase vocal loudness. Further, they observed that in- 
creases of fundamental frequency were typically associated with increases of subglottal pressure. 

These observations were corroborated and complemented by Leanderson, Sundberg, & von Eu- 
ler (1987). They recorded subglottal pressure in singing and found well-formed patterns accompa- 
nying typical singing tasks such as pitch jumps and sudden variations of vocal loudness. Further, 
they found precisely controlled variations of subglottal pressure during the performance of florid 
singing and trillos. 

Also, they observed quite varied subglottal pressure in emotional speech. The pressure curves for 
that type of speech contrasted clearly with the smoothly varying and basically constant pressure 
curves underlying nonsense speech. 

Thus, in singing, subglottal pressure is systematically and continuously varied depending on vo- 
cal loudness and pitch. The fact that subglottal pressure affects also voice pitch implies quite high 
demands on accuracy in singers' regulation of subglottal pressure. Failures to match the intended 
subglottal pressure will result in singing out of tune. Indeed, singers need quite a virtuosly regula- 
tion of subglottal pressure. 

In this investigation we examined the hypothesis that singers use subglottal pressure variation 
not only for regulating loudness and controlling pitch but also for marking certain notes by accents. 
Such accents seem to serve the purpose of marking the musical structure, e.g., by marking bar lines. 
By synthesis of singing, it has been demonstrated that an accent is typically associated with a sud- 
den increase and decrease of loudness (Sundberg, 1989). This suggests that accents in singing are 
produced by corresponding changes of subglottal pressure. If this were the case, the demands on a 
quick and precise control of subglottal pressure would be even higher than presently assumed. 
Thus, the aim of the present study was to find out if subglottal pressure is used also for the quasi- 
prosodic distribution of accents and group boundaries in singing. 

METHOD 
Two highly experienced professional singers volunteered as subjects, AH, bass-baritone and KG, 
mezzo-soprano, both earning their living from singing. Subject AH had participated in a previous 
investigation of singers' breathing habits (Leanderson, & al., 1987). The subjects were asked to sing 
a number of music examples presented to them in a music score. These tasks are shown in Fig. 1. 
The basic idea was to present the same pitch sequences in different musical groupings. Thus, one 
example, a descending diatonic scale, was presented both in 314 time and 414 time containing three 
and four repetitions of each scale tone, respectively. Other pairs of examples contained the same 
pitch pattern but the bar line was moved by one quarter note, such that an upbeat resulted in one 
version. 

The experiment took place in an ordinary laboratory room. A number of different signals were 
recorded on a 7-track TEAK FM tape recorder, as shown in Fig. 2. The audio signal was picked up 
by a calibrated microphone, 0.5 m from the mouth. The calibration was realized by means of vo- 
calizations of constant sound-pressure levels which were measured with a B&K sound level meter 
held next to the microphone. A signal proportional to the SPL, obtained from a B&K amplifier 
(model 2609) attached to the microphone, was recorded on another track. A contact microphone 
(accelerometer) was used for measurement of fundamental frequency. It was fed via an LP filter to 
a double-peak-picking fundamental frequency extractor the output of which was recorded on a third 
track. The calibration for voice pitch was realized by recording tones produced at known funda- 
mental frequencies. 

Gastric and esophageal pressure were measured by means of two pressure transducers mounted 
15 cm apart on a thin catheter (GAELTEC) which was introduced paranasally in the subject's 
esophagus so that one transducer was located in the gastric ventricle while the other was in the tho- 
racic part of the esophagus. 

The positioning of the transducers was checked by asking the subject: 
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(1) to inhale forcefully with the lips forming a narrow slit, thus causing subglottal pressure to 
drop vigorously and the gastric pressure to increase slightly; 

(2) to strain with an open glottis, thus causing a high overpressure in the gastric ventricle and 
nearly zero pressure in the thorax. 

The pressure transducers were calibrated in a water-filled tube before and after placing them in 
the subject. These pressures were recorded on two other tracks. Finally, the difference between 
gastric and esophageal pressure, revealing diaphragmatic contraction, was recorded on another 
track. 

As the sound quality of the FM recording of the audio signal was rather poor, this signal and the 
accelerometer signal were recorded also on a DAT tape recorder. Three of the tape-recorded chan- 
nels were attached to an ink-jet writer (Mingograph): esophageal pressure, SPL, and fundamental 
frequency. 

Subglottal pressure is not equal to esophageal pressure. This is because the lung elasticity, which 
varies with lung volume, significantly contributes to subglottal pressure. This contribution is not re- 
flected in the esophageal pressure. Thus, at high lung volumes, subglottal pressure is considerably 
higher than esophageal pressure, while at very low lung volumes, the difference is almost nil. On 
the other hand, the contribution of lung elasticity to subglottal pressure is approximately the same at 
similar lung volumes. Therefore, sudden changes of esophageal pressure reflect sudden changes of 
subglottal pressure of almost identical magnitude. Esophageal pressure is momentarily increased 
due to peristaltic activities. These pressure signals are easy to identify. If the subject repeats each 
task several times, these peristaltic pressure waves do not obscure the measurements. 

RESULTS 
The results from the two subjects were rather dissimilar. Subject AH showed considerable variation 
of subglottal pressure, while only minor variations of subglottal pressure were observed in subject 
KG. Still, the different musical groupings had some clear effects in both subjects. 

Fig. 3 shows recordings of different tasks as performed by subject AH. Given the influence of 
lung volume, we would expect esophageal pressure to rise slightly with decreasing lung volume, as 
the contribution to subglottal pressure from lung elasticity decreases. On the other hand, higher 
tones need higher pressures than lower tones because of the higher stiffness of the folds at high 
pitches. For a performance of a descending scale which consumes a major part of the vital capacity, 
the influence of lung volume and pitch counteracts each other. This would be the reason why the 
esophageal pressure curves for the descending scales are essentially constant in the figure. 

Clear short-term increases and decreases of subglottal pressure can be observed on beat 1, both 
in the 314 time example and in the 414 time example. In the latter case a small pressure accent can 
also be observed on the third beat, carrying a secondary stress in 414 time. 

The correlation between changes of SPL and changes of esophageal pressure is less clear than 
what could be expected. The reason for this would be that the acoustic characteristics of the 
recording room was too complicated. Probably, a shorter microphone distance would have been 
preferable. 

At the end of the experiment, the subject watched his esophageal pressure curve in real time as it 
appeared on the oscillograph. He was then asked to sing example 1 again, this time without marking 
of bar lines. The resulting curve is also shown in Fig. 3. This pressure curve is almost completely 
even, thus revealing a completely smooth subglottal pressure. This is an impressive demonstration 
of the use this subject made of subglottal pressure to mark bar lines. 

Fig. 4 shows recordings of subject KG. Here, the esophageal transducer picked up considerable 
influences from the blood vessels, imposing a cyclical variation of the pressure. This obscured some 
of the effects. Therefore, in the figure, curves have been added connecting adjacent peaks in the 
blood circulation cycles. These curves reveal a slight increase of mean esophageal pressure toward 

I the bar lines in both 314 and 414 time. 



STL-QPSR 1/199 1 

Fig. 1. Music examples presenred ro the subjecrs. 
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Fig. 2. Ex erimental setup. A multitrack TEAK FM tape recorder was used or the ( I )  SPL derived from 
a g & ~  2609 Measuring Amplijier connected to the microphone; ( 1 )fundamental frequency FO 
derived from an LP filtered (Ithaco) processing the output of an accelerometer a double-peak- 
picking fundamental frequency extractor (Fonema); (3) esophageal, (4) gastric and (5) transdia- 
phragmatic pressure. For control and protocol urposes the audio and accelerometer signals 
were also recorded on a DAT recorded. During t e experiment SPL, FO and esophageal pressure 
were registered on an oscillograph. 
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Fig. 3. Recordings of bass baritone subject AH'S FO, SPL and esophageal pressure (PEs) during a de- 
scending diatonic scale repeating each scale tone two (two upper curves) and three times in three 
and four fourths time, respectively. The top ra h was registered when the subject was asked to 8 k' sing as evenly aspossible, without marking t e ars. 
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Fig. 4. Recordings of mezzo soprano subject KG3 FO, SPL and esophageal pressure (PEs) during a de- 
scending diatonic scale repeatin each scale tone two (u per curve) and three times in three and 
four fourths time, respectively. B ood circulation induce a cyclical variation of esophageal pres- 
sure. 
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Fig. 5 compares the pressure values observed for music example 2. In version (a), the upper 
tones appeared on strong beat while in version (b), they appeared on a weak beat in the bar. The 
figure shows the pressure data in terms of a correlogram. It can be seen that the pressure was 
somewhat higher when the upper notes appeared on strong beats. Thus, although the differences 
were small, the subject tended to raise the pressure for the first note in the bar. 

PRESSURE FOR UPPER TONE (kPa) 

- SUBJECT KG 

- 

- 
- 

- 

UPPER NOTE ON UNSTRESSED BEAT 

Fig. 5. Correlogram for esophageal pressures observed for the up er tones in music example 3. In one 
version o this example these tones appeared on a stresse beat while in the other version they 
appeare d on a weak beat. 

S 
Subject KG also showed an interesting breathing pattern that seemed associated with one of her 

standard vocal exercises. The example is shown in Fig. 6. Here, the curves show fundamental fre- 
quency, transdiaphragmatic pressure and esophageal pressure. It can be seen that when performing 
this exercise, the subject vigorously contracted her diaphragm during the production of the conso- 
nant /p/. Corresponding contractions did not seem to happen during the performance of other exam- 
ples, although faint reflections of this pattern could occasionally be observed also in a performance 
of a coloratura passage. The rationale for this behavior may be to loosen the crico-thyroid joint by 
sudden increases of the tracheal pull (Sundberg, Leanderson, & von Euler, 1989). 

DISCUSSION 
A major difference between speech and singing is that an independent control of loudness and pitch 
is needed in singing but not in speech. For example, in normal speech an increase of mean loudness 
is typically accompanied by an increase of the mean speaking pitch; according to Gramming, Sund- 
berg, Leanderson, Ternstrom, & Perkins (1988) mean fundamental frequency in fluent speech in- 
creases about 0.4 semitone per dB increase of the equivalent sound level. In other words, in speech, 
loudness and pitch are typically interdependent. Interestingly, it was found in the same investigation 
that the rise in mean fundamental frequency could be explained as a by-product of the increase of 
subglottal pressure that produced the loudness increase. Thus, the reason why speakers typically in- 
crease voice pitch when increasing vocal loudness seems to be the increase in subglottal pressure. 
This shows that the demands raised on the respiratory apparatus in singing and speech are quite dif- 
ferent. 
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Our results show clearly that subglottal pressure is sometimes recruited for the purpose of 
marking tones of structural significance. However, research on music performance has revealed that 
there are also other ways to emphasize tones in a performance (Sundberg, 1988; Palmer, 1989). Ac- 
cents can be realized by increases of the duration of the important tone or by starting it slightly ear- 
lier than nominally written in the score. Thus it is not surprising that we did not find the same pat- 
tern in our two subjects. 

The difference between the two subjects, with regard to how the bar was marked, is interesting. 
While AH mostly marked the first beat with a vigorous pressure pulse, subject KG showed much 
smaller pressure changes, producing slight crescendos that ended on the first beat in each bar. In- 
stead, she used articulation to mark bar boundaries. We believe that this accounts for a basic differ- 
ence in the style of singing. Subject AH'S vigorous pressure pulses seemed to give the performance 
an active, outgoing, perhaps somewhat aggressive character, while subject KG'S smooth and minor 
pressure differences seemed to result in a more melodious, peaceful character. 

The correlation between SPL and subglottal pressure was poor. This may seem surprising, given 
the fact that subglottal pressure is the singer's main tool for regulating vocal loudness. There may be 
at least two reasons for this poor agreement. First, the sound recording was made in an ordinary 
room at a distance of 0.5 m from the mouth where the direct sound may have been diluted with too 
much reflection from the room reverberation. Second, SPL and vocal loudness do not stand in a 
simple relationship. For example, while sound level varies with distance, we have generally no 
problem telling loud from soft phonation, regardless of the distance. Further, SPL is mainly depen- 
dent on the amplitudes of quite few spectrum partials near the first formant (Gramrning & Sund- 
berg, 1988). Also, it is heavily influenced by the frequency of that formant. As in our experiment 
the formant frequencies changed, a clear correlation cannot be expected between subglottal pressure 
and sound level. 

Some of our findings seem relevant from the point of view of voice pedagogics. The fact that 
both subjects, although to different degrees, marked the bar unit by means of subglottal pressure is 
an objective support for the common idea among singing teachers that the bar must be marked by 
means of "the air", at least in certain musical contexts. We may speculate that by singing scales, 
arpeggio triads, triplets, and other clearly grouped tone sequences, singers are trained to use their 
breathing apparatus to mark the grouping. This means that the musical grouping of notes belonging 
together is represented in a physical sense in the singer's respiratory system. It is interesting to see 
these rather subtle aspects of music manifested in so tangible data. 

Finally, we would like to propose the idea that the use of subglottal pressure may belong to the 
major differences between normal neutral speech and singing. It seems quite likely that the term 
"breath support" refers to the successfully preplanned and realized variation of subglottal pressure. 
It would be an interesting topic for a future investigation to see if subglottal pressure is used for 
prosodic stress also by stage actors. 

CONCLUSIONS 
Singers seem occasionally to use subglottal pressure for musical grouping. One method used 
was to give the prominent tone an accent achieved by a quick increase immediately followed by a 
corresponding decrease of the pressure. Another method was to slowly increase the pressure to the 
occurrence of the prominent tone. 
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