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111. MUSIC AcuJsrICS 

A. BREA'l?EUNG MUSCLE ACTIVITY AND EXJKXMTAL PRESSURE DYNAMICS IN 
SUVGING AND SPEECH 

Rolf Leanderson*, Johan Sundberg, and C u r t  von Euler** 

Abstract 
Previous studies have indicated that the diaphragm may contribute 

to the accomplishment of the quick and precise subglottal pressure 
changes required during singing. The present investigation compares data 
collected from simultaneously recorded EMG from breathing muscles and 
transdiaphragmatic pressure during singing as well as during nonsense 
and emphatic speech. 

IrnrnION 

It is a well-established fact that subglottal pressure is the main 
agent in the regulation of phonatory loudness (Bouhuys, Mead, Proctor, & 

Stevens, 1968; Cleveland & Sundberg, 1985; Leaderson, Sundberg, & von 
Euler, 1984). Therefore, a precise control of subglottal pressure muld 
be essential in singing and also in speech. In previous research we have 
examined the role of the diaphragm in establishing the adequate subglot- 
tal pressure during singing. Also, we have investigated the effects on 
the quality of phonation of a coactivation of the diaphragm. In an 
attempt to deepen the understanding how the respiratory apparatus is 
used in singing, we have now analyzed another contributor to subglottal 
pressure, namely abdominal musculature. Thereby, we have focused on its 
role during phonation rather than during inspiration. 

MGIHOD 
In these experiments we recorded synchronously audio signals, EMG 

signals, from breathing muscles and pressure data. These signals were 
directly recorded on a multichannel rectilinearly writing pen recorder 
and on a 7-track M tape recorder. 

m e  audio signal was recorded by an ordinary micmphone and proc- 
essed so as to show the sound level. In addition, a contact micr-e 
was fastened to the throat under the larynx for recording the fundament- 
al frequency. In the present experiments, these signals were used for 
control purposes only. 
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The EMG activity of the intercostal ~ U S C ~ ~ S  were recorded by means 
of surface electrodes placed at the interspace between the second and 
M r d  ribs, i.e., the 3rd interstice. Another pair of electrodes was 
placed at the 8th interspace in order to capture an EMG signal from the 
diaphragm, as proposed by Shahani, Halperin, Boulu, & Cohen (1984). 
Finally, a third electrode pair was attached to the abdaminal wall with 
the anterior electrode on the mamillar line just below the rib cage so 
as to catch the activity of the external oblique muscle. Altkrough the 
signals from the intercostal and diaphragm muscles showed consistent a& 
expected patterns during voluntary breathing, the same signals recorded 
during singing appeared hard to evaluate. We failed to capture an EMG 
signal that was clearly associated with diaphragm activity and isolated 
from intercostal activity. Also, it was difficult to separate unequi- 
vocally the inspiratory and expiratory intercostal activities. 

The pressure data were collected in the following way. The oe- 
phageal and gastric pressures were measured by means of two pressure 
transducers mounted on a special catheter of 2 mm outer diameter ("Gael- 
tec" Inc.). This dual transducer catheter had one of the transducers at 
the tip and the other about 15 cm from the tip. The catheter, inserted 
through the nose, was swallowed by the subject so that the tip was 
located in the gastric ventricle and the other in the oesophagus. As we 
here are only considering relatively skrort-term pressure changes, - 
phageal pressure changes represent a fair approximation both in ampli- 
tude and phase of the variations in subglottal pressure. The pressure 
difference, i.e., the transdiaphragmatic pressure, was recorded directly 
from a differential amplifier. The intraoesowgeal and intragastric 
pressure traces were at times contaminated by peristaltic waves. These 
parts of the records were eliminated. 

Two of the authors served as subjects, being singers with a consid- 
erable experience of both voice training and performance. The subjects 
performed various tasks entailing different demands on subglottal pres- 
sure dynamics. The speech tasks included nonsense sentences and emotive 
speech (a dramatic dialogue); in contrast to emotive speech, nonsense 
phrases normally lack such affective prosody which entails variation of 
subglottal pressure. The singing tasks were selected so as to colltain 
elements typically ocurring in opera and concert singing: sustained 
tones, vocalic staccato singing (trillo), octave intervals, and colora- 
tura. 

It turned out that the abdominal EMG signal seemed most reliable in 
our experiment, so it appeared appropriate to examine in some detail the 
relationships between subglottal pressure dynamics on one hand, and the 
bioelectrical activity of abdominal muscles and the diaphragm as re- 
vealed by the transdiaphragmatic pressure, on the other. Thus, a simul- 
taneous registration was made of the oesophageal, the gastric, and the 
transdiaphragmatic pressures, as well as of the EMG signal fran the 
abdominal oblique muscle (rectified, amplified, and "integrated" by an 



WJ low-pass filter, -16 Hz). In order to avoid different delays be- 

tween these signals also the pressure signals were similarly filtered. 

REwLiTS 

Fig. 1 shows examples of the recordings obtained during nunsense 
speech. The three top curves represent the pressures in the oeso@hagus 
P,, in the gastric ventricle Pga, a d  across the diaphragm Pdi. It can 
be seen that the subject took a breath between each phrase; during 

inspiration, the oesophagus pressure dropped below zero ard the gastric 
pressure decreased. During the utterances, these pressures simultane- 
ously increased to some 10 cm %o. During nonsense speech, subjects JS 
kept his diaphragm basically passive throughout, while the abdominal 
wall musculature was activated during the utterances. This can be in- 

ferred from the bottom curve EMGW representing the integrated EMG 
signal from the external oblique muscle. 

Nonsense speech Fig. 1. Oesophageal pressureP 
G gastric pressure Pgaf 

s: 
Poes ':[ /--. phragmtic pressure Pdi 

,-. and integrated EMG sig- 
nal £ran  the oblique ab- 
daninal muscle for 

Pga ':c 0 A - subject  JS recorded dur- 
ing nonsense speech. 

pdi 2$- ---, A A/ 

Fig. 2 compares the two singers' nonsense speech, emotive speech 
and octave singing. For subject JS the oesaphageal pressure was smooth 
and low during the nonsense speech while more vivid patterns were ex- 
hibited when the speech was emotional. Apparently, the sound level 
variations required for emotive speech were produced, at least in part, 
by means of subglottal pressure variations. Both the diaphragm and 
abdominal oblique muscles seem to have remained relatively passive, 
suggesting that in this subject the pressure swings were mainly produced 
by the intercostal muscles. 



Subject RL 

I G Nonsense speech Emotive speech Octave singing 

Fig. 2. Oesophageal pressure Pees I gastric pressure P diaphragmatic 
pressure 3?&I and integrated EMG signal fran ?Z oblique 
daninal muscle recorded during the performance of var- 
ious phonatory tasks. 

wing octave singing, on the other hand, the pressure changes were 
considerable and appeared in synchrony with variations in abdominal 
muscle and diaphragm activities. The figure shows that the high tone 
was sung with a higher swlottal pressure, generated by an excessive 
cantraction of abdominal muscles combined with a coactintion of the 
diaphragm. The variations in the diaphragm activity decreased and the 
abdominal muscle activity increased with decreasing lung volume. 

Similar observations were made for subject RL, as illustrated in 
Fig. 2, although with for this subject, the pressure variations in 
emotive speech were more conspicuous arrd associated with marked phasic 
EMG amplitudes. In m's octave singing, the increase of the gastric a& 
transdiaphragmatic pressures were even more apparent than those of JS. 
The negative dips present in the transdiaphragmatic pressure traces are 
"artifacts" due to heart beats. Fig. 2 further illustrates the con- 
siderable differences in the demands on the ventilatory apparatus during 
the various types of speech and singing maneouvres. 

During singing of coloratura, i.e., a rapid succession of notes 
which all are sung on one vowel without interspersed consaants, singers 
generate a continuous, undulating fundamental frequency. The funda- 
mental frequency peaks appear in synchrony and almost in phase with 
peaks in the subglottic. pressure, as is illustrated in Fig. 3. Fig. 4 
shows pressure and E31G recordings obtained during singing of coloratura. 
In subject FU,, the oesophageal and gastric pressures varied togetkr 
with one pressure peak per note. These pressure peaks seem generated, 
at least in part, by variations in the activity of the aWominal oblique 
muscle. As illustrated in Fig. 4, the abdominal muscle in this task was 
activated in synchrony with the voice fundamental frequency, i.e., at a 
repetition rate of six contractions per sec. The diaphragm only showed 



activity in the first part of the phrase, i.e., at relatively elevated 
lunq volumes: the slight increase toward the end of the phrase, seen in - 
Fig. 4, probably was due to passive stretching of the diaphragm. 

1 sec I 

Fig. 3. Oesophageal pressure Pees and fundamental frequency Fo recorded 
when a singer subject performed the coloraturapassageshownbeluw. 

Coloratura 
Subject RL Subject JS 

Fig. 4. Oesophageal pressure P-, gastric pressure P diaphragmatic 
pressure Pdi, and integrated E X  signal frcm % oblique abdo- 
minalmuscle EMG* recorded during the performance of the colo- 
ratura passage shuwn above to the left. 

Subject JS showed a different scheme. The peaks in the oesophageal 
pressure occured in synchrony with the dips in the gastric pressure. 
This indicates the occurrence of phasic activations of the diaphragm 
thrcughout the phrase. The abdominal muscle activity was clearly phasic 
during the first part of the phrase only, as can be seen in Fig. 4. 





for active expiration and of greater importance for ptural purposes, 
as compared to the oblique and transverse abdominal muscles which con- 
tribute more importantly to active expiration (Campbell & Green, 1955; 
Zemlin 1981; van Tmteren & Cherniack, personal communication). 

As long as the pressure resulting from passive recoil forces ex- 
ceeds the subglottal pressure required for the intended @nation, the 
diaphragm in conjunction with the inspiratory intercostal and para- 
sternal muscles is an appropriate means for the control of subglottal 
pressure variations. At lower lung volume, however, when the elastic 
recoil forces have decreased below that level, expiratory muscles must 
be recruited and variations in their contractile force may achieve the 
required subglottal pressure dynamics. 

In these experiments we have observed great differences in pressure 
dynamics depending on the task. During monotonous nonsense speech, for 
instance, when the subglottal pressure can be asssumed to be relatively 
low, smooth, and without any major variations, the oesophageal pressure 
displayed a pattern of only small variations during the utterances, 
i.e., inbetween the inspirations, and the abdominal muscle activity was 
relatively low. In contrast, during emotive speech and singing tasks, 
rapid and seemingly precise pressure changes were observed and the 
activity in the abdominal oblique muscles varied within much wider 
limits. This shows that subglottal pressure plays a prominent role in 
generating emotional expression in speech. Also, it points to the 
relevance of speech samples produced for communicative purposes. Also, 
it is obvious that the differences with regard to subglottal pressure 
between speech and singing appear exaggerated if singing is compared to 
nonsense speech. It is well known that subglottal pressure affects 
fundamental frequency of voice. In singing the system of pitches is 
basically fixed. Therefore, insufficient accuracy in subglottal pres- 

sure regulation will lead to errors in voice furhmental frequency, or 
singing "out of tune". In speech no such risk would occur. Therefore, 
the demands raised on the breathing apparatus in singing is much higher 
than in speech. 

It is sometimes assumed that the different groups of muscles for 
phonatory control play different roles in generating prosody. In colora- 
tura we have seen that both the activity of the cricothyroid muscles (as 
evidenced by the pitch contour) and the activity of the muscles regu- 
lating subglottal pressure are vary phasically at the same rate, even 
though not in ghase. Thus, there seems to be no difference in contrac- 
tion rate between these two muscle groups. It might be interesting to 
analyze the role of in- and exhalatory intercostal muscles in this 
regard. In any event, these aspects of pkronatory control require fur- 
ther investigation. 



~ S I O N S  

1. With respect to the subglottal pressure patterns, neutral speech is 
different from emotive speech which in turn is different fran skq- 
ing. While the pressure is low and changes smoothly during neutral 
speech, it is more vivid during emotive speech. In singing, the 
pressure must be varied quickly and precisely. 

2. In the generation of these pressure variations, the oblique abdomi- 
nal muscle sometimes play an active role. 

3. During rhythmic singing, the oblique abdominal muscles may contract 
phasically with repetition rates of about six contractions per sec 
sometimes in synchrony with diaphragm contractions. - 
The authors are indepted for helpful assistance in EMG recording 

from Docent Ewert Knutsson, Dept. of Clinical Ne~ysiology, Karolin- 
ska Wspital, Stockholm, Sweden and to the Sijderberg & Haak M a t i o n  
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