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I. MUSIC ACOUSTICS 

A. EFFMlT OF DIAPHRAGM ACTIVITY ON PHONATION WRING SINGING. 
Rolf Leanderson*, Johan Sundberg, and Curt von Euler** 

Abstract 
The transdiaphragmatic pressure was displayed on an oscilloscope 

screen as a visual feedback signal for some singers and untrained sub- 
jects, who performed various phonatory tasks with and without voluntary 
co-activation of the diaphragm. The diaphragmatic co-activation tended 
to increase the amplitude of the 'glottogram' (the transglottal air 
velocity waveform) as determined by inverse filtering and also tended to 
reduce the formant frequencyvaribility under conditions of changing 
fundamental frequency. 

Introduction 
Invoicetherapyandtrainingbreathing is generally regarded as 

crucial to voice function, and much effort is spent on teaching breath- 
ing technique. From a physiological point of view the relevance of this 
strategy seems difficult to explain. Provided that the folds are suffi- 
ciently approximated, the folds will vibrate, as soon as there is a 
p~itive subglottal pressure. Even tkrough phonation requires that the 
respiratory system provides a subglottal pressure, the respiratory and 
laryngeal muscles belong to different systems and, hence, they might 
work independently. F'urthennore, it has never been scientifically in- 
vestigated to what extent the mode of breathing has acoustic effects on 
the voice. The purpose of the present investigation was to find out if 
and how a difference in breathing technique affects phonation acousti- 
cally. 

In two previous investigatians the role of the diaphragm in singing 
was analyzed in some male singers (Leaderson et al., 1983; Sundberg et 
al., 1985). Clear interindividual differences were found. During sus- 
tained tones some singers had a constantly passive diaphragm, while 
other singers showed an active diaphragm during most of the utterance. 
Also, in sudden changes of subglottic pressure £or the purpose of pitch 
or intensity shifts, differing strategies in the usage of the diaphragm 
were observed. 
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These differences regarding the breathing technique were accompa- 
nied by voice timbre differences. In normal automatic breathing for 
metabolic purposes an activation of the diaphragm in inspiration is 
associated with vocal fold abduction. Even though this does not imply 
that the same relationship holds in breathing for phonatory purposes 
(Euler, 1982; 1983), the relationship between diaphragmatic activity and 
phonation seemed an interesting objective to study. 

In order to achieve a certain voice quality, trained singers have 
learned specific phonatory behaviors. rnerefoye, it was considered 
important to exmine untrained subjects in the first place. Two female 
and four male subjects, all of whom lacked ainqing education, were used. 
In addition, two trained singers were alao analyW. 

The diaphragm separates the thorax from abdomen, ard these two 
cavities belong to different parts of the respiratory system. A dia- 
phragmatic activation will act to decrease the btrathoracic pressure at 
the same time as it exerts a positive prcaasure on the abdominal c~ntent 
and a transdiaphragmatic pressure will be gsnarsted. If there is no 
transdiaphragmatic pressure, the diaphragm is pssive, and the two parts 
unite. Thus, by measuring the pressure above nn8 blow the diaphragm, an 
indication of diaphragmatic activity can be obtain& (see, e.g., Newme 
Davis etal., 1970). This holds except for very low lung volumes, when 
the diaphragm is passively stretched to that extent that a significant 
tens ion develops. 

The transdiaphragmatic pressure was determined in the following 
way. The oesophageal and gastric pressures were measured by means of a 
catheter ("Gaeltec", 2 mm outer diameter) furnished with two pressure 
transducers, one at the tip and one about 15 cm from the tip. The 
subjects swallowed the catheter so that the tip was located in the 
gastric ventricle, and the other transducer in the oesophagus. The 
pressure difference, i.e., the transdiaphragmatic pressure was recorded 
directly from a differential amplifier. The oral pressure during /p/- 
occlusion was recorded from a pressure transducer with a thin plastic 
catheter, which the subject held in the mouth corner. The oral output 
was recorded by means of a pressure gradient microphone mounted in a 
mask (see lbthenberg, 1973). kom this same signal, fundamental frequen- 
cy as well as sound pressure level (SPL) were determined. During the 
experiments, these signals, except for the sound level, were simul- 
taneously recorded on a multichannel rectilinearly writing pen recorder. 

The transdiaphragmatic pressure was displayed on an osci 1 loscope 
screen as a visual feedback signal for the subject. Urrder these cadi- 
tions no subject had any difficulty in bringing his diaphragm activity 
under conscious control. The subjects were asked to phonate various 
sounds with an active and a passive diaphragm. The two singers sang 
triads, octaves and sustained tones with different intensity. The un- 
trained subjects were asked to sing gliding tones and sustained tones. 
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Fig. 1. Examples of recordings made during the experiment, when the sub- 
ject was singing a triad pattern with interspersed /p/. SPL is 
the sound pressure level at .5 m, pdi is the transdiaphragmatic 
pressure, Pees is the oesophageal pressure, Pga is the gastric 
pressure, Por is the oral pressure during the pocclusion, Fo is 
the fun-tal frequency. 

Fig. 1 gives examples of the records obtained. The graphs repre- 
sent from top to bottom, the SPL, the transdiaphragmatic pressure, the 
oesophageal pressure, the gastric pressure, the intraoral pressure, and 
the fundamental frequency. 

The general impression was that the subjects' attention was cap- 
tured by the curve displaying the diaphragmatic activity on the oscillo- 
scope screen rather than by the timbre of the voice sounds. During the 
experiment it was observed that the singers tended to phonate in a 
particular way under conditions of diaphragmatic co-activation, the 
timbre sounding more "dark" or covered. However, one of the singers 
discovered that this was not necessarily so. Thus, he produced both a 
'bright" and a "dark" tone with as well as without diaphragmatic activa- 
tion. 

Analysis 
The signal recorded from the mask microphone was inverse filtered 

by means of a computer program. This procedure implies that the £re- 
quencies of the formants are determined and the influence of these 
formants on the voice source signal is ampensated for. Thus, partials 
which have been emphasized by the proximity of a formant are suppressed 



to a corresponding degree, and vice versa. As the end result, graphs 

are obtained, which show the transglottal airflow versus time, the so- 

called acoustic glottograms. Fig. 2 shows a typical example of such a 
glottogram . 

ACOUSTIC GLOTTOGRAM 

1 
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Fig. 2. Idealized acoustic glottogram. 

From the acoustic glottogram which, as mentioned, displays trans- 
glottal airflow versus time, the duration of the moment of glottal 
closure, or the closed phase, can be determined. Also, an acoustic 
glottogram informs about the peak amplitude and the closing time, which 
are parameters of particular acoustic significance. Thus, the peak 

amplitude determines the amplitude of the voice source fundamental. The 
maximum closing rate (or, more specifically, the peak amplitude of the 
differentiated glottogram) determines the amplitudes of the source spec- 
trum overtones and, hence, the SPL of the vowel under normal conditions. 
The correlationbetween these acoustic voice source data and the physi* 
logical data mentioned previously were examined. 

Ftesults 1 

The main question was to find out to what extent the values ob- 
served under conditions of a passive and an active diaphragm agree. 
Thus, comparisons were needed of pairs of values collected wder condi- 
tions identical except for the activation of the diaphragm. Such com- 
parisons are facilitated if the data pairs are plotted in a correlogram. 
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Fig. 3 shows correlograms regarding pressure data for the various 
subjects, each of whom is represented by a letter symbol. In this as in 
remaining figures, all paired values pertain to the same fundamental 
frequency. The oesophageal pressure data for the nonsingers pertain to 
non-extreme lung volumes. If the diaphragmatic activity had m influ- 
ence on these pressure data, all data points for the singers would be 
symmetrically scattered around the dashed line, which represents a one- 
to-one relationship. This was not the case, as shown in the figure; 
especially for high pressures where in the case of diaphragmatic activi- 
ty the pressure seems for the singers. This means that the counterpres- 
sure exerted by the diaphragm activity did not fully compensate the 
pressure increase generated by the abdominal wall muscles. 

"SUBGLOTTIC" PRESSURE, cm water column 

NONSINGERS SINGERS 
OESOPHAGEAL PRESSURE ORAL PRESSURE DURING P-OCCLUSION 

DIAPHRAGM ACTIVE DIAPHRAGM ACTIVE 

Fig. 3. Correlogram for the subglottic pressure data. 
Symbols refer to subjects. 



Fig. 4 shows data pertaining to the duration of the closed phase 
collected from the gliding tones of the nonsingers and from the triads 
and octaves of the singers. The length of the closed phase is expressed 
as percentage of the period time. Among the nonsingers, there was a 
trend that the closed phase became longer when the diaphragm was acti- 
vated. However, most of this trend was cauaed by subject N. When only 
the high pitched tones are considered, which +re represented by circled 
symbols in the plst, this trend is cleare~. This means that the vocal 
folds remained i q  contac* for a longer time, men the diaphragm was 
ackivated by me minqers.  In the case af m e  t w  singers, which are 
represented by filled EIlld apen symbols, regpctively, the trerd was the 
m i t e ,  but mt very pmmunced. 
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Fig. 4.  Correlogram for the data on the relative duration of the closed 
phase. Symbols refer to subjects. 
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FORMANT FREQUENCY VARIABILITY, % 
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Fdg. 6. Correlogram for the data on the formant frequency variability 
under conditions of changing pitch. Symbols refer to subjects. 

Discussion 
This experiment is based on the ability of subjects to voluntary 

control their diaphragmatic activation during phonation. This ability 
has been doubted previously (Wade, 1954). It is interesting that with 
the aid of the visual feedback provided to the subjects none of them had 
any difficulty at all to develop a voluntary control of his diaphrag- 
matic activation. It is also interesting that the singer subjects had 
developed such a voluntary control by themselves, without visual feed- 
back (cf., Sundberg et al., 1985). 

Some previous investigations have reported on a phonatory dimen- 
sion, which is apparently associated with the degree of vocal fold 
adduction (Wthenberg, 1972; Sundberg & Gauffin, 1979; Gauffin & surd- 
berg, 1980). The extremes of this dimensions have been called "pressed 



phonation", where the adduction activity as well as the subglottic 
pressure are high, and breathy phonation where the vocal folds are less 
compressed medially and the subglottic pressure is low. These phonatory 
differences are clearly manifested both in acoustic glottograms and in 
voice timbre. For instance, pressed phonation is typically associated 
with a long closed phase and a low peak amplitude, and in the spectrum 
the amplitude of the fundamental is low. 

A change in the diaphragmatic activity seems to have some influence 
on phonation with respect to this plzonatory dimension, at least in some 
subjects. Under conditions of diaphragmatic co-activation, the glotto- 
gram amplitude was raised at the same time as the closed phase and the 
subglottal pressure was increased in all subjects except subject N. 
This implies that most subjects change the mode of phonation slightly 
towards the flow phonation under conditions of diaphragmatic co-activa- 
tion. Even subject 0, who does not increase his subglottic pressure, 
still produced a considerably higher glottogram amplitude. We must 
conclude that not all subjects behave in the same way when voluntarily 
co-activating the diaphragm. It might be relevant that subject N is a 
clarinet player, which might have caused him to develop special aero- 
dynamic patterns. In any event, most of human behavior depend on stra- 
tegies which are acquired by learning and training. 

The "dark" and "bright" timbre tones sung by one of the singers 
with and without diaphragmatic co-activation represent interesting addi- 
tional evidence. These tones were sung with practically identical oeso- 

phageal pressure. Still, the glottogram amplitude was considerably high- 
er in the case of an active diaphragm. This must mean that an activated 
diaphragm was associated with a reduced medial glottal compression in 
this subject. 

In the case of the nonsingers, except subject N, a similar reason- 
ing can be applied; there was no difference in oesophageal pressure, and 
still, there was a tendency for the glottogram amplitude to be higher 
under conditions of an active diaphragm. An increased glottogram ampli- 
tude produced with unchanged subglottic pressure is a sign of reduced 
medial compression and, hence, a change towards flow phonation. Thus, a 
diaphragmatic activation seems to be associated with a trend to a re- 
duced phonatory press. 

The formant frequency data showed a trend to smaller formant fre- 
quency variability under conditions of diaphragmatic co-activation. This 
means that vocal tract parameters such as vertical larynx position were 
more stable in this case. It is possible that in this way an activation 
of the diaphragm helps a singer student to stabilize his voice organ and 
to avoid pressed phonation and vocal strain. 

Conclusions 
It is possbile to achieve a voluntary co-activation of the dia- 

phragm during phonation. 
Different subjects show different phonatory behaviors when they 

activate the diaphragm, although the subglottic pressure does not neces- 



sarily change. In most subjects a diaphragmatic activation tends to 
increase the peak amplitude of the glottogram, suggesting a change of 
phonation mode towards flow phonation. In addition, the -activation 
of the diaphragm tended to stabilize the formant frequencies and, hence, 
the vocal tract during changing pitch. 
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