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Abstract
Like many other rhythmic movements, respiratory behaviors 
arise from a central pattern generator (CPG).  Modulation of the 
respiratory CPG function is requisite to generate the air 
pressures and flows essential for speech production.  The 
emergence of voluntary respiratory system control and the 
coordination of respiratory and laryngeal structures likely 
parallels and contributes to the development of speech.  
Perturbation experiments have proven to be fruitful in exploring 
neural control of many CPG-modulated behaviors.  Little is 
known about the development of respiratory control and the 
coordination between respiratory and laryngeal systems, 
especially for complex behaviors such as speech production.  
The purpose of this study was to investigate the interaction 
between laryngeal and respiratory responses to mechanical 
respiratory perturbation in children.   
Index Terms:  respiratory control, perturbation, children, 
sustained phonation 
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1. Introduction
Experiments in which environmental variables are altered, 

n by modifying sensory feedback (perturbation experiments) 
e proven to be fruitful in exploring how the brain controls 
ny behaviors, including those behaviors that arise from CPGs 
 2].  When investigating the neural control of speech, 
turbation experiments are particularly useful [3], as animal 
dels of orofacial movement are limited to non-speech 
aviors (see [4]).  One of the major obstacles of investigating 
 development of speech and related behaviors lies in the 
iculty in performing perturbation experiments with children.  
the absence of perturbation experiments, researchers must 
rpret descriptive data, which can only provide limited 

ight to neural control mechanisms (e.g. [5]).   
Techniques used to perturb the respiratory system have 

n developed for the primary purpose of measuring various 
ects of respiratory function or as a means to provide assisted 
tilation, cardiopulmonary resuscitation, or lung secretion 
oval.  Most techniques involve one of two approaches 
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including those applied to the airway opening (e.g., forced 
oscillation and flow interruption) and those applied to the 
external surface of the chest wall (e.g., rapid thoracic 
compression and high-frequency chest wall oscillation) [6, 7, 8].  
Static perturbations such as trussing have been applied to the 
external surface of the abdominal wall in adults [9] and invasive 
perturbation has been used to study respiratory motor behaviors 
in animal models.   

Recent reports have demonstrated that the laryngeal system 
utilizes auditory feedback mechanisms to maintain the stability 
of fundamental frequency and phonatory intensity upon acoustic 
feedback perturbation [10, 11].  During speech production, the 
respiratory and laryngeal systems must be elegantly coordinated 
in order to generate smooth, controlled speech acoustics.  
Unexpected perturbation to the respiratory system may thus be 
used to investigate the interaction between the respiratory and 
laryngeal systems.   

The purpose of this study was to investigate laryngeal and 
respiratory responses to externally applied mechanical 
perturbations in children during vocalization.  To this end, we 
employed a new stimulation technique for mechanically 
perturbing the chest wall in behaving children.  Applying an 
external perturbation to the chest wall in allows us to take 
simultaneous respiratory kinematic and acoustic measurements 
during unencumbered speech.   

2. Methods

2.1. Participants 
Twelve children (9 males, 3 females; mean age = 9.1 years, sd = 
1.31 years; mean vital capacity = 2.1 Liters, sd = 0.42 Liters) 
with no history of speech or respiratory disorders participated in 
this study.  This study was approved by the University of 
Colorado Human Research Committee, and informed consent 
was obtained from each participant and their caregiver.   

2.2. Procedures
Participants generated a series of steady sustained /a/ 

productions at comfortable loudness and fundamental frequency 
levels.  Task instructions were to “say /a/ as steady as you can 
for as long as you can”.   

A series of controlled mechanical loads were delivered to 
the chest wall via a circumferentially applied pneumatic 
bladder.  The bladder was actuated rapidly with a positive 
pressure pulse (approximate duration 150 msec) to produce a 
transient decrease in thoracic volume, thereby resulting in an 
increase in subglottal pressure and/or transglottal airflow 
(Figure 1).

Respiratory movements were transduced with a Respitrace 
inductive plethysmography system, with inductive bands 
applied under the pneumatic bladder.  Participants performed 
isovolume maneuvers, and forced vital capacity was measured 
with an electronic spirometer (Vitalograph Micro 2110) in order 
to calibrate respiratory kinematics to lung volume.  Speech 
acoustics were transduced by a forehead-mounted miniature 
microphone (Audio-Technica ATW-601) or headset 
microphone (Shure Beta 53).  Stimulator bladder pressure was 
transduced with a SenSym miniature pressure sensor.  Measured 
signals were sampled to computer with a 16-bit data acquisition 
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tem (AD Instruments PowerLab 16SP; sampling frequency = 
kHz).

. Data Analysis 
Following data collection, acoustic data were inspected, 

 stimulus trials with audible artifact, voice breaks, and 
table fundamental frequency or intensity measures were 
arded.  Using custom software developed in Matlab (The 

th Works, Inc.), acceptable trials were isolated and 
titioned into seven contiguous 250 msec sections, with the 
rth data block centered around the stimulus pulse (Figure 1).

Praat software (V.4.3.27) was used to calculate phonatory 
iables.  Analyses include relative measures of phonatory 
damental frequency, intensity, and phonatory variability for 
h of the seven isolated data blocks.   

3. Results

. Intensity
Rapid positive pressure impulse stimulation to the thoracic 

 abdominal cavities during sustained /a/ phonation produced 
sient but significant increases in phonatory intensity 
26.69, p < 0.01] (Figure 2) and phonatory intensity 
iability, as expressed by percent shimmer [F = 18.98, p < 
1] (Figure 3).  These changes in phonatory intensity 
iables did not appear to extend beyond the 250 msec STIM 
lysis block as both phonatory intensity and variability 
immer) returned to pre-stimulus levels by the first 
asurement block following stimulation (vowel block “1”).

The evoked increase in phonatory intensity suggests that 
 impulse perturbation yielded an increase in subglottal 
ssure.   

Figure 2  Normalized phonatory intensity by vowel 
data block.  Data expressed as percent of the “-3” 

vowel analysis block.   



Figure 3  Phonatory shimmer by vowel data block.   

3.2. Fundamental Frequency 
Rapidly delivered positive pressure impulse stimuli 

presented during sustained /a/ production resulted in slight but 
nonsignificant transient increases in vocal fundamental 
frequency (Figure 4).  In addition, phonatory variability as 
expressed by percent jitter increased significantly during 
stimulation [F=8.14, p < 0.01] (Figure 5).  However, these 
changes did not appear to extend beyond the 250msec STIM 
measurement block, as fundamental frequency and jitter rapidly 
returned to near pre-stimulus levels by the first measurement 
block following stimulation (vowel block “1”).

Figure 4  Normalized F0 by vowel data block.  Data 
expressed as percent of the “-1” block, immediately 

prior to stimulation.   
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Figure 5  F0 jitter by vowel data block.   

4. Conclusions
One of the purposes of this project was to evaluate the 

ctiveness of a new system designed to perturb respiratory 
ematics in behaving children.  Previous studies in adults 
e employed forced oscillation techniques, either applied to 
 body surface with an actuated body plethysmograph 
lding subglottal pressure changes) or to the airway opening 

h an actuated air chamber coupled to the oral cavity 
lding supraglottal pressure changes) [12, 13, 14].  These 
niques are physically restrictive and are not applicable for 
ies with young children.  The technique presented here has 

ven to perturb the respiratory system during ongoing 
avior in young children.   

Forced oscillation respiratory perturbation studies in adults 
e demonstrated increases in vocal fundamental frequency 
ociated with increases in subglottal pressure [12, 13, 14].  
 current data demonstrate a strong increase in vocal intensity 
n stimulation but only a modest (and nonsignificant) 

rease in fundamental frequency.  However, variability of 
damental frequency was strongly increased upon 
ulation.  These results suggest that the pattern of 

damental frequency change seen in children due to transient 
reases in subglottal pressure are not as definitive as have 
n reported for adults.  Thus, it is not clear if a consistent 
tern of increased fundamental frequency with an increase in 
glottal pressure is present for young children.  High 
iability is characteristic of developing systems and may 
ect instabilities in neural control mechanisms as well as 
erlying structural differences.  Discrepancies in results 

ween these adult studies and the current data are also 
sibly due to methodological differences, including the use of 
inusoidal stimulus train (forced oscillation studies) vs. the 
ulse stimuli used here.
Based on the time course, it is not likely that the responses 

n here are the result of voluntary compensation to the 
turbation.  Therefore, the observed responses suggest the 
ential of two mechanisms: a CPG-modulated response (i.e. 
flexive”) or physical aeromechanical interactions (“passive”) 
hin the larynx due to sudden increases in subglottal pressure.  
 current data do not allow for insight towards mechanism, 
ever future studies using the current perturbation 



technology will focus on identifying the mechanism of 
response.

The current data provide a clear example of the 
interrelationship between the respiratory and laryngeal systems 
during sustained phonation.  Rapid positive pulse mechanical 
stimulation to the chest wall resulted in transient decreases in 
thoracic cavity volume and yielded brief increases in 
transglottal airflow and presumably subglottal pressure as 
reflected by increased vocal intensity.  Maintenance of a steady 
state phonation relies on uniform airflow from the respiratory 
system, and unexpected increases in airflow and/or subglottal 
pressure changes phonatory variables.  As expected, unexpected 
increases in transglottal airflow and/or subglottal pressure 
yielded robust increases in phonatory intensity.  However, 
fundamental frequency variability and intensity variability also 
demonstrated increases upon stimulation, reflecting the 
importance of a stable airflow/air pressure supply for 
maintenance of phonatory stability.   

Instabilities in transglottal airflow and/or subglottal 
pressure may be manifest as instability in phonatory intensity 
and fundamental frequency.  Due to the interdependence of the 
laryngeal and respiratory systems, investigations of phonatory 
variability must take into account measures of respiratory 
stability.   
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