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Stellingen

behorend bij het proefschrift
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1. Zeer droge omgevingslucht heeft een ongunstige invloed op de menselijke 

stem.

2. Stijfheid en viscositeit van de stemplooicover nemen toe na blootstelling 

aan droge lucht.

3. De toename van de perturbatie van de stemplooitrilling tijdens uitdroging 

van de stemplooien is toe te schrijven aan het toegenomen nonlineaire 

trillingsgedrag van de cover.

4. Toename van jitter en shimmer is een sensitieve aspecifieke indicator voor 

verhoging van stijfheid en viscositeit van de stemplooicover.

5. Het is onwaarschijnlijk dat de humane vochthomeostase onder fysiologische 

omstandigheden zodanig verstoord wordt, dat de stemkwaliteit vermindert 

door uitdroging van de stemplooicover.

6. De toediening van inhalatiemedicatie voor longziekten als aërosol verdient 

om stemfysiologische redenen de voorkeur boven toediening als poeder.

7. De menselijke neiging om onder de douche te zingen berust niet op de hoge 

vochtigheid van de omgevingslucht.

8. Bij dissectie van schapenlarynxen wordt frequent een afwijking aangetroffen 

die ook bij de mens voorkomt en dan vaak aan het stemgebruik wordt 

gerelateerd. Ofwel: veel dat gezegd wordt is niet meer dan geblaat.

9. De cover is optisch voor een proefschrift even belangrijk als functioneel 

voor de stemplooitrilling.

10. In het huidige IT-tijdperk ligt de nadruk te veel op de hoeveelheid informatie 

en de snelheid waarmee deze beschikbaar is, en te weinig op de kwaliteit en 

de interpretatie van informatie.



11. De Disney Corporation heeft een goede toekomstvisie getuige de 

naamgeving van hun Europese vestiging. Tevens geeft zij daarmee blijk van 

de feitelijke doelstelling van die Europese vestiging.

12. Niet alleen in de sport geldt dat men doelgericht moet zijn om te kunnen 

scoren.

13. Te veel geuite meningen berusten op te beperkte informatie.

14. Geneeskundig handelen op basis van het best beschikbare bewijsmateriaal 

(Evidence-Based Medicine) moet vaak geschieden met bewijsmateriaal van 

slechte kwaliteit.

PPvB, 2002

15. Chaos-theorie in de gezondheidszorg: met de juiste koerswijziging 

(bifurcatie) in de financiering (opheffen macrobudgettair kader) krijgen de 

zorgaanbieders en -vragers (attractors) nieuwe kansen en kan het weer leuk 

worden in de gezondheidszorg.

16. Recht is recht en krom is krom.
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General Introduction





GENERAL INTRODUCTION

1.1 Vocal fold vibration

The layered histological structure of the vocal folds and its functional significance for voice pro
duction was first described by Hirano.1 His widely accepted theory regards the vocal fold as a dou
ble-structured vibrator. One structure comprises the vocalis muscle and the deep layer of the 
lamina propria, together forming the vocal fold body. The other structure, the vocal fold cover, 
comprises the epithelium and the superficial layer of the lamina propria. These two structures are 
loosely connected via the intermediate elastic layer of the lamina propria. Because the connection 
is loose, the cover can oscillate relatively independently. Most of the vibration that occurs during 
phonation takes place in the cover.1-2'1 Different types of phonation -e.g., chest vs. falsetto register, 
voice onset and termination vs. sustained phonation - differ in terms of the contribution that the 
body and the cover make to vocal fold vibration.14-5 Obviously, the vibration is influenced by the 
mechanical properties of both structures. During vibration in modal register, a phase difference 
exists between the lower and upper part of the free edge of the vocal fold. This difference is caused 
by a mucosal upheaval that travels from the lower part of the vocal fold to the upper part. It is gen
erally assumed that the ease with which the vibration is initiated and maintained depends on the 
mobility and deformability of the vocal fold cover.4 That, in turn, has been supposed to be related 
to tissue hydration.6
Most theoretical models depict the vocal folds as viscoelastic oscillators. Such oscillators con
sist of a number of masses, springs, and dampers. Each mass is connected to other ones by 
springs and dampers. Many theoretical models have been proposed, ranging from various combi
nations of spring mass oscillators representing a one-mass model to infinite-masses models.4-7-8-9-10 
All these models are based on the same fundamental equation of motion in a linear spring mass 
oscillator:

Ma + Bv + Kdx = f(v,x,t)
where M is mass, a is acceleration, B is viscous damping, v is velocity, K is stiffness, dx is dis
placement, f is the driving force, and t is time.8 From this equation, it is obvious that the motion of 
a spring mass oscillator depends on mass, stiffness, and damping. For vocal fold motion, the laryn
geal configuration (glottal opening, or phonatory width, muscular activity) and possibly the condi
tion of the mucus layer that covers the vocal folds should be added to these factors.8 If the 
laryngeal configuration is fixed, vocal fold vibration is mainly determined by mass, stiffness, vis
cous tissue damping, and possibly the condition of the mucus layer. If damping and/or stiffness are 
increased, the driving force must also increase in order to maintain the oscillator movement. An 
increase in mass has the same effect.

Damping of the amplitude of an oscillation is proportional to the viscosity and inversely propor
tional to the vibrating mass of the oscillating system." Decreased damping facilitates the ease of 
phonation.12 Viscosity depends on, among other things, the amount of water present in the tissues, 
as reported by Finkelhor et al. (1988).11 The viscosity of water is much lower than that of the vocal 
fold tissues (circa 0.01 poise (P) vs. 0-10 P).14 Consequently, if the water content of the vocal folds 
is increased, the total vocal fold viscosity will decrease.
Recent studies have shown that some biological macromolecules that are found in the extracellular 
matrix of the lamina propria play an important role in vocal fold viscosity.15-16-17-18 Viscoelastic shear

11



CHAPTER 1

properties are largely determined by proteins like hyaluronic acid and proteoglycans.18 The extent 
of molecular interactions in the network formed in a solution by these molecules appears to be the 
determining factor for the viscoelastic properties of the solution. The concentration of these mole
cules in the solution appears to determine the extent of the molecular interaction.17 Therefore, if 
tissue water content decreases and the macromolecule concentration increases, an increased vis
cosity may be expected.
Other conditions, for instance inflammation or edema, can also have an effect on viscous damping 
of the vocal fold tissues.8

Stiffness of the vocal folds is one of the factors that determines the fundamental frequency (F0).19 
The equation for the fundamental frequency in small amplitude oscillation is:

F0 = (K/M)1'2 / 2tt
where K is the stiffness and M is the mass of the oscillating components. Since vocal fold vibra
tion is an example of small amplitude oscillation, this equation is applicable.8 
The vocal fold stiffness itself is determined by specific activity of the cricothyriod and vocalis 
muscles and by intrinsic tissue factors. The body of the vocal folds is passively stiffened by activi
ty of the cricothyroid and actively stiffened by activity of the vocalis muscle. The cover is stiffened 
by the cricothyroid and slackened by the vocalis muscle.20 The effect of muscle activity on F() 
therefore depends on the ratio of activity of both muscles as well as on the contribution of the body 
and the cover to the effective oscillating mass.
The intrinsic tissue factors that determine the stiffness of the tissues are complex. The macromole
cules described above and other molecules like elastin and collagen also play a role in tissue stiff
ness.18 Other factors that may influence tissue stiffness (as well as viscosity) are water content, 
trauma, inflammation, toxic materials, temperature, and possibly many other conditions.4

Mass is also a critical factor. An important characteristic of vocal fold vibration is that a variable 
portion of the vocal fold - thus, a variable mass - may be involved in the vibration. Therefore, the 
effective mass of the oscillating components of the vocal folds may differ for different laryngeal 
configurations. In falsetto register, for instance, a small part of the mass of the body of the vocal 
fold oscillates, whereas during chest register a much larger portion of the body will oscillate.4 
Furthermore, depending on the glottic pressure, a variable portion (mass) of the body joins in the 
oscillations.8 The effective oscillating mass has implications for both F(| and viscous damping (see 
above).
The oscillating mass is influenced by many other factors. In case of vocal fold paralysis, the effec
tive vibrating mass will be altered due to differences in muscular activity. If the paralysis is unilat
eral, the effect on the effective vibrating mass will be asymmetrical, thus having an even greater 
impact on the coupled vocal fold vibration in the phonating larynx.21 Obviously, the presence of 
neoplasms (either benign or malignant) will also affect the effective vibrating mass and induce 
asymmetry in the oscillating masses. Other pathological conditions (edema, inflammation and 
many others) will also both affect the mass of the vocal fold and the portion of the vocal fold mass 
that participates in the vibration.
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GENERAL INTRODUCTION

1.2 Relative air humidity and vocal folds

For a long time hydration has been a topic of discussion in voice care. In circles of professional 
singers, air humidity is known to influence performance. A dry environment makes singing more 
difficult. When doing so, singers perceive increased strain on the phonatory apparatus; inadequate 
hydration makes higher demands on efficacious and appropriate voice use.2223 Clinically, dehydra
tion is widely believed to contribute to dysphonia, and hydration is believed to assist in its preven
tion. Various preventive measures have been suggested: ambient humidification; increased 
ingestion of fluids; the avoidance of desiccating agents such as smoke, alcohol, caffeine, diuretics, 
and drugs (e.g. antihistamines and decongestant and drying topical nasal medication).24'25'26’27'28'29-30 
Inhalation of steam and fog have been advised, while the ingestion of lozenges, propylene glycol 
solutions, lemon juice, and herbal teas has been recommended.25'27'28 Many of these measures have 
been widely accepted without any evidence of their value.
The first report of a study on the relation between hydration and vocal performance was published 
by Verdolini-Marston and coworkers.30 The investigators tried to induce a decreased hydration sta
tus in the subjects (three men, three women) by exposing them during 4 hours to a dry environment 
(relative air humidity (RH) 30-35%), giving them a decongestant, and denying them fluids. The 
study sought to enhance their hydrated status through 4 hours exposure to a humidified environ
ment (RH 85-100%), ingestion of a mucolytic expectorant, and high fluid intake. The control con
dition consisted of 4 hours exposure to the standard humidity in the laboratory (RH 40-55%) 
without any medication or instructions on fluid intake. The phonation threshold pressure (FTP) - 
that is, the minimal lung pressure required to initiate vibration of the vocal folds - was found to be 
slightly lower in the increased hydration condition, especially when phonation was at a high pitch. 
No effect of decreased hydration was observed. It should be noted that the subjects were not blind 
to the objective of the study and the conditions they were exposed to. Under roughly the same con
ditions (environmental RH 24%, 91% and 52%), the experiment was repeated, but this time as a 
double-blind placebo-controlled study.31 The results were consistent with those from the earlier 
study. The latter study also incorporated a subjective measure of perceived effort during phonation. 
This measure showed more effort being exerted in the decreased hydration condition, whereas the 
difference between the control and increased hydration condition was not significant. This finding 
is in contrast with the effect on PTP, which was strongest under the condition of increased humidity. 
In these studies, no differentiation can be made between the effect of inhaled RH and the effects of 
the ingested drugs and fluids. The fluid economy of the human body is a fine-tuned homeostatic 
process. It is influenced by numerous factors such as electrolyte blood concentration, blood pres
sure, and many hormones. The influence of specific factors on this complicated process would be 
difficult to monitor, while the effects on a very small target organ like the vocal folds would be 
unpredictable. Moreover, it should be kept in mind that the cover of the vocal folds contributes 
most to the vocal fold vibration, and it is the cover that is exposed to inhaled air with varying RH. 
It remains unclear to which aspects of the conditions (i.e., RH of ambient air, fluid ingestion, or 
medication) the observed effects should be attributed in the studies described above.
The same group studied the effects of hydration therapy on vocal fold nodules and polyps.32 
Subjects underwent five days of hydration treatment consisting of a two-hour exposure to humid 
air (RH 90-100%), high fluid intake, and a mucolytic drug. The control treatment consisted of
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forefinger flexion exercises, cherry syrup, and exposure to normal air (RH 30-40%) with a candle 
scent for two hours per day. Furthermore, voice conservation and hygienic measures were taken; 
no alcohol or caffeine intake was allowed, nor was any tobacco smoke. The results showed a ten
dency for jitter, shimmer, and noise-to-harmonic ratios to improve. The study also revealed a sub
jective feeling of effort needed for phonation in the group with hydration therapy. FTP decreased 
at high-pitched phonation but not at conversational and low-pitched phonation. Strikingly, the 
effect on the subjective parameter of perceived effort of phonation was stronger than the effect on 
FTP, as was the case in the double-blind placebo-controlled study on healthy subjects.31 
These studies demonstrate that a relation does exist between hydration and vocal fold function in 
vivo. Yet the mechanism behind this relation remains unclear. Whether the observed effects are 
due to superficial - i.e., ambient RH - or systemic hydration measures - amount of fluid ingestion, 
medication - or even to other measures like voice hygiene and conservation or a combination of 
these, cannot be determined.
There is no evidence that systemic (de)hydration has an effect. The single study that has been per
formed using high and low systemic hydration failed to show any difference between these condi
tions using FTP as the physiologic parameter.33
In contrast, there is some evidence that superficial (de)hydration plays a role in vocal fold vibra
tion. An effect was found in experiments on excised larynx models. After bathing excised canine 
larynges in distilled water, FTP showed a declining trend, whereas an increasing trend was 
observed after hypertonic saline baths.13 The hypo/hypertonic baths lasted for 30 minutes. It was 
hypothesized that hypotonic baths would evoke a movement of fluid into the tissues, while hyper
tonic baths would extract fluid from the tissues. The observed trends thus suggest that superficial 
hydration has an effect on vocal fold biomechanics. Some uncertainty remains, however; it is not 
clear to what level of the vocal fold (cover or body) the fluid movement occurred. Another study in 
which an effect of superficial de- and rehydration was shown, is by Haji.34 After canine vocal folds 
had been dried with a dryer the produced voice deteriorated and an increase in vocal fold stiffness 
was shown. This increase in stiffness was reversible after the vocal folds were moistened with a 
saline solution.
A more general observation in excised larynx experiments is that these larynges can be brought to 
phonation, but only if the inflating air is sufficiently humidified.35-3637'38 The importance of the RH 
of this inflating air suggests a superficial effect.
Recently, Jiang et al. presented stronger evidence for the importance of superficial dehydration on 
phonation.3'' In excised larynges, they demonstrated an increase in FTP during dehydration. After 
rehydration by bathing in saline for 30 minutes, a near total recovery was found.40 
An important difference between experiments using excised larynges and a human in vivo situa
tion is that in vivo, the lubricating mucus is continuously produced and distributed over the vocal 
folds, while hydration is provided by the systemic circulation. Nevertheless, these observations 
are indications that superficial dehydration has an effect on vocal fold vibration.

In summary, observations in human subjects indicate that the hydration state of the vocal folds 
influences vocal fold vibration. Some experimental findings support the hypothesis that superfi
cial (de)hydration contributes to this effect. Speculations on the contribution of systemic measures 
appear to be based mainly on some theoretical considerations.
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GENERAL INTRODUCTION

1*3 Lubrication of the larynx

The role of laryngeal secretions in phonation has not been clarified. Punt emphasized the impor
tance of laryngeal lubrication.26 Ichikawa reported that the viscosity of artificial mucus was impor
tant for the sound quality in excised larynges.41 Later he described the flow of secretions in the 
trachea upwards to the larynx.36 During phonation these secretions proceeded through the glottis 
and formed a rotating anterior-posterior oriented column on top of the vocal folds. This rotating 
column was shown to be a mixture of secretions from the laryngeal ventricle and subglottic secre
tions.4243 After phonation the fluid column decomposed and poured over the vocal folds into the 
subglottic space. It is speculated that the secretions lubricate and cool the vibrating vocal folds. 
This cooling may be important, as heat is generated by internal friction during tissue deforma
tion.44 Another important role for the laryngeal secretions may be humidification, or prevention of 
dehydration. Dehydration leads to increased viscosity and thereby to increased internal friction. In 
turn, this leads to increased heat generation in the vibrating vocal folds.44 Furthermore, increased 
viscosity leads to increased damping. With increased damping, the driving force must be increased 
to maintain the vibration, as explained in the first section of this chapter.

L4 Laryngeal mucus

Laryngeal mucus may affect vocal fold vibration.45 A major problem that investigations of laryn
geal mucus have to deal with is the small amounts in which it is present. Another problem is the 
difficulty of obtaining it without contaminating it with anesthetics. Furthermore, the mucus on the 
vocal folds itself is a mixture of mucus produced in several different glands located in different 
ureas, that is, in the larynx, the trachea and the bronchial tree.4'•42'46-47-48'49-50'51 The composition and 
mechanical characteristics of mucus from these diverse sources may differ.47 The characteristics of 
the mixture will then obviously be highly dependent on the proportions of each of its constituents. 
Experiments with artificial mucus are highly speculative, because its similarity to natural laryn
geal mucus is unknown. Therefore, we chose not to study the role of laryngeal mucus in effects of 
variations in RH on vocal fold vibrations. Although that topic is not covered in this thesis, some 
discussion of laryngeal mucus is warranted here in light of its possible importance. A brief 
overview of pertinent issues follows.

The vocal folds make contact during phonation, thereby bringing the mucus layer covering the 
vocal folds into contact too. As the vocal folds separate, the mucus layers must be separated as 
well. While separating, the cohesive forces in the fused mucus layers must be overcome. These 
cohesive forces are determined by the composition of the mucus. Dehydration of the mucus may 
enhance this cohesion. Another effect may be, that reorientation of the mucus from cycle to cycle 
causes disturbances in the vibrational pattern.52 These considerations would seem to imply that 
mucus also plays a role in phonation.
Mucus is also said to form a third laryngeal layer (in addition to the body and cover) during phona- 
tion.45 Changes in the stiffness of this layer could affect the vibration of the vocal folds. The mass 
°f the mucus however, is conceivably much smaller than that of the cover and body. The stiffness
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probably also is lower. Therefore, the contribution of the mechanical characteristics of the mucus, 
as a third laryngeal layer, on the overall characteristics of the vocal folds may be expected to be 
limited.
Mucus is produced throughout the larynx in goblet cells in the mucosa.5" It is also produced in 
intra-epithelial and subepithelial glands in several subsites of the larynx.46,47-4849'51 However, no 
glandular ducts open onto the vocal fold.53 These glands are either purely mucous or seromucous.47 
The mucus produced in these glands is mixed with mucus from the subglottic area during phona- 
tion.42,43 The vocal folds exhibit micro-ridges that facilitate an even distribution and gross retention 
of the mucus.53
Unfortunately, hardly any data are found in the literature to elucidate the composition and mechan
ical characteristics of laryngeal mucus. Only one study on the composition of laryngeal mucus was 
found in the literature. It indicates that laryngeal secretions are characterized by exocrine secretion, 
resembling nasal and tracheobronchial secretions; the similarity lies in the electrophoretic pattern 
and immunoglobulin content.54 Other respiratory secretions (nasal, oral, tracheal, bronchial) have 
been investigated extensively. A key role in these secretions is attributed to large glycoproteins 
called mucins (for a review, see Van Nieuw Amerongen et al.).55,56 These water-binding mucins play 
a multifunctional role, ranging from protecting the underlying mucosa from harmful agents to 
selectively interacting with their environment. Viscoelastic properties of secretions like saliva are 
mainly dependent on mucins.57 Mucins form disulfide-linked multimeric proteins. A variety of spe
cific oligosaccharides bind to the proteins. If the specific composition of the mucins in the laryngeal 
mucus can be identified, it might be possible to predict the mechanical properties. Using monoclon
al antibodies, Hemler and Van der Reijden tried to identify the mucins in human cadaver larynges 
(unpublished data). They found an oligosaccharide chain (80,-30AL I -3GlcNAc) that is also found 
in trachea, colon, and saliva mucins, but no exact identification of the mucin could be made. More 
precise data are needed to predict the mechanical characteristics of mucus.
The concentration of mucins in a solution like mucus influences the mechanical characteristics of 
the solution. Thus, mucus viscosity and cohesion are likely to vary with the degree of hydration. 
There is no firm evidence confirming this assumption. But experimental data on the viscosity of 
secretions from other sites of the human respiratory tract, especially tracheal mucus and secre
tions, do support this assumption.58,59
It is conceivable that the water content of tissue and mucus will change along with variations in the 
RH of inhaled air. Consequently, viscosity changes will occur too.

1.5 Scope of the thesis

The current understanding of the relation between dysphonia and the hydration state of the vocal 
folds is still limited. Clinically, this assumed relation is used to justify a variety of therapies. 
However, research in vivo and in vitro has yielded very little evidence for an effect of hydration on 
vocal fold vibration. Among the many unanswered questions, a major one is whether dehydration 
affects acoustic voice parameters of normal phonation in human subjects. To date, only three clini
cal studies on the effect of (de (hydration on voice parameters have been performed, but acoustic 
parameters have not been studied yet in healthy subjects. Another question is whether the mecha
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nism that accounts for the observed effects is superficial (de)hydration, i.e. (de)hydration via air 
that passes between the vocal folds, or systemic (de)hydration as has been suggested in the litera
ture. And. related to this question, it is still unknown whether (de)hydration exerts its effects in the 
cover of the vocal folds, in the body of the vocal folds, or in both places. This thesis presents stud
ies that were conducted to elucidate these matters.
The first study (chapter 2) describes the effect of dry (RH 0%), standard (RH 40-60 %), and 
humid (RH 100%) inhaled air on some acoustic voice parameters in healthy subjects. The objec
tive was to show whether voice quality was affected by short-term inhalation of air at varied levels 
of humidity. A relation was found between air humidity and voice quality.
This result raised the question whether the effects could be explained by changes in the viscoelas
tic properties of the vocal fold cover. A subsequent study was therefore conducted to investigate 
the viscoelastic properties of the vocal fold cover in relation to RH. Such an investigation requires 
a set-up in which the cover is hydrated and simultaneously exposed to air of variable RH. As no 
such set-up had been described yet, a new method was developed. This new method is described 
and evaluated in chapter 3. Using the apparatus that has been devised, excised vocal fold mucosa 
can be hydrated on the dissected side, while the outside of the mucosa can be exposed to divergent 
air conditions.
This method was used in the next study (chapter 4). It made it possible to investigate the effect 
that air at various RH levels has on the stiffness and viscosity of excised vocal fold mucosa of 
sheep. The aim of this study was to determine if air with a low RH that is blown over hydrated 
vocal fold cover would influence the mechanical characteristics of that vocal fold cover.
In order to establish a relation between the effects that RH was found to have on voice parameters 
and on the mechanical characteristics of excised mucosa, studies were performed using passive 
larynges. A passive larynx is an intermediate model, representing a state between isolated mucosa 
and the larynx in human subjects. Excised porcine larynges were used as passive larynges. The 
fourth study (chapter 5) describes the relation between the RH of the air with which the excised 
larynges were brought to phonation and the acoustic parameters of the produced voice. This study 
was conducted in the Laboratoire d’Audio-Phonologie Fédération ORL, CHU Timone, Marseille, 
France. The aim was to investigate whether the changes were similar to those that occurred in 
human subjects in the first study.
To correlate the changes in acoustic parameters to changes in mechanical characteristics, a fifth 
study was performed. This study (chapter 6) reports on the effects on physiological voice parame
ters, using the same experimental set-up as in the fourth study. Changes in these physiological 
parameters can be related to changes in tissue stiffness and viscosity. These data can be compared 
to the data from the third study, thus relating these observations to the effects of dry air on isolated 
vocal fold mucosa and on excised larynges.
A general discussion in which the data of the studies on human subjects, isolated vocal fold 
mucosa, and excised larynges are integrated is presented in chapter 7. A mechanism that explains 
the encountered effects is outlined in this chapter.
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HUMAN SUBJECTS

Abstract

The hypothesis that relative humidity (RH) of air exerts an effect on voice has been widely accept
ed. The aim of this study has been to assess whether this can be demonstrated. Eight healthy sub
jects inhaled during ten minutes three different air conditions: dry, standard room, and humidified 
air. After inhalation, the subjects produced repeatedly a sustained /a/ of controlled pitch and loud
ness, which was analyzed for perturbation and noise-to-harmonic parameters. Perturbation meas
ures increased after inhalation of dry air. No significant differences existed between standard and 
humidified air. No significant difference in the noise-to-harmonic ratio was found between the 
three conditions. We conclude that the human voice is very sensitive to decreases in RH of inhaled 
air, because even after a short provocation with dry air a significant increase in perturbation meas
ures was found.
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Introduction

An effect of relative humidity (RH) of inhaled air on the human voice has been suggested by sev
eral authors.1'3 Most of these observations, however, are rather anecdotal. For instance, in routine 
ENT practice patients with voice and throat complaints without evident pathology or indications 
for voice misuse are regularly seen. As these complaints occur often in people living or working in 
(air-conditioned) buildings with a low RH, a dry environment is supposed to be an aetiological 
factor of voice problems. For professional singers it is a well-known fact that singing is more diffi
cult in a dry environment: dry air puts an increased strain on the phonatory apparatus and raises the 
demands on efficacious and appropriate voice use.' A number of measures has been advised: 
humidification of the environment, increased ingestion of fluids, and the avoidance of desiccating 
agents such as tobacco, alcohol, caffeine, diuretics, drugs (e.g. antihistamines) and decongestant 
and drying topic nasal medication.410 These measures have been widely accepted, although for a 
very long time without any scientific basis.
Recent studies by Verdolini-Marston et al.1CM2 have shown that hydrating measures can indeed influ
ence voice quality. In one study they showed that in hydrating conditions, consisting of exposure to 
humidified air (85-100% RH) during 4 hours combined with administration of a mucolytic drug 
and a high fluid intake, the phonation threshold pressure, especially for high pitches, tends to 
decrease as compared to non-treatment and dehydration treatment.10 These authors demonstrated 
also some effect of similar hydration treatments on voice and laryngeal appearance in patients with 
laryngeal nodules and polyps. However, shimmer, jitter and signal-to-noise ratio improved only 
slightly compared to the placebo group (treatment with finger exercise, cherry syrup, “filtered air” 
and candle scent).12 In a double-blind placebo-controlled study, an inverse relation between hydra
tion level (again created by similar treatments as described above) and phonation threshold pressure 
was found." These findings support the clinical finding that there is a relation between the hydra
tion level of inhaled air and vocal performance. In these studies however, the conditions tested were 
long (4 hours) provocations with variations in RH of inhaled air combined with variations in fluid 
intake and the administration of drugs. It therefore remains unclear whether short-term variations in 
RH of inhaled air has an effect on vocal parameters. On the other hand, observations in studies of 
excised larynges seem to indicate that indeed an effect of RH of inhaled air on phonatory behavior 
of the vocal folds exists. It has been shown that these larynges can be brought to phonation, but only 
if the inflating air is sufficiently humidified.1315
On a theoretical basis an influence of the hydration level of air on vocal fold oscillation may be 
expected. The vibratory pattern of vocal fold oscillations depends on many factors. For a fixed 
configuration, they are mainly determined by mass, tension, internal friction, and the condition of 
the mucus layer on the surface of the vocal folds. In the current context the latter two factors are 
the most relevant since these may be influenced by RH of inhaled air. Internal friction changes 
with tissue viscosity. Viscosity depends, i.a. on the amount of water present in the tissues, as 
reported by Finkelhor et ah, since the viscosity of water is much lower than that of the vocal fold 
tissues.1617 Mucus viscosity also is likely to vary with the degree of hydration. There are no data in 
the literature to prove this assumption, but experimental data on the viscosity of secretions from 
other sites of the human respiratory tract, especially tracheal mucus and secretions,1819 support this 
assumption.
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It is very likely that water contents of tissue and mucus change with variations in RH of inhaled air 
and, consequently, viscosity changes will occur.
Another effect of increases in the degree of hydration, and, hence, decreased viscosity of the 
mucus, will be a reduction of its stickiness and vice versa. Cohesive forces during vocal fold con
tact resulting from this stickiness will change accordingly. These cohesive forces will be slightly 
different from cycle to cycle as a result from the normal variation, which leads to frequency pertur
bation. This variation may be enhanced when the forces are increased due to increased stickiness. 
This will lead to an increase in frequency perturbation. This effect may further be enhanced by an 
irregular mucus surface which may be present when mucus viscosity is high. Thus, variations in 
RH of inhaled air may affect the vibratory pattern of vocal fold oscillations through changes in tis
sue viscosity and mucus condition. Therefore, it seems plausible that an effect on acoustic param
eters of humidification or desiccation of inhaled air can be demonstrated. We think that this effect 
is mainly due to viscosity changes in the mucus layer, although, changes in the cover of the vocal 
fold may also contribute to the effect.
The aim of this study was to determine if acoustic parameters in normal subjects change with 
short-term variations in the humidity of inhaled air. It was surmised that perturbation measures 
(jitter and shimmer) and noise-to-harmonic ratio will be increased with desiccation and decreased 
with humidification of inhaled air.

Material and methods

Subjects
Eight healthy subjects, 4 males and 4 females, were investigated. Mean age was 36.1 ± 7.7 years. 
All subjects were non-smokers. All of them had, by perceptual rating by an experienced phoniatri- 
cian and confirmed by acoustic analysis during the experiments, a normal voice. None of them had 
any voice or throat complaints, neither at the time of the experiments, nor in their history.

Methods
All experiments were carried out in the same sound-shielded room under nearly identical circum
stances. Room temperature (T) was kept at a constant level (24 ±1.0 °C), relative room humidity 
was between 40 and 60%.
In a pilot study, two subjects inhaled air humidified by an ultrasound aerosol humidifier (RH = 
100%, T = 23 ± 1.1 °C) and two others inhaled air humidified through a cold-water anti-stream 
column, so that no aerosols or microdroplets were formed and no heating of the air occurred (RH 
= 100%, T = 23 ± 1.1 °C). Treatment with these mixtures, however, led to coughing, and since this 
might interfere with the acoustical analysis, this treatment was not suitable for our purposes.
Prior to the experimental measurements, each subject inhaled on three different days, for 10 min
utes each, either of the three following air conditions: environmental air (RH = 45 ± 11%, T= 23 ± 
0.8 °C), medical air1 with low RH (RH = 2.1 ±4.1%, T = 24 ± 0.9 °C) or standard environmental 
air humidified by vaporized water (RH = 100%, T = 44 ± 11 °C).

1 Medical air contains 79 vol% O,, 21 vol% 02, <350 ppm CO„ <200 ppm H,0.
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Figure 1
Mean values over all subjects for absolute jit
ter (s) after inhalation of dry, standard, and 
humid air. Data presented as means ± stan
dard error (SE).
** P<0.01 for all groups (MANOVA), signifi
cance mainly due to difference between 
inhalation of dry air and standard/humid air 
(** p<0.01, by contrast). No significant dif
ference existed between inhalation of stan
dard and humid air.
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In order to prevent humidification by the nasal cavity, all subjects inhaled by mouth.
After inhalation the subjects were instructed to produce repeatedly for several seconds a sustained 
/a/ at controlled constant pitch (for males 121 Hz, for females 190 or 220 Hz) and loudness (65 dB 
SPL at 20 cm). A visual feedback device was used to help subjects to maintain a constant loud
ness. In this way a controlled but still comfortable phonation was produced, thus preventing 
behavioral and learning effects, which may influence performance. Another reason for this kind of 
phonation is that other sources of F0 perturbation may be induced by different ways of phonation. 
A microphone was placed at a fixed distance of 20 centimeters from the subject, and 2.75 seconds 
of the phonation were registered and recorded by a Computerized Speech Laboratory (CSL, KAY 
instruments, type 4300). This procedure was repeated 12 times per condition per subject. 
Temperature and RH of inhaled air were monitored throughout the experiments.
All experiments were performed in random order on different days within a period of 12 days and 
approximately at the same time of day. Subjects had been instructed to drink normally until 30 
minutes prior to the experiments, and not to drink after that until the end of the experiment.

Parameters
As voice quality parameters we used perturbation parameters (relative and absolute shimmer, 
amplitude perturbation quotient (APQ), relative and absolute jitter, pitch perturbation quotient 
[PPQ]), and noise-to-harmonics ratio, as defined and computed by the multi-dimensional voice 
program (MDVP) of the CSL.

Statistical analysis
An analysis of variance (MANOVA) with air conditions and subjects as factors was performed. If
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Figure 2 4.25 n
Mean values with standard error 
for relative shimmer after inhala
tion of dry, standard, and humid air.
Data presented as means ± stan
dard error (SE).
* P<0.05 for all groups (MANO- 
VA), significance mainly due to 
difference between inhalation of 
dry air and standard/humid air 
(p<0.05, by contrast). No signifi
cant difference existed between 
inhalation of standard or humid air.
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necessary the distributions within the groups were normalized by log-transformation and exclu
sion of extreme values (12 (4%) of the total of 286 observations). To evaluate the effect of exclu
sion of extremes, non-parametric tests were performed before and after exclusion of the extremes. 
According to these tests, the exclusion had no effect on the statistical outcome. If statistical signif
icant differences were found, the contrasts between the humid air and the other factors were tested.

Results

Nearly all subjects spontaneously reported unpleasant sensations in their airways and a subjective 
feeling of impaired voice production after inhalation of desiccated air. In contrast to this, they 
reported a comfortable feeling after inhalation of the humidified air.
As expected, jitter parameters correlated well: absolute and relative jitter and PPQ had correlation 
coefficients of over 0.93, indicating that these three parameters represent the same phenomena. 
The same was true for the shimmer parameters. For this reason and because relative jitter may be 
confounded to Fn (which was different for males and females), the results of absolute jitter and rel
ative shimmer will be presented.
Noise-to-harmonic ratio was not correlated to the other parameters.
The effect of RH of inhaled air on absolute jitter was significant (p<0.01). An effect of desiccated 
air was obvious: all subjects except one showed higher jitter after inhalation of dry air if compared 
to standard and humidified air. According to the MANOVA contrast design this statistical signifi- 
cancy was due to the significant difference between dry and standard air (p<0.01). No significant 
differences existed between standard and humidified air (Fig. 1). For relative shimmer a similar
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result was found: an increased shimmer after inhalation of dry air (p just under 0.05) (Fig. 2). 
Although there is a slight increase of noise-to-harmonic ratio with dryness, no significant effect on 
noise-to-harmonic ratio by RH of inhaled air was found (Fig. 3).
Interpretation of the results is complicated by the interaction between subject and air conditions in 
the MANOVA: not all subjects reacted in the same way on the air conditions (Table I). This inter
action seems to be mainly due to an interindividual different effect of the humidified condition.
For the humid condition, air was humidified by vaporization, which has as side effect a higher 
temperature (± 45“ C vs ± 23° C for dry and standard air). In the pilot study, in which two subjects 
inhaled air humidified by vaporization and also air humidified by an ultrasound aerosol humidifi
er, no significant changes were found between the two humidifying techniques. The same holds 
for the results in two other subjects that inhaled air humidified through a cold-water anti-stream 
column and air humidified by vaporized water. As temperature was not increased after humidifica
tion by the aerosol humidifier and the anti-stream column, temperature is not a determining factor. 
Expired air RH was monitored in three subjects in the three conditions, and was found to be 100% 
in all cases.

Figure 3
Effects of inhalation of dry, stan
dard, and humid air upon noise-to- 
harmonic ratio. Mean values over 
all subjects for noise-to-harmonic 
ratio after inhalation of dry, stan
dard, and humid air. Data presented 
as means ± standard error (SE). 
Differences are statistically not sig
nificant.

Discussion

Although the subjects were not informed about the aim of our study, a strictly double-blind proce
dure in this study was not feasible as the subjects perceived differences between the quality of the 
inhaled air and could guess the nature of these differences. However, in our experience it is nearly 
impossible to actively influence parameters such as jitter and shimmer, the more so when attention

28



HUMAN SUBJECTS

Table 1. Mean values per subject per condition for absolute jitter, relative shimmer and noise-to-harmononic 
ratio.

subject no

Jitter (p,s) Shimmer (%) Norse-to-harmonic ratio

dry standard humid dry standard humid dry standard humid

1 46,7 31,9 39,9 2,87 3,43 3,49 0,13 0,13 0,13
2 47,6 33,5 32,6 4,03 4,08 4,26 0,18 0,16 0,15
3 33,3 54,9 40,3 4,35 3,20 1,69 0,13 0,13 0,12
4 68,4 47,1 55,6 3,91 3,16 3,50 0,14 0,13 0,14
5 64,0 63,3 19,6 3,16 3,53 3,21 0,17 0,14 0,13
6 61,4 18,7 41,6 5,09 3,25 3,73 0,13 0,16 0,17
7 56,9 49,0 59,8 3,60 4,24 4,45 0,12 0,12 0,11
8 44,6 30,6 26,9 2,76 2,72 3,50 0,15 0,14 0,15

is needed to maintain a constant loudness and pitch. Furthermore, a controlled but comfortable 
phonation was produced and not an extreme and forced situation, in which behavioral and learning 
effects may have influenced the performance. For these reasons we think that the results are not 
influenced by psychological factors.
From our data it is clear that an effect of a short period (10 minutes) of inhalation of desiccated air on 
acoustic voice parameters exists: perturbation measures were significantly increased after inhalation 
of desiccated air if compared to standard air. This effect occurred after only 10 minutes inhalation of 
dry air, during which the RH of the expired air was 100%. In contrast, humidified air did not system
atically influence perturbation; a comfortable shower-like feeling was perceived by most subjects, 
but a “supranormal” voice quality with low jitter and shimmer was generally not found. There are 
several explanations for this observation. Firstly, it may be that such an effect can only be demon
strated after longer provocation periods. Another explanation may be that no further decrease in per
turbation is possible, especially since the control perturbation measures of all subjects were low and 
well within the normal range.2" -3 The idea of a baseline Fo perturbation has been discussed by several 
authors. Titze24 suggested a neurological source of jitter. In a theoretical model he demonstrated that 
twitch characteristics of the tensor muscles of the vocal folds may lead to an unfused tetanus of these 
muscles resulting in aperiodicity of vocal fold oscillations. This aperiodicity (relative jitter) would 
be in the order of 0.2-1.2% and depends on the number, size, and firing rate of the motor units. 
Evidently, according to this theory lower values of relative jitter are impossible in normal circum
stances. Orlikoff and Baken25 suggested that the heartbeat contributed to the Fn perturbation, 
accounting for 0.5-20% of F0 perturbation in normal subjects without any voice complaints. If 
indeed our subjects reached their baseline jitter, no decreasing effect can be expected from humidi
fied air (or any other circumstance). In subjects with higher perturbation values (pathological or 
non-pathological) an effect of humidification of inhaled air may then still be found.
A third explanation may be that there simply is no effect of further humidification of inhaled air. It 
remains then to be investigated if there is a critical level of humidity under which voice changes 
occur and whether this depends on the duration of the provocation.
The mechanical properties of the vocal folds depend on many factors, the most important ones 
being internal friction and the mucus layer condition, as these may be influenced by their degree
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of hydration, which can be affected by changes in RH of inhaled air. This influence will be 
stronger in the most superficial layers of the vocal folds as these are in closest contact with the 
inhaled air. A fortiori this applies to the mucus layer. Hirano26 proposed a model in 1974 in which 
the vocal fold is regarded as a two-section oscillator, consisting of a body and a cover. If this mod
el is considered, the cover (including the mucus layer) will be most sensitive to the inhaled air RH. 
The vocalis muscle is situated in the body, so any direct effect of the hydration level of inhaled air 
will not easily occur at this level and may be corrected immediately by the circulation. 
Consequently, neuromuscular jitter will not be affected. The changes in Fo perturbation therefore 
are more likely to be the net result of mechanical changes in the cover and mucus rather than of an 
effect on any neurological or other source of jitter. Our results indicate that apart from the above- 
mentioned sources of perturbation (heartbeat, neuromuscular physiology) a mechanical source of 
perturbation is probable.
A relation between temperature and oscillatory behavior can be expected. According to Kakita27 
the relation between temperature and rheology (the science concerned with deformation of matter) 
has three phases: a rubbery phase, a transitional phase, and a glassy phase. This relation is repre
sented by a sigmoid curve. As long as the temperature stays within the rubbery or the glassy phase 
rheologic behavior will not change very much. In the transitional phase, however, small variations 
in temperature will have a large influence on rheologic behavior. Consequently, our results of the 
comparison of inhalation of humid warm (± 45 °C) and humid normal (± 23 °C) air effects may be 
explained by assuming that these temperatures are within the same phase, other than the transi
tional phase.

In conclusion, our results show that the phonatory oscillation of human vocal cords is very sensi
tive to decreases in RH of inhaled air, because even after a very short provocation of 10 minutes 
inhalation of dry air significant changes in perturbation parameters occur.
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A NEW METHOD

Abstract

A study of the effect of exogenous hazardous agents or conditions on the mechanical characteris
tics of vocal fold mucosa should meet three methodological criteria. 1. The outer surface of the 
mucosa can be exposed to the agent or condition, while the inner surface is exposed to a physio
logical environment. 2. Even slight changes in mechanical characteristics should be detected. 3. 
The applied strain should be within physiological ranges. To date, no such method has been 
described in the literature. A method meeting the listed criteria is proposed and evaluated here.
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Introduction

The mechanical performance of the human vocal folds is impressive. These small (ca. 1 cm long) 
folds are capable of maintaining oscillations with a frequency of roughly 100 - 200 Hz for hours, 
easily producing sound of over 60 dB SPL. Such a high mechanical output requires an optimally 
functioning oscillator. Small alterations in properties of the oscillator may lead to a deterioration 
of oscillatory behavior and thereby of voice quality. In everyday life, the vocal folds are subjected 
to different conditions and agents. Environmental conditions like relative humidity are variable. 
Moreover, the air may contain polluting particles or irritant gases that may be deposited on the 
vocal folds during inhalation. Inhalation medication may also be deposited on the vocal folds. To 
study the effects of these environmental conditions and potential irritants on the mechanical prop
erties of the vocal fold tissues, a carefully controlled experimental situation is necessary.
The vocal folds are believed to behave as a slightly damped oscillator consisting of two masses: a 
body (vocalis muscle and deep layers of the lamina propria) and a cover (mucosa and superficial 
layer of the lamina propria).8 The mechanical properties of these two masses determine the oscilla
tions of the vocal folds. If potential irritants are inhaled and deposited on the vocal folds, they 
will be left on the cover. Consequently, if these irritants have an effect on the mechanical proper
ties of the vocal folds, this effect will be exerted mainly, or at least initially on the cover. As the 
mechanical properties of the vocal folds are influenced by the activity of the vocal and cricothy
roid muscles, it is difficult to study effects of environmental conditions and irritants under con
trolled conditions in an in vivo situation. A constant laryngeal configuration in vivo can be 
established with total denervation or complete pharmacological muscle relaxation. Since general 
anaesthesia and ventilation via a tracheostomy are mandatory, extensive laboratory facilities are 
needed for in vivo experiments. We therefore propose an in vitro method using sheep laryngeal 
mucosa.
In our view, such a method should meet the following criteria:
1. The outer surface of the cover (vocal fold mucosa) can be exposed to the studied irritant or con

dition, while the inner surface is exposed to a physiological environment. The latter situation is 
very important, as this influences the hydration status of the overlying mucosal layers and 
thereby affects their mechanical properties.

2. Measuring equipment should be able to detect slight changes in mechanical characteristics.
3. The applied strain should be within physiological ranges.

The vocal fold mucosa behaves as a viscoelastic material. The mechanical properties of such mate
rials are generally described in terms of the parameters of viscosity and elasticity. Viscosity and 
elasticity can be studied in stress-strain relationships, i.e. with respect to the relation between elon
gation (strain) and resulting force in the studied material (stress). Several methods have been 
described to study the mechanical properties of the vocal tissues in general1'2 5 6 9’", but none of 
these meets all three criteria mentioned above. Haji et al.56 developed a method to study stress- 
strain relations in excised human larynges. However, their model is not suitable to study the effects 
of exogenous factors on the mechanical characteristics of vocal fold mucosa. That is because 
mucosal hydration from the deep surface cannot be controlled in an excised, non-hydrated larynx 
(criterion 1). Perlman and Titze", Alipour-Haghighi and Titze1 and Min et al.9 applied a method
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using excised vocal fold tissues that were submerged in a physiological solution. Although that 
method is very suitable for studying mechanical properties in general, it cannot be used to study the 
effects of irritants, since the specimen is submerged. Berke et al.2 describe a method used in anaes
thetized dogs that seems ideal to study in vivo effects of irritants and relative air humidity. Again, 
however, very extensive facilities are needed for in vivo experiments.

In this study, we propose a method that meets our three criteria. An in vivo situation is mimicked 
by keeping vocal fold mucosa adequately hydrated from the deep surface, while the outer mucosal 
surface can be exposed to all kinds of irritants and ambient conditions. The sensitivity and accura
cy of the proposed method satisfy criteria 2 and 3.
As the method has not been reported previously, the experimental set-up is described in detail. 
Possible errors are evaluated by analysis in a mathematical model.

Material and methods

Mucosa
Healthy human laryngeal mucosa is very rarely available for research purposes. Excised material 
is presumed to be diseased, since surgery would otherwise be inappropriate. We therefore pre
ferred to use animal mucosa. Sheep laryngeal mucosa was chosen on the grounds of a comparative 
histological study of several experimental animals. Kurita et al.10 showed that among those ani
mals, the vocal fold dimensions (i.e., length and mucosa thickness) of sheep are the most similar to 
those of humans. Moreover, the authors found a fairly distinct boundary between the superficial 
and the deep layer of the lamina propria. That boundary makes a convenient dissection plane when 
Preparing the superficial layers for use in studies of vocal fold cover.
After the sheep had been sacrificed (for other purposes), the larynx was taken out as soon as feasi
ble (within a maximum of one hour post mortem). The material was transported to the laboratory 
in a saline solution at about 20 °C. There, the larynx was divided into two hemilarynges. At speci
fic points, the mucosa was marked with methylene blue and the distances between these marks 
were measured. The vocal fold mucosa of the free edge was then microdissected and continuously 
hydrated with Ringer’s solution. The dissected mucosa was stretched to its original size, using the 
marks on the mucosa, and fixed on a plate. Methylene blue was used to outline the specimen on 
the mucosa, and the specimen was measured (about 3-4 mm long and 1 mm wide). The specimen 
Was cut out of the dissected mucosa in a longitudinal (anterior-posterior) direction, leaving space 
for clips. These T-shaped clips, cut out of aluminium foil, were pressed around each end for later 
attachment to the experimental set-up.4

Strain-stress measuring device
A device was designed for measuring the stress-strain relations of the mucosa. In this device, the 
tissue specimen was attached with the T-clips at one end to a force transducer. At the opposite end, 
it was attached with T-clips to a motorshaft, the position of which could be precisely controlled by 
a feedback system. A photograph of the stress-strain device and a schematic overview of the total 
ex peri men tal set-up are shown in Figures 1 and 2.
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The force measuring system consisted of a Sensor Nor Model A 801 (Sensonor A.C., Horten, 
Norway) mounted in a brass block, which could be positioned in any direction by micrometre 
screws. A short piece of stainless steel wire (length 8 mm; thickness 0.7 mm) was glued to the 
transducer. The samples were attached to the free end of the wire by means of the aluminium foil 
clips. The resonant frequency of the force measuring device was about 2 kHz. The force transduc
er, the electrical part of which is made of two variable resistors, was mounted in one arm of a 
Wheatstone bridge. The opposite arm of the bridge comprised two fixed resistors and one poten
tiometer which served to accurately balance the bridge. The bridge was supplied by 6V DC volt
age. Its signal was amplified in a home-made circuit based on an Ancom 15 B-l module (Ancom 
Limited, Cheltenham, England).
The length of the specimens was varied by a Line Model 101 vibrator (Line Dynamic Systems, 
Royston, England) driven by a home-made power DC amplifier. The preamplifier had two stages 
using TP 1322 operational amplifiers (Teledyne Philbrick, Dedham, Mass., USA). In the first 
stage of this preamplifier, three signals were summed: 1) the output of an oscillator, consisting of 
an external function generator that was fitted with a variable input attenuator; 2) an adjustable DC 
signal for fine adjustment of the mean length of the specimen; and 3) the output of the 
position/length transducer. The last output served as a negative feedback signal. The second pre
amplifier stage included adequate loop-gain control and phase compensation for the characteris
tics of the vibrator. Gain could be adjusted in order to keep the loop stable at all frequencies used. 
The tissue specimen was attached with an aluminium foil clip to a stainless steel wire that was 
connected to the end of the vibrator shaft.
The position detector contained a high power infrared light emitting diode. This diode, which ran 
on a constant current source, was facing a dual photodiode element containing two photosensitive 
surfaces side by side (United Detector Technology Model PlN-Spot/2D, UDT, Culver City, 
California, USA). The two surfaces of the element were separated by a 50 pm slit. The light beam 
was interrupted by the cylindrical shaft of the vibrator in which a transparent perspex window was 
inserted in order to partially illuminate both surfaces of the photodetector. The cylindrical perspex 
window focused the light beam on a central region of the photosensitive surfaces. This made the 
detector insensitive to movements of the shaft other than along the axis of the motor. The differen
tial signal between the two photosensitive surfaces served as a position signal. This displacement 
signal was linear over a range of ± 0.5 mm.
Both the measured force and the amplitude were amplified and low-pass filtered (1 kHz, -24 
dB/oct). The signals were sampled at 4 kHz by a computer system (Olivetti M250 with Data 
Translation ADC card DT2801-A). Slight differences in the transfer functions of the two low-pass 
filters were compensated in the analysis program. After compensation, the deviation was less than 
± 0.6 % for amplitude ratio (gain) and ± 0.01 rad for the phase in the frequency range of 0 to 300 
Hz.

Analysis
The frequency components nearby the sinusoidal excitation frequency were selected from the 
force and position signal by spectral analysis (based on Fast Fourier Analysis, mean of seven 
epochs, frequency resolution 15.6 Hz). Harmonic components due to slight non-linearities were 
excluded in this way. Gain was defined as the ratio of the mean spectral amplitude of calibrated
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position and force components in the spectral peak nearby the excitation frequency. Only compo
nents with a coherence between force and position signal of more than 0.71 were used. The phase 
difference between the sinusoidal force and displacement signals was determined from the cross
spectrum at the same spectral points. The standard deviation among these points in the spectral 
peak was about 2% for gain and 0.006 radians for phase.
Triangular stretch was analysed by fitting a straight line through the sample points of force and 
displacement separately in the stretch and release phase. The mean value of the ratio of these 
slopes was considered to be a measure for stiffness at 0 Hz.

It appeared that the mechanical properties of the mucosa could be approximated by a damped 
spring. Stiffness (K) -the force necessary for an elongation of 1 unit length (1 m)- and viscosity 
(B) -the force necessary for an elongation with 1 unit velocity (1 m/s)- were computed from the 
gain and phase at the excitation frequency according to:

K=\/ [(1/gain)2/ (1+tg2(phase))] and B= - K* [tg(phase) / (27tf)[ 
where f is the excitation frequency. Stiffness is expressed in Newton/metre (N/m), which can also 
be read as microNewton/micrometre. Viscosity is expressed in Newtonsecond/metre (Ns/m).
It should be realized that the values found refer to the stiffness and viscosity of the specimen as a 
whole. These values are not normalized on the dimensions of the specimen. These dimensions, 
especially thickness, could not be determined sufficiently accurately in these curling tissue speci
mens.

Experimental Procedure
The mucosa specimens were subjected to longitudinal triangular and sinusoidal displacement. 
Before each measurement, the specimen was lifted from the surface of the Ringer’s solution. 
Frequencies up to 270 Hz were used, covering the normal speech range. The response measured at 
different frequencies provided an indication of which mechanical model should be used to 
describe the properties of the mucosa in the speech frequency range. The total procedure for 
applying a triangular stretch (0 Hz) and sinusoidal vibrations with frequencies of 80, 100, 200 and 
270 Hz could be accomplished within one minute, with each individual measurement lasting 
about 0.5 seconds. Slow changes due to provocation with a particular condition of the air could be 
followed through time with this procedure. Assuming a simple damped elastic behaviour of the 
specimen, measuring at only one frequency may suffice. With measurements that last only 0.5 sec- 
ond, it is possible to track changes in mucosa properties with time constants less than a minute.

Mathematical model simulations
The experimental set-up itself, and more specifically the force and position transducers and clips, 
have a mass and a limited internal stiffness. Therefore, the measurements may be systematically 
influenced by these mechanical properties. The errors which could be introduced by the mass and 
stiffness of the clamps and transducers were evaluated by a mathematical model. The fact that the 
force and displacement were measured at opposite sides of the specimen was included in the eval
uation. The model consisted of a chain of the following elements: a spring and mass (representing 
ihe position transducer and clamp); two damped springs with a mass in between (representing the 
uiucosa specimen); a mass and spring (representing the clamp and force transducer) (Figure 3).

39



CHAPTER 3

The properties of the clamps and transducers at both sides of the specimen were considered to be 
equal. The clamp mass included an equivalent mass of the connecting pin between the T-clip and 
the transducers. Simulations were performed, using the values for mass, stiffness and viscosity of 
the mucosa as found in the experiments. Generally, an excitation frequency of 180 Hz was used.

Results

The mucosa specimens between the clamps were about 1-2 mm wide, 3-4 mm long and 0.5-1 mm 
thick. In practice, the dimensions of these small curling specimens could not be measured very 
accurately. The weight of the specimens was about 10 mg.
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Figure 2. Schematic drawing of the experimental set-up. The strain-stress device consists of a length trans
ducer (1) controlled electro-mechanical vibrator (2) which applies a length oscillation (i.e strain) via a small 
rod to the mucosa specimen (3) with the aluminium clips shown in grey. The resulting force (stress) is meas
ured by a force transducer (4) via a second rod. The mucosa specimen can be submerged in a chamber con
taining Ringer’s solution (5) (with a partial roof, not shown) or positioned so that it just touches the Ringer’s 
solution. Air of varying RH can be blown into the chamber through a tube (6).

The stiffness of the mucosa specimens under different air conditions and oscillation frequencies 
ranged from about 500 to 20000 N/m (with one extreme value of 40000 N/m). The viscosity 
ranged from about 0.5 to 10 Ns/m. As the dimensions of the specimen will largely determine the 
measured stiffness and viscosity of the whole specimen, these absolute values were dependent on 
individual mucosa specimens. It was not possible to compute normalized values, because the 
measurements of the specimen dimensions were inaccurate.

Mucosa properties
The transfer function of measured force to displacement -that is gain and phase-shift plots against 
frequency- indicated that the specimen could indeed be approximated by a damped spring. An 
example of gain as a function of frequency is shown in Figure 4. The slopes in these log-log plots 
of gain were between -0.4 and -0.6 dB/oct and the phase shifts were not larger than 0.3 radians (in 
humid air) within the speech range frequencies. These values are in conformity with values for a 
simple damped spring.

Model simulations
The effects of changes in stiffness and mass of the force and position transducer were evaluated
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Figure 3. Schematic representation of the model of the force and position transducers, clamps and mucosa, as 
used in the mathematical simulations. The transducers and attached clamps are represented by a mass and 
spring and the mucosa by a mass and two damped springs.

with the mathematical model described above. The systematic errors due to increased clamp (T- 
clip) mass and low transducer stiffness reflect the mechanical properties of the tested specimen. 
Therefore, simulations were performed for specimen stiffness and viscosity combinations in the 
range of values found in the experiment.
In principle, it is possible to measure the compliance of the force transducer by gluing two T-clips 
together, without a specimen, and mounting them on the apparatus. Displacements are then 
imposed and force responses are recorded. The observed compliance can then be systematically 
corrected for the measurements obtained with mucosa specimens. In practice, however, this could

Gain and frequency in dry and humid air

1 10 100 600

frequency (Hz)

—h— RH 100% —RH 0%

Figure 4. Relation between excitation frequency and gain in two extreme air conditions (relative air humidity 
95%).
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Figure 5
Systematic errors in stiffness (fig
ures on left side) and viscosity (fig
ures on right). Contour plots of the 
relation of these errors with stiff
ness k and viscosity b of the speci
men (top left and right) and the 
relation with k and the stiffness of 
the transducers kt (bottom left and 
right). Contours are drawn at a 2% 
interval; the -2% contour is indicat
ed. The values of k (*10') and b are 
twice those of the specimen. Other 
parameters are te following: speci
men mass 0.01*10 ' kg, clip and 
equivalent transducer mass 1.0* 
10' kg; for the upper row figures, 
transducer stiffness 3.0*10' N/m; 
for the bottom row figures, spec
imen viscosity 3 Ns/m, excitation 
frequency 180 Hz.
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not be done without breaking the force transducer. As stated in the Methods section, the resonant 
frequency of the force measuring device, including steel pin, was of the order of 2 kHz, which is 
ten times higher than the range of actual measurements.
Simulations were done with a force-transducer stiffness of about 3.0*105 N/m (which is about 7.5 
times higher than the highest value for the specimen stiffness found in the experiments). The sys
tematic error in specimen stiffness ranged from about +10% to -11% for the specimen properties 
tested (Figure 5, upper left). If the simulations were performed with a transducer stiffness of 
10.0*10' N/m (i.e., 25 times the highest measured mucosa stiffness), the error declined to about 
one-third of these values.
For specimen viscosity, the systematic error increased from about -1% to -22% with increasing 
stiffness of the specimen in the tested range (Figure 5, upper right). In both cases, within the range 
tested, the specimen viscosity had only a slight additional effect on the stiffness estimation (about 
1% change) and almost no effect on the viscosity estimate (less than 0.5%).
The effect of the mass of the clamps and transducers was small. Both stiffness and viscosity errors 
increased less than 1% for each one-gram increase of the combined clamp and transducer mass, on 
the condition that the transducer stiffness was greater than 3.0*10' N/m. Also, the effect of the 
mass of the mucosa specimen was small. A mass increase from 0.01 to 0.1 gram only had an effect 
on the error in estimated stiffness that was greater than 1% if the transducer/clamp stiffness was 
less than about 3.0* 10’ N/m
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Table 1. Sensitivity for random experimental errors of the computed stiffness and viscosity. Values are given 
for the limits to the ranges of specimen stiffness and viscosity encountered in the experiments.

Sensitivity of stiffness (N/m) for errors in gain Sensitivity of viscosity (N/m) for errors in gain

(%/%) viscosity = 0.5 viscosity = 4.5 ((Ns/m)/%) viscosity = 0.5 viscosity = 4.5

stiffness = 2.5*10'
stiffness = 20*10'

-1.0 -1.0
-1.0 -1.0

stiffness = 2.5* 10’ -4.9*10 '
stiffness = 20*10’ -3.9*10 3

^3.8*10'
-35.3*10-'

Sensivity of stiffness (N/m) for errors in phase Sensitivity of viscosity (N/m) for errors in phase

(%/0.01 rad) viscosity = 0.5 viscosity = 4.5 ((Ns/m)/0.01 rad) viscosity = 0.5 viscosity = 4.5

stiffness = 2.5* 10’
stiffness = 20*10'

0.22 1.87
0.03 02

stiffness = 2.5*10' -.022
stiffness = 20*10' -.157

-.023
-.158

Effects of random errors
The systematic errors in estimating mucosal stiffness and viscosity are important, but random 
errors are also of interest. The random errors encountered in the experiment are due to instrumental 
noise and to effects resulting from the method of spectral analysis we used. The effect of instrumen
tal noise is reduced to the noise around the spectral peak, as the values of gain and phase are deter
mined at or near the excitation frequency in the spectra. With a pure spring (a loop of thin metal 
wire), we found random variations in gain of ± 0.5% and phase variations of ± 0.005 radians.
The sensitivity of the computed specimen stiffness and viscosity to random errors in gain and 
phase measurements was assessed by computing the change in values for 1 % change in gain or 
0.01 radian change in phase. The sensitivity was calculated with the same model as used to deter
mine the systematic errors. From the gain and phase shift, stiffness and viscosity of the specimen 
were calculated. A worst-case scenario for the transducer properties of mass and stiffness was 
used for these calculations: mass 1 g and stiffness 300*10’ N/m. In some cases, the results depend 
on the stiffness and viscosity of the specimens themselves. In those cases, the same ranges of stiff
ness and viscosity were used as in the computation of the systematic errors.
The percentual change in the estimated specimen stiffness is equal to the inverse of the percentual 
change in gain. That value is independent of the value of the model parameters. When the viscosi
ty of the specimen is not high compared to its stiffness (viscosity lower than 1.25 + 8.7 103 * stiff
ness), the specimen stiffness is only slightly dependent on the specimen viscosity (0.05 % to 0.5%/ 
0.01 radian).
The random errors in viscosity due to errors in gain are nearly the same as for the random errors in 
stiffness (-1% Ns/m for each % error in gain). Furthermore, they also are nearly independent of the 
model parameters. The errors in viscosity due to errors in phase depend mainly on the specimen 
stiffness: 0.8 * stiffness * 10 4 per 0.01 radian. The highest error is found for a stiffness of 40*10’ 
N/m and is 0.32 Ns/m per 0.01 rad.
An overview of the random errors is presented in Table I.
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Discussion

As argued in the introduction, an experimental set-up to study the effect of exogenous agents or 
ambient conditions on the mechanical properties of laryngeal mucosa should meet three criteria. 
First, it should be possible to expose the outer surface of the vocal fold mucosa to the studied agent 
or condition while the inner surface is in contact with a physiological milieu. Second, measuring 
equipment should be adequate and sufficiently sensitive. And third, the strain applied in the ex
periment should be within physiological ranges. Previously published methods do either not meet 
all three criteria1-5'6-9 " or need such extensive facilities2 that they are not feasible in many laborato
ries. Therefore, we developed a strain-stress device in which a small mucosa specimen can be 
exposed to agents or air conditions while being in contact with a physiological solution, thereby 
meeting the first criterion. This device allows very small amounts of strain to be applied. The 
experimental set-up was tested with measurements on microdissected laryngeal mucosa of sheep. 
Arbitrarily we chose to use longitudinal tissue specimens. This longitudinal orientation may influ
ence the absolute values found for stiffness and viscosity. The changes in stiffness and viscosity 
induced by exogenous factors, however, may be expected to be similar for any orientation of a tis
sue specimen taken from the same part of the mucosa.
The method proved easy to use and strain-stress relations were obtained. From these values, stiff
ness and viscosity values were computed. It is not possible to validate this method by comparing 
°ur data with other studies, since there are none on viscosity and stiffness of laryngeal sheep 
mucosa. Therefore, it was important to study the systematic errors that may be attributed to the 
mechanical properties of the device itself as well as the random errors introduced in the course of 
the analysis. The accuracy of the experimental set-up was evaluated with a mathematical model. 
Simulations were performed with variations in mass and stiffness of the force and displacement 
transducers as well as with variations in mucosal mass, stiffness and viscosity. The mathematical 
model itself was validated with the results of measurements on a pure spring wire loop.
In these simulations, low stiffness of the transducers appeared to be the main source of systematic 
errors in the estimated mechanical properties of the mucosa. If the transducer stiffness is seven 
times higher than mucosa stiffness, errors -11 % to +10% for stiffness in the tested range and errors 
°f -1% to +22% for viscosity may be expected. With a transducer stiffness three times higher, 
errors that were three times lower were calibrated. However, a much higher actual transducer stiff
ness is estimated. The mass of the transducers, clips and mucosa was less important.
In comparison with the systematic errors, random errors, which were caused by noise in the exper
imental set-up and its effects in the analysis, were much smaller. In this respect, the stiffness of the 
force transducer is again the most important factor. If this stiffness is 25 times higher than the 
highest mucosa stiffness (about 5*105N/m), the total error (combined systematic and random 
errors) for stiffness is approximately 7% in both directions, and the total error for viscosity is 
approximately 8% in both directions.
We conclude that the described method to determine the mechanical properties of vocal fold 
mucosa meets the criteria for sensitivity, accuracy, physiological strain, and possibility of expo
sure of the mucosa specimen to agents while being adequately and physiologically hydrated. It is 
therefore suitable for studying the effects on mechanical characteristics of the vocal fold mucosa 
°f different hazardous agents like polluting particles, irritant gases and inhalation medication.
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ISOLATED MUCOSA

Abstract

In earlier work we have shown that low relative humidity (RH) of inhaled air causes acoustic voice 
parameters like jitter and shimmer to deteriorate. Other authors have shown negative effects on 
vocal efficiency. To explain these changes in the mechanical properties of the vocal folds, the 
effects of changes in RH of the air passing over microdissected mucosa of sheep larynges were 
studied. The dissected surface of the tissue specimen touched on Ringer_s solution, and air of 
varying RH was blown over the specimen. The mucosa specimen was subjected to sinusoidal 
oscillations of length (strain) and the resulting force (stress) was measured. The gain and phase 
angle between the imposed strain and resulting stress were measured, and elasticity and viscosity 
were calculated. Two different air conditions were tested: air with high RH (100 %) vs air with low 
RH (0 %).
Viscosity and stiffness increased significantly in both ambient conditions (P<0.01). Dry, dehydrat
ing air resulted in a stiffer and more viscous cover than humid air (P<0.001). These changes in 
mechanical characteristics may contribute to the effects on voice parameters described in earlier 
work.
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Introduction

Several authors have shown an effect of hydration status of the vocal folds on voice quality and 
efficiency.13-410 "12 We reported in previous work that short-term inhalation of dry air increases 
voice perturbation measures.4 In a study on healthy subjects, Verdolini et al.10-12 reported an effect 
of dehydration on parameters of vocal efficiency. In another study on subjects with benign vocal 
fold lesions, the same authors found, after exposure to hydrating conditions, improved voice 
measures and a tendency of vocal nodules and polyps to regress.11. There has been subsequent dis
cussion of whether it was the hydration status in the superficial vocal fold layers (cover) or in the 
underlying tissues (body) that resulted in these effects.4
The vibratory pattern of vocal fold oscillations depends on many factors. In a fixed configuration, 
they are mainly determined by mass, tension, internal friction or tissue viscosity, and the condition 
of the mucus layer on the surface of the vocal folds. In the current context, the latter two factors are 
the most relevant since these may be influenced by the relative humidity (RH) of inhaled air. 
Viscosity depends on several things, including the amount of water present in the tissues, as 
reported by Finkelhor et al.' These authors found a decrease in the oscillation threshold pressure 
with increasing hydration levels of the vocal fold tissues. This confirms the relation of viscous 
damping and subglottal pressure needed for sustained oscillations, as predicted theoretically by 
the inequality derived by Titze and Talkin: Ps > (k /7jfBc)'/,w , where P is subglottal pressure, k 
is transglottal pressure coefficient, T is vocal fold thickness, B is the viscous damping coefficient 
of the vocal folds, c is the mucosal wave surface velocity, and w is the prephonatory glottal width.9 
This inequality shows that if viscous damping increases (increased viscosity), a higher subglottal 
pressure is needed for phonation. Consequently, vocal efficiency will decrease.
The vocal folds are believed to behave as a two-mass oscillator, consisting of a body (vocalis mus
cle and deep layers of the lamina propria) and a cover (mucosa and superficial layer of the lamina 
propria).6 Changes in hydration level in either mass will lead to changes in viscosity, resulting in 
different viscoelastic properties which in turn lead to different vibrational behavior. It is unlikely 
that changes in the water content of the more deeply situated, well-circulated body of the vocal 
fold will be induced solely by changing the RH of inhaled air. Intuitively, it is more probable that 
dry inhaled air results only in a dehydration of the superficially situated cover and the mucus layer 
on top of it. In the present study, we therefore concentrated on the effects of the RH of air on 
microdissected vocal fold mucosa. We measured the mechanical parameters of this layer when 
exposed to either high or low RH air. The results show that both viscosity and stiffness increase in 
dry air.

Material and methods

Mucosa
Healthy human laryngeal mucosa is very sparse: excised material is in principle always diseased; 
otherwise, surgery would be inappropriate. We chose to use sheep laryngeal mucosa, as in a com
parative histological study Kurita et al.7 showed that the vocal fold dimensions (i.e. length and 
mucosa thickness) of sheep are similar to those of humans. Moreover, they showed that there is a
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fairly distinct boundary between the superficial and the deep layer of the lamina propria. This 
makes it comparatively easy to dissect the superficial layers for use in studies of vocal fold cover. 
As early as possible (at the most, one hour) after the sheep had been sacrificed (for other purpos
es), the larynx was taken out and transported to the laboratory in saline solution at about 20 °C. 
The larynx was divided into two hemilarynges. At specific points, the mucosa was marked with 
methylene blue and the distance between these marks was measured. The vocal fold mucosa was 
microdissected and adequately hydrated with Ringer’s solution. Using the marks on the mucosa, it 
was stretched to its original size and fixed with pins. The outlines of the specimen were drawn on 
the microdissected mucosa with methylene blue. Then the size was measured (around 3-4 mm 
long and 1 mm wide), and the specimen was cut accordingly. A T-clip, cut out of aluminum foil, 
was pressed around each end of the specimen for later mounting on the experimental set-up.

Strain-stress device
The mucosa specimen was mounted in a device, and submerged in Ringer’s solution. At the begin
ning of an experiment the specimen was raised, so that it just touched on the solutions surface. A 
heating device at the bottom of the chamber kept the solution at 32°C. The temperature was meas
ured at the beginning and end of each experiment. A feedback mechanism controlled the tempera
ture. Air with varying RH could be blown over the specimen. This controlled setting mimicked a 
physiological situation: the mucosa was well hydrated from its deep surface, while being exposed 
to air of variable RH passing over its superficial surface.
The specimen was attached by the T-clips to two small vertical pins and stretched to its original 
length. One of the pins (vibrating pin, VP) was connected to a vibrator similar to a loudspeaker 
coil. The position and movements of the VP were precisely controlled by a position feedback sys
tem with a function generator as input. With this pin, a sinusoidal oscillation was induced, result
ing in a sinusoidal strain on the specimen. The other pin (force pin, FP) was attached to a force 
transducer (see Figure 1 for a schematic drawing of the set-up). After low-pass filtering (1 kHz), 
the measured force and position were digitized (sampling rate 4 kHz) and stored in a personal 
computer. For a detailed description of the experimental set-up, see elsewhere in this issue.5

Study design
After microdissection and mounting of the mucosa in the device, the specimen was submerged in 
Ringer’s solution for 30 minutes to ensure maximal hydration status. After this period the meas
urements were started. First the mucosa specimen was placed in position, just touching the solu
tion. Air was blown through the chamber at a rate of three liters per minute during ten minutes. 
Two conditions of air were tested: air with an RH of 0% and air with an RH of 100%, both at a 
temperature of 21 °C (±1). Medical air (78 vol% N,, 21 vol% 0„ <350 ppm CO„ <200 ppm H,0, 
supplied by Hoekloos NV) with an RH of less than 1% was used for the dry air condition. From 
the cylinder the air was conducted via a small flexible PVC tube (diameter 7 mm) of 4 m length. 
With an air flow of three liters per minute this was sufficient to warm the medical air up to room 
temperature, which was controlled at 21 °C. For the humid air condition the medical air was 
humidified to an RH of 100% by an antistream column. The RH and temperature of the air were 
checked at the chamber inlet using a commercially available calibrated thermo/hygrometer 
(Vaisala, R.H.&Temp indicator, type HMI 14, Helsinki, Finland) at the start of each new air condi-
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Figure 1. Schematic drawing of the experimental set-up. The strain-stress device consists of a length-trans
ducer (1) controlled electro-mechanical vibrator (2) which applies a length oscillation (i.e., strain) via a small 
rod to the mucosa specimen (3) with the aluminium clips shown in grey. The resulting force (stress) is meas
ured by a force transducer (4) via a second rod. The mucosa specimen can be submerged in a chamber con
taining (5) (with a partial roof, not shown) or positioned so that it just touches the Ringer’s solution. Air of 
varying RH can be blown into the chamber through a tube (6).

tion. The first air condition the specimen was subjected to was randomized. Measurements were 
made at the start and 1, 2 ,3, 4, 6, 8 and 10 minutes after the first air condition was started. The 
specimen was then submerged again for five minutes, as a preliminary study had shown that 
mechanical characteristics returned to pre-experimental values in less than five minutes. The same 
procedure was repeated, with the other air condition. Each specimen was subjected to both condi
tions from one to three times. The frequency of the oscillation was constant during an experiment 
and was between 150 and 200 Hz. The peak-to-peak amplitude of the oscillations was 1% of the 
length of the specimen.
During the measurements (lasting less than 20 seconds) the specimen was lifted up to prevent 
waves in the Ringer’s solution caused by the oscillating mucosa from interfering with the force 
recordings. In total, six specimens were tested.

Analysis
The recorded position and force signals were subjected to a spectral analysis by fast Fourier trans
formation. The gain (ratio between the position signal and force signal (position/force)) and the 
phase shift between the position signal and force signal at the peak of the excitation frequency 
were computed (Figure 2).
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Figure 2. Gain is the ratio between 
position and force signals (posi
tion/force, P/F) and phase shift is 
the phase angle between both sig
nals (Aip).

Acp

The mechanical properties of the mucosa could be approximated by a model of a damped spring. 
The stiffness (K) and viscosity (B) were computed from the gain and phase shift at the excitation 
frequency as follows:

K = V[(l/gain)7(l+tg2(phase))]
B = -K*[tg(phase)/(2Bf)]

where f is excitation frequency. The change in stiffness and viscosity over time during one air con
dition could roughly be characterized by a linear increase. The slope of the regression line for each 
air condition within the experiments was computed and analyzed.

Statistics
The maximal effect achieved during the different air conditions as well as the rate of change in 
stiffness and viscosity were analyzed by analysis of variance, whereby air condition and the speci
men were taken as factors.
To determine whether stiffness and viscosity were equal at the start of the provocations within an 
experiment, the initial values were subjected to an analysis of variance. Additionally, the pooled 
within-experiment standard deviations of these start values were computed.

Results

The raw data show a decrease in gain (position/force) and an increase in phase angle after the start 
of each new air condition. These responses were quicker and stronger in dry air than in humid 
air. The maximum effect was reached after approximately five minutes. Figure 3 shows an exam
ple of these raw data for specimen 2; the other specimens showed similar gain and phase angle 
changes.
The mean values of gain and phase angle after five minutes were tested for differences resulting 
from the air condition by analysis of variance. Both gain and phase angle changes were significant 
(P value for gain <0.001, P value for phase angle <0.01).
The mean value of the computed stiffness and viscosity increased from about 2400 N/m resp. 0.33
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Gain vs air condition, specimen 2

time (min)

Figure 3
Raw data for gain (top) and 
phaseangle (bottom) for 
specimen 2: (x) represent 
measurements during expo
sure to dry air, (o) represent 
measurements during expo
sure to humid air, and a dot
ted line represents the 
changes due to rehydration.

Phase angle vs air condition, specimen 2

__ _ _ _ _ _ _ _ _ _ _ _ _ _ _ time Imin)_ _ _ _ _ _ _ _
O = humid air X = dry air — = rehydration

Ns/m to about 4400 N/m resp. 1.1 Ns/m with humid air, and to about 9300 N/m resp 3.1 Ns/m with 
dry air. The difference between these changes was statistically significant (both P<0.001). Figure 
4 shows the calculated stiffness and viscosity changes for specimen 2; mean values of the repeated 
measurements are shown with standard deviations. The other five specimens showed similar 
results.
Figure 5 shows the mean values of the slope of the regression lines that were fitted to each stiffness 
and viscosity curve (as shown in Figure 4 for specimen 2). This slope is a parameter for the rate of 
increase of viscosity and stiffness. As expected, the effect of air exposure occurred faster with dry 
air than with humid air. The difference in slope between the two air conditions was significant at a 
level of P<0.001 for both stiffness and viscosity. The clear differences (PcO.OO 1) between the indi
vidual specimens are probably caused by differences in size and/or thickness.
After the specimen had been submerged between exposure to the two conditions, its viscosity and 
stiffness returned to almost the baseline values in all cases (see Figure 3). Standard deviations of 
the starting values of stiffness with each new air condition for individual specimens was about 190 
N/m (8%) and about 0.128 (39%) for viscosity.
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Figure 4. Example of the calculated mean stiffness (left) and viscosity (right) during exposure to dry (x) and 
humid (o) air with standard deviations for specimen 2.

Discussion

In order to study mechanical characteristics of laryngeal tissues under controlled conditions, an in 
vitro experimental situation is necessary. In general, this constitutes a non-physiological situation. 
In this study, we tried to mimic a physiological situation by allowing the mucosa specimen to be 
hydrated from the microdissected deep side by lowering the specimen onto a bath of Ringer’s 
solution. At the same time, the superficial (external) surface was exposed to air. In order to com
pensate for any possible dehydration during dissection of the mucosa and attachment to the 
device, the specimen was rehydrated by full immersion in Ringer’s solution before starting the 
experiment.
The results show an effect on viscosity and stiffness for both dry and humid air. The effect of 
humid air is surprising, as the RH was 100%, so that a dehydrating effect was not expected under

Viscosity ** Stiffness**

sped spec 2 spec 3 spec 4 specs spec 6 sped spec 2 spec 3 spec 4 specs spec 6

____________ I ■ RH0% n RH 100% I
I ■ RH 0% O RH 100% I ----------------------------

Figure 5. Mean slope for stiffness (top) and viscosity (bottom) for all specimens under the dry and humid air 
conditions. Slope is a parameter of the rate in increase of stiffness and viscosity.
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these conditions. This effect, however, cannot be attributed to causes other than dehydration, as all 
other parameters (temperature, resting strain) were held constant. Furthermore, the effect proved 
to be reversible after rehydration by merely submerging the mucosa specimen in Ringer’s solu
tion. This rehydration may have led to a hydration level higher than found in a normal in vivo situ
ation, where the outer surface of the vocal fold mucosa is constantly exposed to air. Air with an RH 
of 100% cannot contain more evaporated water, but RH is temperature dependent. Because the 
Ringer’s solution had a higher temperature than the passing air (32°C vs 21°C), the air over the tis
sue specimen may have been warmed up. This leads to a lower RH, thereby enabling evaporation 
even in the humid air. Exposure to humid air may then have caused the ‘overhydrated’ mucosa to 
dehydrate to a normal physiological level.
Another possible explanation may be an inadequate or absent mucus layer on the upper surface of 
the mucosa. The role generally attributed to this mucus layer is that of a cooling lubricant, which 
provides protection against (and clearance of) hazardous agents. Protection against dehydration 
may be another function. Further studies are needed to clarify this point.
Exposure to dry air leads to a significantly higher viscosity and stiffness than exposure to humid 
air, due to a difference in the degree of dehydration. This finding shows the importance of the RH 
of air passing over the vocal folds. A lower RH leads to a significantly higher stiffness and viscosi
ty of laryngeal mucosa, even if the thin mucosa layer is in close contact with a physiological solu
tion on its deep surface.
Our findings are consistent with those from a study on vocal fold viscoelasticity in an excised 
canine larynx model, as described by Haji et al.' They reported a reversible increase in vocal fold 
stiffness after dehydration.
The implications of these findings for human vocal performance are not obvious.
It is known that changes in stiffness have an effect on fundamental frequency (F0).* In our model, 
Fo changes cannot be studied since the frequency is controlled by the device. This effect of dehy
dration on F() would be very difficult to show in human subjects, as vocal fold stiffness and Fo are 
continuously controlled by adjusting the laryngeal configuration -i.e., by influencing the activity 
of the thyroarytenoid and cricothyroid muscles. Because of this different muscle activity, dehydra
tion of the vocal fold mucosa in an environment with low RH might be perceived by vocal per
formers as vocal fatigue rather than as a changed voice.
As indicated in the introduction, an increased viscous damping of oscillations requires higher sub- 
glottal pressure for phonation.1’ Therefore, we may conclude that vocal efficiency decreases with 
dehydration, in light of the finding that dehydration increases viscosity. This view is supported by 
other studies. Finkelhoret al.1 and Verdolini et al.1012 showed an inverse relation between hydration 
level of the vocal fold tissues and phonation threshold pressure.
A greater degree of both stiffness and viscosity resulting from dehydration of vocal fold mucosa 
may result in vocal fatigue.
In a previous study4 we demonstrated increased perturbation values in subjects after inhalation of 
dehydrated air. In the present study no perturbation measurements could be performed, as the fre
quency and amplitude of the oscillations were fixed in our device.

We conclude that in an experimental situation, mechanical properties of vocal fold mucosa are 
sensitive to a low RH of passing air. We found that both stiffness and viscosity increase signifi
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cantly faster, and to a higher level, after exposure to dry air than to humid air. This highly signifi
cant difference was found even when hydration from the deep surface of the dissected mucosa is 
maintained under both air conditions. These effects may help explain the increased phonation 
threshold pressure after dehydration reported in human subjects.
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EXCISED larynges: acoustics

Abstract

The effect of relative air humidity (RH) on acoustic voice parameters was studied in a porcine 
model. The vocal folds of excised larynges were brought to phonation successively with humid air 
RH>95%), dry air (RH<20%), humid air, and humid air again after application of Ringer solution 
to the vocal folds. Under humid conditions, a stable voice was produced, with voice parameters 
near normal human values. With dry air, the parameters deteriorated; after a short time, the laryn
ges became aphonic. Humid air insufflated directly after the dry air led to variable recovery of the 
vocal signal. After application of Ringer solution, the voice parameters returned to almost the 
same values found in the initial humid air condition.
It is concluded that dry air has a strong but reversible effect on vocal signals in this porcine model.
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Introduction

Several authors have reported on how dehydrated air affects voice characteristics. Acoustic param
eters as well as physiological parameters (phonation threshold pressure) have been shown to dete
riorate under dehydrating conditions.These changes indicate that the mechanical characteristics 
of the laryngeal tissues are influenced by relative air humidity (RH). Precisely which part of the 
vocal fold is influenced by RH, i.e., body, cover or superficial mucus layer, remains unknown.1 In 
particular, the function of the superficial mucus is unclear. The next layer, the cover, appears to 
play a major role. It has been shown that the viscosity and stiffness of dissected laryngeal mucosa 
increase significantly when air with a low RH is blown over the cover.6 This effect was found 
while the mucosa was continuously hydrated on the dissected surface.

Whether the effects found in isolated mucosa will also occur in intact larynges and human vocal 
performance remains questionable. It is unclear whether the effects of dry air on voice characteris
tics described above are caused solely by these mucosal changes or whether other factors are 
involved too. A passive larynx is an intermediate model, representing a state between isolated 
mucosa and the larynx in human subjects. The mucosa in this intermediate model is as passive as 
isolated mucosa. The mucosa in an excised larynx, can be brought to vibration similar to a larynx 
of a living subject, but without the effects of active and variable muscle tension. If dry air can be 
shown to have similar effects in an excised (passive) larynx as in human subjects (namely, 
increased jitter and shimmer) and in isolated mucosa (increased viscosity and stiffness), an answer 
to the above question may be at hand.

This study was performed in isolated porcine larynges. The objective was to ascertain how certain 
parameters of acoustic voice quality were modified by dry air vs humid air in a passive larynx. The 
larynges were brought to phonation on humid and dry air, and the sound thereby produced was 
analyzed. The results show a reversible deterioration in voice quality in dry air, similar to the 
effects observed in healthy volunteers.

Material and Methods

Larynx preparation
The porcine larynges used in this study were prepared according to a protocol described previous
ly.7 Minor changes were introduced in the experimental set-up, as described below. In short, the 
larynx and trachea were taken out of pig cadavers, and were then freshly frozen. After thawing, the 
larynx and trachea were cleaned, and soft tissues around the thyroid cartilage were removed. A 
horizontal cut was made in the Morgagni sinus, and all tissues cranial to the vocal folds were 
removed. The arytenoids were sutured together with a cartilaginous cotter between the dorsal parts 
of the arytenoid vocal processes. Inserting of a cotter prevented the adduction of the vocal folds 
from becoming too tight, which might have led to a forced vocalization.
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Figure 1
Schematic drawing of 
the experimental set-up
1. Medical air supply,
2. Compressor, 3. Flow 
meter with feedback me
chanism, 4. Humidifier/ 
temperature control,
5. Endotracheal tube,
6. Trachea and larynx,
7. Subglottic pressure 
meter, 8. Personal com
puter, 9. Microphone,
10. DAT recorder

Experimental set-up
The larynx and trachea were mounted in a steel ring and fixed with several screwpins. A cuffed 
tube was inserted in the distal end of the trachea. Air was blown through this tube into the larynx 
via the trachea. The airflow could be precisely controlled, and the intratracheal pressure was 
recorded in the subglottic area. The thyroid laminae could be medialized with two screws, so that 
the vocal folds could be accurately adducted. Two micropositioner pins were positioned on the lat
eral part of the free cranial surface of the vocal cord. By varying the pressure of these pins on the 
vocal cords, the larynx could be fine tuned. Prior to each experiment the larynx was tuned with 
these pins to produce a stable signal. No further adjustments were made thereafter.
Using a humidifier as depicted in the drawing of the set-up (Figure 1), dry medical air could be 
humidified to a RH of nearly 100%. The water containing part of the humidifier was replaced by a 
dry spare part and the tube to the trachea was then dried. This made it possible to blow dry medical 
air into the trachea. Before and after each experiment, temperature and RH were checked at the 
tube inlet.
The sound produced was detected by a microphone, which was placed at a fixed distance of 30 cm 
above the larynx, and recorded on a DAT recorder (Casio DA-7).

Study design
Before an experiment, a larynx was defrosted in warm saline and prepared as described above. The 
vocal folds were then irrigated with 0.2 ml Ringer solution. Immediately afterwards, the larynx 
was brought to phonation with humidified air for two minutes (baseline condition). Fukuda et al.
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Table 1. Description of the different air-conditions

condition characteristics
baseline dry humid control

humidification at start yes yes no yes
air condition humid dry humid humid

showed that the mucus in the larynx remains on top of the vocal cords during phonation and pours 
over the vocal folds during interruptions to lubricate the mucosa.’1 Based on this observation of 
larynx lubrication during running speech, a phonating procedure was chosen in which the airflow 
was interrupted for about 300 ms every three seconds (approximately). Three seconds is the time 
period usually used for analysis in the multi-dimensional voice program (MDVP) of the 
Computerized Speech Laboratory (CSL, KAY instruments, type 4300). This phonation procedure 
was applied under all air conditions.
After being subjected to the humid air condition, the vocal folds were humidified again with 
Ringer solution. The larynx was then brought to phonation with dry air (dry condition). This con
dition was terminated when the performance stabilized or when the larynx became completely 
aphonic, with a minimum duration of 60 seconds. Without humidification, the air condition was 
then switched to humid air again (humid condition). The flow of humid air was maintained until a 
steady state was reached. The airflow was then interrupted to allow irrigation of the vocal folds 
and subsequently restarted (control condition). The conditions are summarized in Table 1.

Parameters
The acoustic analysis was performed with MDVR The following parameters were chosen: funda
mental frequency (F0), relative jitter (Jitt), relative shimmer (Shim), voice turbulence index (VTI), 
and degree of unvoiced segments (DUV) (see appendix). Each period of three seconds between 
the short interruptions of the airflow was analyzed.

Analysis
An analysis of variance (ANOVA) taking the conditions as factors, was used for statistical evalua
tion of each experiment. It was expected that the effect of dry air would show a progressive 
change, possibly with a steady state at the beginning followed by a rapid deterioration. This would 
lead to a small increase in the mean value with a large standard deviation. To anticipate this effect, 
the ANOVA was performed for selected data points: for the largest last half of the sample points in 
the dry condition; and for all but the first three sample points in the humid condition. All sample 
points were selected in the baseline and control conditions.
Regression lines were fitted through the increasing parameter values as a function of time in the 
dry condition. These regression lines were used to determine the slopes.
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Results

Five larynges were analyzed. In all cases, a stable voice could be produced by blowing humidified 
air. This voice had an F0 within the human physiological range (Table 2). The air conditions were 
kept within narrow limits: dry air had a mean RH of 13% (± 2.7), humid air of 97.9% (± 0.22). The 
mean temperature of dry air was 29.8 °C (± 0.8); that of humid air was 29.4 °C (± 1.3).
The baseline values (baseline condition) of all parameters were stable, and intra-individual fluctu
ations were small. Moreover, almost all baseline values fell within the normal range of human 
values. Inter-individual variations were considerable (Table 3).
Figure 2 shows all parameters as a function of time for larynx 1; this graph is representative for all 
five larynges. As soon as the dry condition was started, all parameters deteriorated progressively. 
Voice breaks occurred until the larynges became aphonic. There was a variable delay before the 
deterioration started. Of special interest is larynx 5, which showed an extreme reaction to the dry 
condition. This larynx became aphonic very early and abruptly: the voice signal disappeared com
pletely within three phonations (i.e., 10 seconds). This falls within the period before any deteriora
tion of the voice quality parameters occurred in the other larynges. Therefore, but also because it is 
impossible to select data when only three points have been measured, it was not feasible to analyze 
the changes in Jitt, Shim, DUV, and VTI for the dry condition in larynx 5. For the same reason, the 
regression line could not be fitted through the data points, and the dry condition of this larynx is 
left out of the Parameters section.
Response to the humid condition varied considerably, from a fast recovery to baseline values to no 
recovery at all. In the control condition, the parameters generally returned more or less to baseline 
values (see Table 3).

Parameters
Fundamental frequency Mean Fo values in the baseline condition lay between 170 and 319 Hz. 
The mean standard deviation was 2.5 (range 0.5-3.4), which indicates that the signal was very sta
ble in all larynges in this condition. In the dry condition, all larynges became aphonic. Before this 
definitive voice break, the mean value of the F() of the selected last half of data points increased by 
78.1 Hz (standard deviation 66.2). During the humid condition a variable response occurred: in 
three larynges (larynx 1, 2 and 3), the F0 of the vocal signal returned quickly to the baseline value. 
In one larynx (4), no significant change occurred in the increased F0. In the control condition in 
four larynges, Fn remained stable at baseline values. Only larynx 4 showed a different pattern: in 
spite of being remoistened, F(| was as high at the start of this condition as it was in the dry condi-

Table 2. Fundamental frequency (mean value) in baseline condition.

Larynx no. F(l (standard deviation)

1 211 (3.4)
2 311 (2.5)
3 294 (2.9)
4 319(3.4)
5 170 (0.5)
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FO and aircondition, experiment 1

air condition
(1 baseline - 2 dry - 3 humid - 4 control)

Jitter and aircondition, experiment 1

Shimmer and aircondition, experiment 1 VTI and aircondition, experiment 1

222222333

(1 baselin - 2 dry - 3 humid 4 control) air condition
(1 baseline - 2 dry - 3 humid - 4 control)

DUV and aircondition, experiment 1

Figure 2
Results for F0, Jitt, Shim, VTI and DUV in larynx 1 
in the baseline (1), dry (2), humid (3) and control 
(4) conditions.
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tion. After in interval of about 40 seconds, F0 dropped to the baseline value. For an example see 
Figure 2.
An analysis of variance showed a statistically significant difference between the (selected) values 
for the four conditions in all experiments (p<0.01). The slope of the regression lines fitted through 
the data points in the dry condition was statistically significant for all larynges (p<0.05).

Jitter Mean jitter (%) in the baseline condition was 2.2 (range 0.7-4.0). After the start of the dry 
condition, there was a fast increase in jitter before the larynges became aphonic (mean increase of 
selected data to 434% of the baseline value). There was a variable response in the humid condi
tion. In two larynges, jitter returned quickly to baseline values (larynges 3 and 4), two larynges 
showed partial recovery (larynges 1 and 2), and one larynx (5) showed little change. In the control 
condition, the mean jitter was only slightly increased when compared to the mean baseline value 
(2.16% ±0.86 vs 2.41 % ±0.88). For an example see Figure 2.
Statistical analysis (ANOVA) showed a significant difference between the mean (selected) values 
of the four conditions in all larynges (p<0.01). Also the slope of the regression lines fitted through 
the measured points showed a statistically significant difference for all larynges (p<0.01 in laryn
ges 1,3, and 4; p<0.05 in larynx 2).

Table 3. Overview of the results. Results of larynx 5 in the dry condition are left out (see text) * selected data 
points (see text). N = Number of datapoints.

Overview all parameters, mean values (standard deviation)

larynx no condition N F„(Hz> jitter (%) shimmer (%) VTI DUV

1 baseline 32 211 (3) 1.78(1.72) 5.62 (2.10) 0.35 (0.09) 0(0)
dry* 6 250(54) 9.45 (5.73) 13.69(2.98) 0.73 (0.56) 42 (41)
humid* 5 225 (6) 7.64 (0.33) 13.32 (0.89) 0.42 (0.04) 17(6)
control 8 210(0) 1.56(1.57) 6.84(1.31) 0.35 (0.06 0(1)

2 baseline 34 311 (3) 3.96(1.32) 7.76 (0.82) 0.40 (0.04) 4(4)
dry* 3 486(16) 10.58(1.47) 21.35(1.66) 1.34 (0.24) 89(1)
humid* 13 196(12) 7.39(1.22) 13.79(1.23) 0.60 (0.07) 67(12)
control 8 303 (1) 1.97 (0.20) 6.47 (0.25) 0.38 (0.04) 0(0)

3 baseline 29 294 (3) 0.68 (0.13) 4.53 (0.59) 0.30 (0.04) 0(0)
dry* 5 396 (42) 8.86 (0.32) 15.86 (5.08) 0.81 (0.16) 47 (24)
humid* 6 300(1) 0.89 (0.21) 4.32 (0.37) 0.37 (0.06) 0(0)
control 10 300(1) 1.30 (0.17) 4.10(0.27) 0.45 (0.11) 0(0)

4 baseline 27 319(3) 1.64(0.93) 3.52(0.44) 0.25 (0.03) 0(0)
dry* 8 392(12) 7.41 (0.68) 14.36(2.10) 0.78 (0.19) 50(15)
humid* 5 394 (2) 2.29 (0.49) 6.13(1.30) 0.72 (0.21) 38(13)
control 15 341 (41) 4.57 (2.20) 6.04 (2.09) 0.36 (0.07) 6(8)

5 baseline 24 170 (0) 2.74 (0.20) 6.11 (0.60) 0.18(0.01) 0(1)
dry* 2
humid* 5 178 (0) 2.86 (0.40) 8.03 (0.29) 0.21 (0.01) 7(2)
control 7 171(1) 2.63 (.027) 5.89 (0.55) 0.18(0.01) 0(0)
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Shimmer Mean shimmer in the baseline condition was 5.51% (range 3.52-7.76), with a mean 
standard deviation of 0.91. In the dry condition, a rapid increase occurred in all larynges. The 
response to the humid condition was different for individual larynges: fast and (nearly) complete 
recovery for larynges 3 and 4, and partial for the other three larynges. In the control condition, 
shimmer values were very close to the baseline values (5.51% ±0.91 in baseline condition vs 
5.86% ± 0.90 in the control condition). For an example see Figure 2.
ANOVA showed a significant difference between the conditions in all larynges (p<0.001). 
Analysis of the slope of the regression lines showed a statistically significant difference for all 
larynges (p<0.01 in larynges 1, 3, and 4; p<0.05 in larynx 2).

Voice Turbulence Index the pattern found for the VTI was similar to that found for the other 
described parameters. There was a stable low value in the baseline condition (mean value 0.30, 
range 0.18-0.40, mean standard deviation 0.041). In the dry condition, there was a rapid increase 
(mean value for selected cases 0.77 ±0.23). A variable response occurred in the humid condition: 
fast and complete recovery for two larynges (1 and 3); partial recovery for the others. Larynx 5 
showed a response similar to that observed in the other parameters. See Figure 2 for an example. 
Statistical analysis yielded results similar to those for the other parameters: p<0.01 in ANOVA for 
the mean (selected) values of the conditions in all larynges. For the difference in slope of the 
regression lines through the measured points of the different conditions, the values were p<0.05 
(larynges 1 and 2) and pcO.Ol (larynges 3 and 4).

Degree of Unvoiced Segments DUV showed very low values in the baseline condition (mean 
value 0.87, range 0.10-3.78, mean standard deviation 0.97). A rapid increase occurred again in the 
dry condition before cessation of the signal (46.4 ±16.8), followed by complete recovery in one 
larynx (3) and partial recovery in the other larynges in the humid condition. In the control condi
tion, the values were close to those for the baseline condition (mean value: 1.34, range 0.00-5.98, 
mean standard deviation 1.94). For an example see Figure 2. The difference between the mean val
ues per experiment and per condition was statistically significant (p<0.001).

Discussion

It is evident that dry air has a strong effect on the vocal sound produced by isolated porcine laryn
ges. The acoustic voice parameters deteriorate rapidly and the larynges become aphonic after a 
short time (within a minute). The values of all parameters rise from near normal to extreme patho
logical values. Jitter and shimmer increase early in dry air, that is earlier than DUV and VTI 
(Figure 3). No standardized perceptual analysis (GRBAS scale) was performed, but the measured 
observations correspond to the investigators’ impression of the produced voices. The reason for 
this was that the sound of a vocalizing post-mortem porcine larynx differs too much from a human 
voice to allow use of the raters normal reference. A stable sound was recorded in humid air, but the 
voice definitively worsened after starting the dry condition. In four cases there were audible vocal 
changes in the dry and humid conditions: the voice worsened, several jumps in register occurred, 
and the larynx became aphonic in the dry condition within seconds, the transition lasting up to a
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Figure 3. Shimmer (%) plotted against jitter (%) (left and VTI plotted against jitter (%) in dry air. A linear 
relation between shimmer and jitter exists. Both increase instantly. VTI increases later than jitter.

minute. The voice returned during the humid condition and became regular again after some regis
ter jumps.
The phonation on humid air after the larynx had been insufflated with dry air is remarkable. 
Within one larynx, the rate of recovery was different for the individual parameters, but there is also 
a marked difference between the five larynges. No clear pattern could be deduced, however. 
Rehydration of the vocal folds by humid air alone seems to be insufficient. Application of Ringer 
solution was necessary to reverse the effect of the dry air. Apparently, humid air is not a very 
potent rehydrater of the vocal folds, whereas dry air is a potent ciehydrater. This finding corre
sponds to observations in healthy human subjects, whereby jitter and shimmer, and to a lesser 
extent Noise-to-Harmonic Ratio, are found to increase after inhalation of dry air but do not 
decrease after inhalation of humid air in comparison to normal air.1
The near total recovery in the control condition after irrigation of the vocal folds with Ringer solu
tion supports the observation made by Fukuda et al.8 These authors found that the laryngeal mucus 
forms a rotating mucus column on top of the vocal folds during phonation in excised canine laryn
ges and during running speech in human subjects. When the vibration of the vocal fold was inter
rupted, this rotating column pours over the free edge of the vocal folds, thereby lubricating this 
part of the larynx. In light of our findings, this kind of lubrification/irrigation appears an adequate 
method for (re)hydration of the vocal folds. It is unlikely that dry air passing over the vocal folds 
dehydrates deep layers of the folds. It is also unlikely that simple irrigation rehydrates the deep 
layers of the vocal folds. Therefore, the outcomes of the present analysis support the supposition 
of Hemler et al. that the deterioration in voice quality after exposure of the vocal folds to dry air is 
due to dehydration of the superficial layers of the vocal folds.'
The effect of dry air in this study seems to occur earlier than in previous studies. In healthy human 
subjects, a reversible effect of dry air on acoustic voice parameters was found within 10 minutes.1 
After inhalation of dry air, their acoustic voice parameters deteriorated, but they did not become 
aphonic. It should be kept in mind, however, that the physiological hydration of the tissues was
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intact in the previous study. Furthermore, the dry air was inhaled, whereas the expired air, which 
brings the vocal folds to phonation, had an RH of 100%. This may explain why a much stronger 
effect was found in our current study: this time, we used a much stronger provocation. It may also 
explain why the effect of dry air appeared earlier this time. In a study of the effects of RH on iso
lated laryngeal mucosa, changes in mechanical characteristics (increased stiffness and viscosity) 
occurred within 10 minutes, the same length of time as in the human healthy subjects.'1 In that 
study, the isolated mucosa was constantly hydrated from below. The effect of a low RH in excised 
larynges occurs slightly faster than in human subjects and in isolated mucosa. It seems probable 
that the findings in these three studies are the result of the same mechanism. This would imply that 
the effect of dry air on the performance of the vocal folds takes place in the superficial layer of the 
folds, i.e., the cover.

In conclusion, we find a significant effect of the RH of the insufflated air that makes the vocal 
folds oscillate in this porcine model. Both perceptively and quantitatively, there is a rapid decrease 
in voice quality after the start of dry air, leading to an aphonic larynx in all cases. This effect is 
reversible, as all cases show a nearly total recovery after humidification. Humid air alone is not 
sufficient for rehydration of the vocal folds. Jitter and shimmer seem to be early and sensitive but 
aspecific parameters for dehydration. The acoustic parameters in this porcine passive larynx mod
el are susceptible to RH variations in insufflated air in a similar way as the intact human larynx. In 
future research using this model, it would be interesting to study the effects of RH on viscosity and 
stiffness. If these are influenced in the same way as in isolated mucosa, it seems probable that vis
cosity and stiffness would be responsible for the effects of RH on acoustic parameters.
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Appendix

The parameters used here were calculated by MDVP applying the following methods: 
relative jitter (Jitt):

Jitt= [(1/(A-1)) * SlTo<0-To(i*1)l] / [(l/A^STo«]
i=l N

relative shimmer (Shim):

Shim = [(1/(A-1)) * SlA<i)-A(itl)l] / [(l/A)*2A(i>]
i=l N

voice turbulence index (VTI):
average ratio of the spectral inharmonic high-frequency energy in the range of 2800-5800 Hz to 
the spectral energy in the range of 70-4500 Hz in areas of the signal where the influence of the fre
quency and amplitude variations, voice breaks, and subharmonic components is minimal.

degree of unvoiced segments (DUV):
ratio of the number of autocorrelation segments where an unvoiced decision was made (non-har
monic area, where F(| cannot be detected) to the total number of autocorrelation segments.
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Abstract

The aim of this study was to investigate the effect of air humidity on vocal fold vibration. Excised 
porcine larynges were repeatedly brought to phonation under four consecutive air conditions: 
humid air (baseline condition), dry air, humid air, and humid air after irrigation of the vocal folds 
(control condition). The airflow rate was within human physiological ranges in five experiments; 
two experiments were performed with a low flow. Electroglottographic and laserglottographic 
recordings of the start of phonations were analyzed. The results under dry air conditions were: 1. 
later start of the vibration; 2. increased duration of vibration without glottal closure prior to vibra
tion with glottal closure; 3. decreased vibration amplitude; 4. increased frequency. These findings 
can be explained by increased tissue stiffness and viscosity. In the low flow experiments under the 
dry and the subsequent humid condition, there were short alternating periods of oscillation cycles 
with and without glottal closure. The distinct effects of dry air on vocal fold vibration can be 
explained by the altered mechanical properties of vocal fold tissues. In acoustic analyses, this may 
lead to increased irregularity.
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Introduction

The clinical impression that dry air has an effect on vocal performance is increasingly supported 
by experimental results. Several authors have demonstrated such a relationship in humans and 
experimental models.1'2'3'4'5'6-1 In addition, an increase in stiffness and viscosity after exposure to dry 
air was found in isolated vocal fold cover of sheep.8 The changes in mechanical properties of the 
superficial layers of the vocal folds, as found in the latter study, may be the cause of the effects that 
dry air has on voice quality parameters in human subjects. However, acoustic and physiological 
parameters cannot be studied in isolated vocal fold cover. Therefore, conclusions about the rela
tion between the changes in mechanical properties found in isolated mucosa and changes in 
acoustic and physiological parameters of voice cannot be made.
To study the relation between the changes in mechanical properties found in isolated mucosa and 
changes in acoustic and physiological parameters, experiments were performed with excised and 
therefore passive porcine larynges (i.e., without muscular activity). In a previous paper we report
ed that acoustic parameters deteriorated when these larynges phonated on dry air.7 These changes 
were of a larger magnitude than in human subjects.4 This difference can be attributed to the 
stronger provocation used in the excised larynges. Therefore, it appears that the effects of dry air 
observed in the excised larynges are applicable to a human in vivo situation.
In this paper, we report on the physiological parameters in the same excised larynx model, using 
the same provocation regime as used in the experiments in which the acoustic parameters were 
analyzed. Consequently, the observed changes in the physiologic parameters can be attributed to 
the same factors that caused the changes in the study on acoustic parameters.
The effects of changes in the mechanical properties of the larynx will be especially evident during 
the start of the vocal fold vibration.5 Such a start cannot be studied in isolated mucosa. Therefore, 
the start of vibration of the vocal folds was studied by a laser-optic measuring system and elec- 
troglottography under humid and dry air conditions. Changes in the selected physiological para
meters can be related to changes in the mechanical properties of vocal fold structures. Thus, the 
earlier reported changes in the acoustic parameters can be related to changes in mechanical pro
perties. In this way, the mechanism by which dry air causes the changes in acoustic parameters 
maybe elucidated.

Material and Methods

Experimental set-up
The protocol used for larynx preparation and the experimental set-up have been described previ
ously.7 In short, freshly frozen porcine larynges were defrosted and mounted in a steel ring. The 
arytenoids were sutured together with a cartilaginous cotter between the dorsal part of the vocal 
processes. In this way, a minimal transversal glottic resting opening (< 1 mm) was introduced ana
logue to the human laryngeal configuration just prior to vocalization. Furthermore, too tight sutur
ing leading to a forced vocalization was prevented by the cotter. With pins and micropositioners, 
the vocal folds could be adducted and fine-tuned during phonation."’ Through an endotracheal 
tube that was inserted retrogradely in the attached trachea, air with different humidity (dry medical
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air with a relative humidity (RH) <20% and humidified medical air with an RH >95%) was blown 
into the larynx. The temperature was kept constant at 22%C.
The airflow could be interrupted abruptly by closing an electrically controlled valve. The control 
signal for this valve indicated the exact moment of valve opening and closure. Before and after 
each experiment, temperature and RH of the air-conditions were checked.
After mounting the larynx in the experimental set-up, electrodes for EGG recordings were 
attached. The EGG was highpass filtered. A laserglottographic system was used to record vocal 
fold movement. This system consisted of a laser beam, which was directed at one of the vocal 
folds, and a photoelectric element. The element recorded the amount of laser light reflected by the 
vocal fold. The signal from this photoelectric element represents the movement of the vocal 
folds.10 The signals of EGG, LGG, and valve opening were simultaneously digitized at a sample 
frequency of 200 Hz and stored on disk.

Study design
Based on observations of Fukuda et al., a phonating procedure was chosen, in which the airflow 
was interrupted during about 300 ms every 3 seconds approximately." This procedure was used 
under four consecutive conditions (Table 1). In the first condition (baseline condition), humid air 
was used after humidification of the vocal folds. This condition provided the baseline value for the 
measured parameters. In the second condition (dry condition), dry air was used, also after humidi
fication of the vocal folds. This condition was terminated when the EGG showed no oscillations 
during circa 3 s. after valve opening. The third condition (humid condition) consisted of humid air 
again, but without vocal fold humidification. The last condition (control condition) consisted 
again of humid air after humidification and served as a control condition. Humidification consist
ed of irrigation of the vocal folds with 0.5 ml Ringer’s solution and was performed to create com
parable starting conditions in the baseline, the dry, and the control conditions. To study the effect 
of humid air on dehydrated vocal folds, no humidification was performed at the start of the humid 
condition following the dry condition.
In our previous report on acoustic voice parameters in the same model, we found very fast and 
abrupt effects of dry air. It appeared that the effects at the start of the phonation developed more 
slowly when the flow rate was lower. As it appeared to be possible to bring a few excised laryn
ges to phonation at lower flow rates, two different flow rates were used in this study: a high 
flow (about 200 ml/sec) within the normal human physiological range, and low flow (about 20 
ml/sec).

Analysis
The signals at the start of the phonations -from the opening of the valve until a stationary situation 
during about 10 cycles was reached- were analyzed (Figure 1). The latency between the valve 
opening and the start of a vibration pattern in the LGG was determined. This latency included a 
delay of about 23 ms before the subglottal pressure increased, due to the volume between valve 
and larynx. The time constant of this increase was about 15 ms. After the start of the vibration, the 
maximal and minimal deflections in the LGG were detected by an automatic procedure. The 
results were displayed on a monitor and checked visually on correctness. Cycle durations of the 
vibration were computed by the difference in time of the successive maxima. From the mean cycle
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Table 1. Overview of the different air conditions

condition characteristics

baseline dry humid control

humidification at start yes yes no yes
air condition humid dry humid humid

durations, the vibration frequency for the first 3 cycles of the LGG (startfrequency) and for at least
10 cycles when the vibration was stationary (stationary frequency) were computed. For the humid 
and control conditions, a fixed stationary period was determined using a graph of the condition’s 
mean cycle duration plotted against the cycle sequence number. The stationary period was chosen 
after the end of an initial decrease of the cycle duration. In the dry condition, the stationary period 
was determined visually for each individual phonation using the display of the LGG and EGG.
An amplitude value for each cycle was computed by the difference between the mean value of two 
maxima and the value of the minimum between them. The start time of the EGG after the start of 
the LGG was defined as the moment at which the derivative of the EGG shows a clear positive 
peak above the noise, indicating a fast closure of the vocal folds.
The latencies of the start of the LGG signal, the delay in the start of the EGG, the startfrequency 
(on LGG), and the stationary frequency (on LGG) were compared across the conditions. In the 
high flow experiments, the effects of dry air increased to a maximum during the dry air condition 
in 6 to 19 starts of consecutive phonations. The dry condition was therefore subdivided into a first 
period containing the first half of the vibration cycles and a second period containing the second 
half of the vibration cycles. The results of the last period will be reported as the maximal effect. In 
the low flow experiments, the maximal effect in the dry condition was reached after a longer peri
od and therefore computed using the last 4 phonations.
Non-parametric statistics as provided by the statistical program SPSS 8.0 (SPSS Inc., Chicago, 
USA) were used. Variables were compared across conditions with a Kruskall-Wallis or Mann-

1

Figure 1. Recording of EGG (1) (orientation: upward indicates more vocal fold contact), derivative of EGG 
(2) and LGG (3). Vertical lines indicate: I - start of phase 2 (transition from no oscillation to complete station
ary vibration), II - start of phase 3 (stationary vibration), a - the point where visually the first glottal closure 
was located. Typical example derived from larynx no. 8 (low flow).
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Whitney-U test. Within one phonation, variables were compared with a Wilcoxon matched-pairs 
test.

Results

During the start of the vibration, three phases could be distinguished in the LGG and EGG signals 
(Figure 1). Phase 1 is the interval between the opening of the valve and the start of the oscillations. 
Phase 2 is a transition phase in which the vibration develops from the first oscillation to a station
ary oscillation pattern. This phase can be subdivided into a first part (phase 2A), in which a vibra
tion is present without glottal closure, and a second part (phase 2B), in which glottal closure is 
present. The start of phase 2B was arbitrarily defined as the moment at which the derivative of the 
EGG signal showed a clearly recognizable positive peak, indicating that a fast glottal closure is 
present. In phase 2A, more or less sinusoidal oscillations are present in the EGG. After the transi
tion phase, the vibrations became stable in the sense that the amplitude, frequency, and shape of 
the signals did not change any more (phase 3).
In the high flow experiments, the two parts of the second phase could hardly be distinguished, if at 
all. In the low flow experiments, however, they could be distinguished in all phonations. 
Therefore, high and low flow experiments will be discussed separately.

High flow experiments
In the baseline condition, the duration of phase 1 was stable for most larynges. In all cases the start 
of the oscillation was observed in the LGG prior to the start of the EGG. The amplitude of the 
oscillation on the LGG increased rapidly in the second phase. In phase 3 the signal had a stable 
frequency and amplitude and glottal closure was present.
In most larynges the EGG signal started immediately with the well-known shape of chest register 
phonation.1213 In these larynges, no phase 2A and B could be distinguished. In some larynges, 
however, this distinction could be made.
The frequency of the oscillations, as derived from the LGG, reached a stable value after an initial 
decrease in the first 3 to 15 cycles. The mean decrease was 8 %. Only in two cases was a slight 
increase in frequency found. The moment at which the lower stable frequency was reached, coin
cided roughly with the start of the EGG signal, i.e. around the first contact between the vocal folds.

Effect of air humidity
The most remarkable effects of dry air were the increase in the duration of phase 1 (latency of first 
oscillation on LGG from opening of valve) and the first half of phase 2 (interval between first 
oscillation on LGG and glottal closure on EGG). After a variable period of dry air application (0 to 
56 seconds), the oscillations in the EGG signal disappeared completely. The closed phase in the 
EGG signal disappeared during the dry condition before the oscillation stopped. In most larynges, 
an oscillational signal persisted on LGG, but with a decreased amplitude. In some larynges, the 
LGG signal became totally flat.
The increase of phase 1 duration in the dry condition was significant in all cases (p<0.01, Table 2). 
This increase was on average from 45 ms during the baseline condition to 65 ms at the end of the
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Table 2. Interval in ms between the opening of the valve (this is about 25 ms before the start of the airflow) and
the start of the oscillation in the LGG signal (phase 1). Larynx no. 1-7: high low, experiment 8 and 9: low
flow.

larynx no.

Interval valve opening - start oscillation on LGG 

baseline (ms) dry humid (ms) control (ms)

(ms) R*

1 38.8 50.2** 45.0 ns 43.8**
2 36.6 54.3** 40.6** 39.2 ns
3 41.1 52.6** 41.6** 41.2 ns
4 49.0 80.0** .85 46.0* 45.8 ns
5 54.9 61.6** .79 49.1** 46.4**
6 52.1 86.6** .94 59.8** 54.2**
7 45.0 66.2** .85 53.6** 46.2 ns
8 38.1 55.9** .86 43.6** 42.4**
9 42.8 65.3** .95 47.3** 45.2**

' During the dry condition a linear increase of the interval was observed. This linear increase was most obvi
ous in the low flow experiments (larynx no. 8 and 9). with slopes of 0.05 resp. 0.19 ms/sec dry air.
* Figures shown are the correlation coefficients (R) for the fitted linear functions is applicable, 
ns - not significant, * - p<0.05, ** - p<0.01 as compared to the baseline condition.

Table 3. Interval in ms between the start of the oscillation in the LGG signal and the first vocal fold contact on 
EGG (phase 2A).

Interval start LGG - start EEC

larynx no. baseline (ms) dry' (seconds dry air) humid5 (ms) control (ms)

1 23.2 35 17.6
2 37.2 0 36.6
3 57.6 0 29
4 12.7 0 14.4
5 7.9 33 12.4
6 5.0 56 5.0
7 6.6 36 9.0
8 6.3 239* 75.4 16.0
9 28 107« 78.3 81.3

# During dry dry conditions vocal fold contract did not ccur in after a variable time period. No calculation of 
the interval could therefore be made. Figures given are the time interval in seconds after which no more vocal 
fold contact occurred.
$ During the humid condition only in some larynges in the high flow experiments vocal fold contact occurred 
after a variable period of time. Therefore, no figures can be given for these larynges. In the low flow experi
ments glottal closure did occur, however with a large variation in phase 2A duration; figures given are mean 
intervals in ms.
5 the interval increased exponentially; the fitted function was 5.2 * e®150 correltation coefficient 0.91) 
s* the interval increased exponentially; the fitted function was 23.5 * e®240* (correlation coefficient 0.93) 
Larynx no. 1-7: high flow, larynx no. 8 and 9: low flow.
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Table 4. Frequency during stationary oscillation. Larynx no. 1-7: high flow, larynx no. 8 and 9: low flow.

Stationary frequency (Hz)

larynx no. baseline dry humid control (%)

first half max. effect (%)

1 221 212 231(105)ns 229 ns 227(103)**
2 317 413 413 (130)** 403 ns 310(98)**
3 300 368 403 (134)** 388 ns 303(101)**
4 182 270 270(148)** 182* 179 (98)**
5 350 342 342 (98) ns 362 ns 368(105)**
6 307 275 327(107)** 312** 308(100) ns
7 322 276 335(104)** 320** 307 (95)**
8 257 219 385(150)** 333 ns 274 (93)**
9 292 223 446 (74)** 370 ns 323 (47)**

ns = not significant, * = p < 0.05, ** = p < 0.01 as compared to the baseline condition.

dry condition. In 4 cases, a good linear regression could be found (R>0.79) with slopes from 0.23 
to 1.7 ms per second dry air application. In 3 cases, the increase occurred instantly, sometimes fol
lowed by a slight decrease. In addition to a lengthening of this phase 1, the duration of the first part 
of phase 2 also increased (Table 3). Glottal closure did not occur after a variable time period of 
phonating on dry air (range: 0-56 s in high flow experiments, 107-239 s in low flow experiments). 
In the humid condition no glottal closure was present, except for the low flow experiments. 
Therefore, phase 2A could not be determined in the dry and humid conditions. In Table 3, the time 
interval in seconds between start of the oscillation on LGG and the first phonation in which no 
more glottal closure occurs, is given for the dry condition. For the humid condition (high flow) no 
figures are given. For the low flow experiments the phase 2A interval is given in ms.
In the humid air condition following dry air, the duration of phase 1 decreased again to values 
around the starting condition. The EGG signal appeared again after a variable delay and immedi
ately had the same aspect as in the stationary phase in the baseline and control conditions.
The oscillation frequency of the stationary phase increased considerably under the dry condition 
(Table 4). In most cases, the frequency at the beginning of the dry air condition differed from the 
baseline frequency, either in positive or in negative direction. Presumably, this is a result of the 
humidification. Thereafter, there was a clear increase in frequency over time in all cases. In 5 of 
the 7 larynges, the stationary frequencies in the second half of the dry condition were significantly 
higher than those in the baseline condition (all p<0.01). The mean difference was +18%. 
Moreover, these frequencies in the stationary phase appeared not to differ on average from the 
start frequencies of the same phonation, instead of 8 % lower as was found in the baseline condi
tion. An important difference between both conditions is that vocal fold contact was always pres
ent in the baseline condition but not always in the dry condition.
Under the humid air condition immediately following the dry air, in some larynges the stationary 
frequency returned gradually to the level of the baseline condition. In the other larynges, the fre
quency returned to baseline values only after the vocal folds were humidified for the control con
dition. Only one larynx did not reach baseline values (larynx 5).
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The startfrequency in the dry condition did not differ much from the baseline startfrequency in 
most cases. However, in the first few phonations of the dry condition, the startfrequency was lower 
than in the baseline condition. Presumably, this was caused by the humidification procedure 
before the start of the dry condition. It should therefore be noted, that during the dry condition an 
increase in startfrequency did occur.
In the control condition, the startfrequency differed significantly from the baseline condition in 
three cases (two cases higher, one case lower). However, when compared to the first few phona
tions of the dry condition, no difference existed (Table 5).
In the dry condition, a decrease was observed in the amplitude of the oscillation on LGG. This 
decrease was to 14-69% (mean 38%) of the amplitude in the baseline condition (Table 6). In three 
larynges this decrease occurred more or less instantly. In the humid air condition after dry air, the 
amplitude showed variable recovery.
In the control condition, the responses returned roughly to about the levels found for the baseline 
condition. For several experiments, the differences were significant. Nonetheless, the amplitude 
and frequency of the stationary phase differed on average by only -1 % (maximum +19 %) and 1 
Hz (maximum difference 18 Hz).

Low flow experiments
In the two experiments performed with a low air flow, the changes in waveform of the EGG signal 
were much more gradual than in the high flow experiments. As observed in only a few larynges in 
the high flow experiments, the oscillations in the EGG started with a more or less sinusoidal wave
form. At that moment, a phase difference existed of about 120 degrees in comparison with the 
LGG signal. In all cases, after several cycles, fast glottal closure was indicated by a peak on the 
EGG. This peak appeared just before the (closing) top of the LGG. In few subsequent oscillation 
cycles, this peak dominated the curve and, the sinusoidal waveform could no longer be deduced. 
Thereafter, the waveform of the EGG had the well-known shape of the EGG during a stationary 
phonation in chest register. LGG and EGG oscillations were more or less in phase from then on. 
The oscillation frequency was higher when no vocal fold closure was observed in the EGG than it 
was when closure was present. This frequency shift was computed for the baseline and control 
conditions. In the other conditions, either no vocal fold contact occurred or the signal was too 
irregular for this computation. The mean difference was 24 Hz (±9) in the baseline and 26 Hz (± 4) 
in the control condition.
Except for the above-mentioned differences in phase 2, the characteristics as described for the 
high flow experiments apply to the low flow experiments as well. The start latency (phase 1) was 
no longer than in the high flow experiments, and a comparable decrease in vibration frequency 
was found. The delays between the start of the LGG and the start of the EGG (phase 2A) were 
comparable to those found in high flow experiments. However, in the high flow experiments, the 
EGG changed more or less abrupt from no deflection to a fully developed waveform.

Effect of air humidity
In general, the effects of dry air at the end of the dry condition were similar to those found in the 
high flow experiments. However, the effects developed more slowly and the changes could be fol
lowed in more detail.
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Table 5. Frequency in first 3 vibrational cycles. Larynx no. 1-7: high flow, larynx no. 8 and 9: low flow.

Startfrequency (Hz)

larynx no. baseline dry humid control (%)

first half max. effect (%)

1 259 242 242(93)** 278** 242 (93)*
2 341 400 400(117) ns 395 ns 366(107)**
3 366 349 366(100) ns 366 ns 341 (93)*
4 217 250 250(115)** 273 ns 204 (94) ns
5 333 357 357(107)** 370* 370(111)**
6 303 303 319(105) ns 312 ns 294 (97) ns
7 345 326 326 (94) ns 333 ns 333 (97) ns
8 286 366 366(128)*** 366 ns 322(113)**
9 312 357 357(114)**« 385 ns 357(144)**

ns: not significant, * p<0.05, ** pcO.01 as compared to the baseline condition
* startfrequency increased linearly according to the fitted function 219 + 0.55*t with t =: duration of dry condi-
tion (sec.). (R == 0.89)
** startfrequency increased linearly according to the fitted function 299 + 0.42*t with t==duration of dry condi-
tion (sec). (R == 0.51)

Under the dry condition, phase 1 (interval between valve opening and start of the oscillations)
duration increased, as in the high flow experiments (Figure 2). However, the slope of the linear
regression curve fitted to the time interval as function of the duration of the dry air application was 
on average about 20% (0.12 ms/s) of the value found in the high flow experiments. Phase 2A 
(interval between start of LGG vibrations and first glottal closure) duration increased as well

Table 6. Amplitude in all conditions, all experiments, during stationary vibration (phase 3). Larynx no. 1-7: 
high flow, larynx no. 8 and 9: low flow.

Amplitude (a.u. “)

larynx no. baseline dry humid (%) control (%)

first half max. effect (%)

1 1910 1322 1322 (69)** 2434(127)** 1796 (94)**
2 2484 448 448(18)** 913(37)** 2375(96)**
3 1674 424 424 (25)** 1114(67)* 1986(119)**
4 2453 349 349(14)** 2328 (95)* 2515(103)*
5 1167 302 302 (26)** 1033(89)** 1057 (91)**
6 941 600 600(64)** 863 (92)** 988(105) ns
7 881 367 367(42)** 776 (88)** 905(103) ns
8 1399 1448 351(25)** 1075 (77)** 1608(115)**
9 1543 1371 507 (33)** 990 (64) ns 1345(87)**

“ - arbitrary units
ns - not significant, * - p<0.05, ** - p<0.01 as compared to the baseline condition
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(Figure 2). This increase could be fitted fairly well (R=.91 and .93) with an exponential function 
(Table 3). In later phonations, the presence of glottal closure in the EGG became variable, some
times periodical, before disappearing. Compared to the high flow experiments, this took 3 to 7 
times longer dry air application. A sinusoidal EGG waveform persisted for a long time before the 
EGG finally became flat.
The startfrequency increased linearly with about 0.5 Hz per second dry air (Figure 3). Such a lin
ear relationship was not clear in the high flow experiments. Another clear difference with the high 
flow experiments was the time course of the stationary frequency and amplitude (Tables 4 and 6, 
Figure 3). Both remained at a more or less constant value in the two experiments during 90 (larynx 
no. 8) and 200 seconds (larynx no. 9) seconds before a rapid increase in frequency and decrease in 
amplitude occurred. These time periods coincide more or less with those in which vocal fold clo
sure is evident in the raw EGG during the stationary period. In the last phonation of the dry condi
tion the stationary frequency was of the same magnitude as the startfrequency. This suggests that 
only the superficial layers of the vocal folds are involved in the vibration at that time. For both fre
quency and amplitude, the maximal difference at the end of the dry condition was, compared to 
baseline condition, of the same magnitude as in the high flow experiments.
A striking finding under the dry condition in the low flow experiments was that the amplitude and 
frequency of the oscillations in LGG became irregular after about 30 seconds of dry air. This irreg
ularity preceded the loss of vocal fold contact on EGG.
Under the dry condition and the humid condition following the dry air, an alternating vibration 
pattern was observed. The EGG signal started as a sinus. After some delay, apparent glottal clo
sure was present for a few oscillations. Simultaneously, the frequency decreased (from about 425 
Hz to about 350 Hz) and the amplitude on LGG increased. Then, glottal closure disappeared 
again, the frequency increased, and the amplitude decreased (Figure 4). This alternating pattern

Time [s]Time [s]

Figure 2. Duration of phase 1 (interval between opening of valve and first oscillation on LGG) in ms (left) and 
phase 2A (interval between start of first oscillation on LGG and first vocal fold contact on EGG) in ms (right). 
Larynx no. 8, typical example for response in all experiments.
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Figure 3. Startfrequency (i.e. first three cycles per phonation) and stationary frequency in larynx no. 8 (low 
flow). Note the linear increase in starting frequency, preceding the increase in stationary frequency. Graph for 
larynx no. 9 was similar.

was repeated in a variable number of consecutive phonations. In the following few phonations, 
this alternating pattern preceded definite vibration without glottal closure in the dry condition. In 
the humid condition, this alternating pattern preceded stable oscillations with continuous glottal 
closure.
In the humid condition, a change in the parameters towards the values during baseline was seen in 
one of the experiments. However, the delay in start of the oscillation and the interval before glottal 
closure occurred were still longer in duration than than they were under the baseline condition. In 
the other experiment such a recovery was not present.
In the control condition, the value of the parameters returned towards baseline values. However, 
slight (generally less than 6%) but statistically significant (pcO.Ol) differences remained in all 
variables. This suggests that the vocal folds did not fully recover from the dry air provocation.

Discussion

The start of a phonation of an excised larynx on a humid airflow within a normal human physio
logical range was characterized by a rapid increase in the vibrational amplitude of the vocal folds. 
After 3 cycles in the LGG signal, with only some exceptions, a glottal closure occurred, as indicat
ed by the EGG signal. This pattern is in accordance with the onset of phonation in normal 
subjects.9 After 4 to 15 cycles, a stationary situation was found with an EGG signal which is char
acteristic for chest register. The vibration frequency decreased generally from the first vibration to
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Figure 4. Examples taken from registration of phonation during dry and humid condition in low flow experi
ments. A: taken from phonation in humid condition of larynx no. 9; B: taken from phonation in dry condition 
of larynx no. 8; C: taken from phonation in humid condition of larynx no. 8; D: taken from phonation in 
humid condition of larynx no. 8.
Upper curve shows EGG signal (orientation: upward indicates more vocal fold contact) and lower curve 
shows the simultaneous registered EGG signal. A varying number of cycles with a peak in the EGG (repre
senting fast glottal closure) are alternated by a varying number of cycles without this peak. In the EGG signal 
the frequency is higher and the amplitude lower in cycles without the peak in the EGG signal than in cycles 
with peak in the EGG signal.

the stationary situation by 8% on average. These phenomena are in agreement with observations 
in human vocalization and consistent with the body and cover model of the vocal folds.14 In that 
model, the vocal fold vibration starts in the elastic cover, which actually accounts for most of the 
motion of the vocal folds.1516 Through the intermediate elastic layers, this vibration is transmitted 
to the deeper-lying vocalis muscle and ligament, which in turn become involved in the vibration. 
The amplitude of the vibration will increase until complete glottal closure is achieved. When the 
body gets involved in the vibration, the effective vibrating mass is increased. Consequently, the 
frequency will decrease. These phenomena of increasing amplitude and decreasing frequency 
were especially clear in the experiments with low flow, where the time scale of the transition was 
lengthened.
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In the two low flow experiments, the stationary frequency and amplitude remain stable during 90 
resp. 200 seconds of dry air application. In this time period, the EGG signal shows that the vocal 
folds come to complete closure, though after an exponentially increasing time interval. 
Nevertheless, in the stationary period, a chest register type of vibration was achieved with a fre
quency comparable to the frequency at the beginning of the dry condition. This suggests that both 
the cover and body were then involved. After 90 resp. 200 seconds, the vocal folds did not close 
completely or did not close at all after a start of phonation. The stationary frequency increased in 
subsequent responses to the value of the startfrequency. Apparently the mechanical properties of 
the vocal folds are changed in such a way that the deeper structures are no longer involved in the 
vibration. The effective vibrating mass is then smaller, leading to an increase in vibration frequen
cy. In the high flow experiments, this relation between startfrequency and stationary frequency 
was not observed. There, glottal closure did not occur anymore, either from the start of the dry 
condition or from very soon after the start. Apparently, the mechanical properties of the vocal 
folds changed so fast that the effect of those changes on the effective oscillating mass could not be 
followed.
Dry air provocation had distinct effects. In the high flow experiments, the start of vibrations and 
the moment of vocal fold closure were delayed within seconds. Glottal closure occurred progres
sively later in time after the start of vibration. After a provocation lasting at most one minute, there 
was a vibration without closure. In most larynges, an oscillation in the LGG persisted, suggesting 
a falsetto-like vibration pattern. In the low flow experiments, an exponential increase was found in 
the time interval between start of vibrations and the moment of the first closure. In these experi
ments, the closure disappeared only after 1.5 to 4 minutes instead of within seconds, as in the high 
flow experiments. This indicates that flow rate is an important parameter for the strength of the 
provocation of dry air. The other parameter for the strength of the effect is obviously the duration 
of dry air application. Especially in the low flow experiments, a linear or exponential increase was 
found in the changes as a function of this parameter.
The changes due to drying need some time to penetrate to the deeper layers. As the effects on 
vibration are noticeable only after a few seconds, it is plausible that the mechanical changes in the 
superficial layer are the most important ones for the effects. This suggests that the drying of the 
mucosa is a major factor for the changes in the dry air condition. In earlier experiments, we have 
shown that stiffness and viscosity increased when dry air was blown over a piece of isolated 
mucosa.8 It will be more difficult to bring a membrane into oscillation when the stiffness and vis
cosity increase. Furthermore, a reduced deflection (amplitude) will also reduce the involvement of 
the deeper layers.
If the mucosa becomes stiffer, the frequency at the start of an oscillation will increase, according 
to the mechanics of a spring-mass model. And indeed, under the dry condition, an increase in 
startfrequency was found up to 17% (high flow experiments) or 0.5 Hz per second (low flow 
experiments) of dry air application. These first oscillations were free oscillations (i.e., without 
vocal fold contact). The movement of the vocal folds in this vibration is assumed to be mainly in 
the cover. Therefore, an increase in startfrequency suggests an increase in stiffness of the cover. 
The effect of increasing viscosity is less evident. Therefore, simulations were performed with a 
simple damped spring-mass model (see appendix). Because only the superficial layer will be 
involved at the start of the vibration, a single mass was incorporated in the model. The mass was
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set into vibration by an increasing force, imitating the gradually increasing airflow in the experi
ments. The self-starting property of the model was achieved by making the force dependent on the 
position of the mass. The driving force was raised during ‘opening’ and lowered during ‘closing’.17 
Increasing the viscosity parameter in this model resulted mainly in a later start of the vibration. 
Increasing the stiffness parameter resulted mainly in a higher vibration frequency, but it also 
reduced the start delay slightly. A later start of the vibrations was one of the characteristic effects 
of the dry air application in the experiments. This suggests an increase in the viscosity of the 
mucosa under the influence of dry air. In the above-mentioned experiments with isolated mucosa, 
distinct increases of stiffness and viscosity were found. In the present study, the effects found in 
the excised larynges are in agreement with these changes in the mechanical properties of the iso
lated mucosa. This suggests that the effects that dry air exerts on the mucosa are a key factor in the 
changes taking place in the vocal fold vibration pattern. However, the influence of other structures 
cannot be ruled out.
The decreased amplitude found in the dry condition can be attributed to increased stiffness and 
increased viscosity.

In the relation between air humidity and vocal fold vibration, the role of mucus remains a topic of 
discussion.4 Mucus has been suggested as a source for Fo perturbation.1516 Dehydration may 
increase the effect of mucus on F0 perturbation. During glottal closure, the mucus layers covering 
the vocal folds will be in contact. When separating the vocal folds, cohesive forces in the fused 
mucus layers will be exerted on the vocal folds. Small differences in these cohesive forces 
between successive cycles may lead to irregularities in the vibrational frequency. If dehydration 
exerts its effect on vocal fold vibration via the mucus, this effect would be different for phonation 
with and without glottal closure. However, several of the observed effects of dry air in this study 
are found in vibration without vocal fold contact. For example, the first few cycles of the phona- 
tions were without vocal fold contact. The frequency of these first three cycles increased during 
the dry condition, whereas it was stable during the other conditions. Also, from the time the sub- 
glottal pressure began to build until the start of the oscillation, no vocal fold contact is present. 
Therefore, the lengthening of this period cannot be attributed to an effect of changed mucus char
acteristics. Moreover, the effects of dry air persisted after vocal fold contact was lost. Thus, the 
effect of dry air on vocal fold tissue is independent of vocal fold contact and thereby independent 
of contact between the mucus layers. Mucus does not appear to play a major role in the relation 
between dry air and vocal fold vibration. However, an additional effect of mucus cannot be ruled 
out.

In the low flow experiments, a remarkable vibrational pattern was found at the end of the dry con
dition and in the subsequent humid condition. During the transition from vibration with glottal 
closure to vibration where no more glottal closure occurs (in the dry condition, and vice versa in 
the humid condition), time periods covering a variable number of cycles with vocal fold contact 
alternated with time periods that covered a variable number of cycles without vocal fold contact. 
In conformity with earlier observations, the vibration with vocal fold contact had both an 
increased amplitude and a decreased frequency. Apparently there is a critical hydration status of 
the vocal folds in which a vibration mode without vocal fold contact and with vocal fold contact
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can exist. Around this critical hydration status, abrupt alterations (bifurcations) and chaotic transi
tions in the vibrational mode can occur. These alterations may be provoked by very small fluctua
tions. Alternatively, a vibration mode may occur, whereby two (or more) frequencies exist that 
interfere, leading to variations in frequency and amplitude. This situation may depend on the exact 
hydration status. In a study on bifurcations in excised canine larynges, Berry et al. showed that dif
ferent phonatory regimes co-existed within fixed laryngeal configurations.16 This is in agreement 
with our observations.
Bifurcations and chaotic transitions are phenomena of nonlinear behavior. Their appearance dur
ing dehydration suggests that dehydration enhances the nonlinear behavior of the vocal fold tis
sues during vibration. Nonlinear behavior of the vocal fold tissues is regarded as one of the 
sources of F0 perturbation in normal voices.1816 Therefore, enhanced nonlinear behavior provoked 
by dry air may be expected to result in increased F0 perturbation. This is in agreement with the 
observation of irregular oscillation under the dry air condition in the low flow experiments prior to 
the disappearance of glottal closure. Furthermore, this is in conformity with the hypothesis of 
Berry et al. that voice instabilities are due to the desynchronization of a few principal modes of 
vocal fold vibration.20 This would explain the increased perturbation found in excised larynges as 
well as in human subjects under dry air conditions.4'7

We conclude that in an excised porcine larynx model, dry air exerts distinct effects on the vibration 
of the vocal folds. These effects can be explained by the increased stiffness and increased viscosity 
of the tissues involved. Around a critical hydration status, abrupt alterations occur between differ
ent modes of vocal fold vibration. This may lead to increased perturbation in acoustic analyses.
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Appendix

A simple model was developed to study the effects of stiffness and viscosity changes on the oscil
lations of a self starting damped one spring mass system. No attempt was made to simulate the 
vocal folds vibrations realistically. The similarity with vocal fold models is the fact that the driving 
force is asymmetrically linked with the position of the mass and a slight phase shift is included in 
the relation. In our model this is achieved by a feedback of the position including a phase shift and 
an amplitude non-linearity. The driving force was gradually increased in time in accordance to the 
time course of the airflow in the experiment.
The following equations were used:

m*d2x/dt2 + b*dx/dt + k*x = - Fo*(l + Tanh[(x-a*dx/dt)-b]); F0 = A*(l-exp(-t/T)) 
where x, t, F() = position, time, driving force, 
m, b, k = mass, damping coefficient and stiffness, 
a, b = parameters for phase shift and amplitude non-linearity.
A, T = amplitude and timeconstant of the increase of the driving force.

The simulations were performed with Mathematica 2.2 (Wolfram Research, Illinois, USA).

The effects of changes in damping and stiffness on the frequency and the start latency were 
studied. The start latency was defined by the moment in time that the interpolated peak-peak 
amplitude crossed a fixed amplitude threshold. The parameters were varied in a range, sufficient to 
get the effects encountered in the experiments. Within this range several combinations (4*5) of the 
two parameters were used for a simulation. The resulting frequencies or start latencies were the 
dependent variable in a regression analysis with the damping coefficient and stiffness as independ
ent variables. The standardized partial regression coefficients (ß) were for the frequency: for the 
damping coefficient 0.067 and for stiffness 0.995. For the start latency were found: for the damp
ing coefficient 0.868 and for stiffness -0.362. These results indicate that increased viscosity main
ly causes an increase in start latency and that increased stiffness mainly causes an increased 
frequency.
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GENERAL DISCUSSION

7.1 Overview of results

As argued in the introduction to this thesis, the current knowledge on the relation between the 
hydration status of the vocal folds and dysphonia is still limited. Clinical studies are very scarce, 
and mainly deal with physiological parameters. Acoustic parameters in healthy subjects have not 
been studied at all. The primary objective of this thesis was to assess whether the relative humidity 
of inhaled air has an effect on acoustic voice parameters in normal subjects. A pilot study with this 
objective was therefore performed (chapter 2). That study found an effect of dry air on vocal fold 
vibration: after inhalation of dry air for 10 minutes the perturbation measures increased signifi
cantly. Air humidified to a relative humidity of 100% did not decrease perturbation as compared to 
normal air.
The secondary objective of this thesis was to clarify the mechanisms that may explain the relation 
between relative air humidity (RH) and dysphonia. Dehydration of vocal fold tissues by exposure 
to dry air occurs initially in the superficial layers of the vocal folds. Therefore, the effect of dry air 
on the mechanical characteristics of the vocal fold mucosa was studied (chapter 4). 
Microdissected vocal fold mucosa was mounted in a specially designed set-up (described in chap
ter 3). It was necessary to develop a special set-up because none of the methods described in the 
literature mimic the in vivo situation of hydration by the blood circulation (i.e. from inside of the 
vocal folds). The mucosa specimen was placed in a chamber containing Ringer’s solution, so that 
it just touched the solution. The solution was kept at a constant temperature of 32°C. Air with vary
ing RH could be blown into the chamber and over the mucosa specimen. The air temperature was 
maintained at 21°C. The mucosa was then subjected to sinusoidal oscillations of length (strain), 
and the resulting force (stress) was measured. The gain and phase angle between the imposed 
strain and resulting stress were measured. The data were then used to calculate elasticity and vis
cosity values. Viscosity and stiffness proved to increase significantly in dry air. Surprisingly, vis
cosity and stiffness also increased in humid air, though to a much lesser extent than in dry air. As 
the air had been humidified to an RH of 100%, this dehydrating effect was not expected. 
Conceivably, this might be due to the fact that the humid air may have been warmed up in the 
chamber by the Ringer’s solution, which was warmer than the air. The actual RH in the chamber 
may then have dropped below 100%, thereby enabling evaporation and dehydration of the tissue 
specimen.
It should be noted that the effect of dry air was considerably and significantly stronger than the 
effect of humid air. The effect of dry air could be reversed by submersion of the mucosa.
These experiments demonstrate that dehydration of the vocal fold mucosa by air with a low RH, 
strongly increases stiffness and viscosity.
With regard to perturbation the experiments were inconclusive. The oscillation applied to the 
mucosa by the apparatus was fixed in frequency and amplitude. But to study perturbation, both 
vocal folds must be subjected to free oscillations.
Subsequent experiments were therefore performed in excised larynges. The objective was to 
investigate how to relate the increased stiffness and viscosity of the isolated mucosa after exposure 
to dry air relates to the effects of dry air on perturbation found in human subjects. Excised larynges 
are completely passive, as there is total denervation. At the same time, there is tissue integrity. 
Accordingly, the physiology of the vibrations may be expected to resemble an in vivo situation. In
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that light, excised larynges can be regarded as an intermediate model between isolated mucosa and 
in vivo larynges.
First, the effect of RH on acoustic voice parameters in a porcine excised larynx model was studied 
(chapter 5). The vocal folds of excised larynges were brought to phonation successively with 
humid air (RH>95%), dry air (RH<20%), humid air, and humid air again after applying Ringer’s 
solution to the vocal folds. With humid air, a stable voice was produced. When switching to dry 
air, the acoustic parameters deteriorated rapidly; within 1 minute the larynges became aphonic. 
Humid air insufflated directly after the dry air led to a variable recovery of the vocal signal. After 
rehydration of the vocal folds by application of Ringer’s solution to the mucosa, the voice parame
ters returned to almost the same values found in the initial humid air condition. It is concluded that 
dry air leads to a strong increase in perturbation and deterioration of other acoustic parameters, as 
well as to a cessation of phonation. These effects were much stronger and occurred faster than in 
the experiments with human subjects. This may be explained by the fact that the provocation in the 
excised larynges was much stronger. The air on which the larynges phonated was dry, whereas in 
human subjects this air (expiratory air) was humid throughout the experiment. Furthermore, the 
normal physiological hydration and lubrication in the human subjects was intact, whereas in the 
excised larynges no hydration and/or lubrication was provided during the experiments. Therefore, 
the effect that dry air has on acoustic parameters in human subjects and excised larynges may be 
regarded as similar despite the differences in magnitude. As the physiology of the vibrations in 
both situations is presumed to be comparable, it seems probable that the same mechanisms cause 
the observed effects in human subjects and excised larynges.
To be able to relate these effects on acoustic parameters to changes in the mechanical characteris
tics of the vocal folds, the vocal fold vibrations were analyzed with a laser-optic measuring system 
(laserglottograph, LGG) and an electroglottograph (EGG) (chapter 6). The same excised larynx 
model and the same provocation regime were used. On the one hand, changes in these physiologic 
EGG and LGG signals may be related to the changes in mechanical characteristics found in isolat
ed mucosa (chapter 4). On the other hand, they may be related to the changes in acoustic parame
ters found in the excised larynges (chapter 5) and in human subjects (chapter 2). Thus, the effects 
found in human subjects, in isolated mucosa and in excised larynges can be related and conclu
sions concerning the mechanism by which dry air exerts its effect on vocal fold vibration may be 
drawn.
The results of this study of the EGG and LGG signals during the dry air condition show:
1 an increase in the latency from the a start of the airflow to the start of the vocal fold vibration;
2. a decrease in vibrational amplitude
3. an increase in vibration frequency
4. an increase in the duration of vibration without vocal fold contact prior to vibration with vocal 

fold contact.
Based on a theoretical model, the increased latency of the vibration and the decreased amplitude 
can be attributed mainly to an increased tissue viscosity. The rise in frequency can be attributed 
mainly to increased tissue stiffness. These observations are in conformity with the effects of dry 
air on isolated hydrated mucosa.
In two experiments, the larynges phonated on a low airflow. In these experiments during the dry 
and the subsequent humid condition, short periods of a variable number of vibration cycles with
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and without vocal fold contact were alternated. This vibration pattern may be explained by the 
nonlinear characteristics of the vocal fold tissues. As nonlinear behavior may contribute to pertur
bation, these nonlinear phenomena may explain the increased perturbation in dry air, as was found 
in the other studies with excised larynges and human subjects. It is concluded that in this model 
distinct effects of dry air on vocal fold vibration occur. These effects can be explained by the 
altered mechanical properties (increased stiffness and increased viscosity) of vocal fold tissues.

7.2 Superficial versus systemic (de)hydration

One of the questions raised in chapter 1 is whether superficial (de)hydration -i.e. (de)hydration via 
air that passes between the vocal folds- or systemic (de)hydration is the main mechanism that 
accounts for the earlier observed effects of dry air on vocal fold vibration. For the studies in this 
thesis, superficial dehydration was applied. Distinct effects of this superficial dehydration were 
found in human subjects as well as in excised larynges and hydrated isolated mucosa. It therefore 
seems clear that superficial dehydration by air with a low RH has a strong effect on vocal fold 
vibration. However, a contribution to dehydration of systemic measures cannot be excluded.
The opposite effects -via superficial (re)hydration by humid air- were infrequently observed. 
Possibly, the reason might be that systemic mechanisms are more important for (re)hydration.

Another question is whether the effects of (de)hydration due to dry air are localized in the cover of 
the vocal folds, in the body, or in both. The role of the cover appears to be important, as the effects 
of dry air observed in the studies presented in this thesis occurred within a short time.
A deteriorating effect of air with a low RH on F0 stability was shown in both human subjects and 
excised larynges. In human subjects, this effect took place within 10 minutes. The effect on 
excised larynx phonation occurred even faster (within 1 minute) and was much stronger. The dif
ference may be explained by the much stronger provocation used in the latter study (see above). 
Furthermore, an effect of dry air was found on isolated mucosa that had been continuously hydrat
ed from the depth. The dry air provocation applied in this study was intermediate to the studies on 
human subjects and excised larynges. It resembled the study on human subjects in that continuous 
hydration was provided, and it resembled the studies on excised larynges in that dry air was con
tinuously blown over the mucosa. The observed effect reached its maximum after 5-10 minutes. 
This was less than the time in which the effects were achieved in human subjects but more than 
that needed for the excised larynges.
These time differentials suggest that the exposure of the cover to dry air is the common mecha
nism that causes the effects. Furthermore, it appears unlikely that a dehydrating effect of dry air on 
a deeply situated structure (vocal fold body) would occur within 1 to 10 minutes.

As the mucus on the vocal folds forms the most superticial layer, it may be expected to play a role 
in superficial dehydration. Dehydration of the mucus may induce effects on vocal fold vibration 
by enhanced cohesion in the fused mucus layers of both vocal folds during glottal closure. Also, 
reorientation of the mucus from cycle to cycle may lead to disturbances in the vibration pattern. 
The stiffness of the mucus film on the vocal folds might also be important. This seems unlikely,
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though, because the mass of the mucus is presumably much lower than the mass of the cover and 
the body. As argued in chapter 1, the composition of the mucus (macromolecules like mucins, 
water content) may be critical, but no data are available on this subject. The hypothesis that mucus 
is important in dehydration is not supported by experimental data.
To study the role of the mucus in dry air, an experiment on phonation with (chest register) and 
without (falsetto) vocal fold contact after inhalation of dry air would be suitable. If the effect of 
dry air only occurs during phonation with glottal closure, this would be an argument in favor of an 
important role for the mucus. Such an experiment would require very well trained vocalists, since 
pitch and intensity for both registers should be comparable. The only subject we found who could 
perform such a task (whereby EGG control of vocal fold contact was provided) showed no differ
ence between the effect of dry air on perturbation in both registers.
Indications that the mechanism by which dry air exerts its effect on vocal fold vibration is inde
pendent of the mucus layer are found in the excised larynx model experiments (chapter 6). In the 
first few cycles of the phonation vocal fold closure did not occur. The frequency of the first three 
cycles increased during the dry condition, whereas it was stable during the other conditions. This 
frequency increase in the dry condition started immediately after the beginning of the condition. 
Since no vocal fold contact occurred during these first free oscillations, this frequency increase 
cannot be attributed to changes in cohesion or reorientation of the fused mucus layers of both 
vocal folds.
Another parameter that is independent of vocal fold contact is the interval between the point when 
the subglottal pressure begins to build and the point when the oscillation starts. The length of this 
interval also increased during dry air phonation.
These phenomena occur during exposure to dry air without vocal fold contact. Thus, they show 
that dry air can cause immediate effects, namely increased viscosity and stiffness, while no contact 
between the mucus layers of both vocal folds occurs. The contribution of mucus to these effects 
therefore appears to be limited. Nonetheless, mucus cannot be excluded as a factor of the observed 
effects. Also, mucus may help protect the vocal folds from dehydration. Our studies do not allow 
us to draw any conclusions about this possible function of mucus, however.

From the above, it is concluded that the vocal fold cover is the specific layer in which dry air exerts 
its effect on vocal fold vibration. The vocal fold body appears to be of lesser importance. Possibly 
the mucus layer on the vocal folds also plays a role in (prevention of) dehydration.

7.3 Body and cover theory and effects of dry air on vocal fold vibration

The body and cover theory of vocal fold vibration is widely accepted. This theory regards the 
vocal fold as a double structured-vibrator consisting of a body (vocalis muscle and deep layer of 
the lamina propria) and a cover (epithelium and superficial layer of the lamina propria). The two 
structures are loosely connected by the intermediate elastic layer of the lamina propria. During 
phonation, the cover assumes most of the vibration. The various phonation types have their own 
vibration modes, each reflecting the specific contribution of the body and the cover to the vocal 
fold vibration and differences in vocal fold contact. For instance, during loud phonation in chest
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register, the main contribution to the vibration is by the body and glottal closure is prolonged. In 
contrast, during phonation in falsetto register, only the cover appears to contribute to the vibration 
and glottal closure may be absent.
Some of the observations in this thesis can be explained with this theory. In the experiments that 
study vocal fold vibrations with EGG and LGG, the interval between the first oscillation and the 
first glottal closure increases progressively in the dry air condition. According to the body and 
cover theory, the oscillation starts in the cover and may be transduced to the body. With increased 
viscosity, the oscillation amplitude will be decreased, as was observed in the experiments. With 
reduced deflection (amplitude), the transduction of the oscillation to the deeper layers will also be 
reduced. Dry air leads to an increased tissue viscosity and to a decreased amplitude. Consequently, 
a later involvement of the body in the oscillation may be expected.
Another phenomenon observed in these experiments that is in conformity with the body and cover 
theory is the pattern at the start of the vibration. This showed an oscillation with increasing ampli
tude until a sudden peak, representing fast glottal closure, occurred in the EGG. The first pattern is 
in accordance with a superficial (cover) oscillation. The sudden appearance of the peak in the 
EGG can be explained by an increase in amplitude leading to glottal closure and thereby to 
increased conduction. Simultaneously, the frequency decreased. This latter observation may be 
due to the involvement of an increasing (or second) mass that gets involved in the oscillation. This 
increased effective oscillating mass could be the body, which becomes involved in the oscillation 
by the increasing deflection of the cover.
During the second part of the dry condition, and during the subsequent humid condition, a remark
able vibrational pattern was observed. During the transition from vibration without glottal closure 
to vibration with glottal closure, alternating time periods of some cycles with and without vocal 
fold contact were observed. In comparison with the vibration without glottal closure, the vibration 
with vocal fold contact had both increased amplitude and decreased frequency. Possibly, a vibra
tion mode in which a smaller effective mass oscillates, is alternated by another vibration mode in 
which a large effective mass oscillates. The difference between these masses may be the alternat
ing involvement of the body.

7.4 Relation between RH of inhaled air and F(| perturbation.

F0 perturbation in normal voices has been attributed to several factors.'-2 A biomechanical source 
results from nonlinearities in the biomechanical characteristics of the vocal fold tissues. Small 
asymmetries between the vocal folds also induce nonlinear vocal fold behavior, leading to irregu
larities. These asymmetries may result from geometrical and functional (i.a. differences in effec
tive oscillating mass) factors. Another source of perturbation is neurophysiological. Contraction 
of the tensor muscles of the vocal folds is achieved by small twitches of its motor units. These 
twitches are smoothed out, but small fluctuations in contraction remain. This has been computed 
to result in aperiodicity of vocal fold oscillations in the order of 0.2-1.2%, depending on the num
ber, size, and firing rate of the motor units. Other suggested sources of perturbation are heartbeat 
(or: pressure waves in the laryngeal vessels), instabilities in the glottal airflow, mucus on the vocal 
folds, and food and fluid in the pyriform sinuses.
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An effect of RH on neuromuscular function is unlikely for two reasons. First, this function is 
mainly dependent on the central nervous system, which is not likely to be influenced by RH. 
Second, an effect of RH within several minutes on the deep in the vocal fold situated vocalis mus
cle is unlikely (see above).
The role of the mucus layer on the vocal fold in F0 perturbation is not yet clarified. It may possibly 
play a role in the effects of dry air on F(1 perturbation as well. Dehydration of the mucus may 
induce increased perturbation by enhanced cohesion in the fused mucus layers of both vocal folds 
during glottal closure or by reorientation of the mucus. However, as was argued in chapter 7.2, 
from observations in oscillations without vocal fold contact, it is clear that the effect of dry air on 
tissue viscosity and stiffness can occur independent of contact between the mucus layers. The role 
of the mucus seems therefore to be limited. Nonetheless, mucus cannot be excluded as a contribut
ing factor to the effects of dry air.
An effect of dry air on the other sources of perturbation is unlikely for obvious reasons. Instead, 
the increase in perturbation after inhalation of dry air should probably be attributed to the biome
chanical source of perturbation.
In the study on excised larynges using EGG and LGG (chapter 6), a remarkable vibration pattem 
was observed in the second part of the dry condition and the following humid condition. During the 
transition from vibration with glottal closure to vibration without glottal closure (and vice versa), 
time periods spanning a variable number of cycles with vocal fold contact alternated with time peri
ods spanning a variable number of cycles without vocal fold contact. During these time periods, the 
oscillations showed clear irregularity. The vibrations with vocal fold contact had both a higher 
amplitude and a lower frequency than the vibrations without vocal fold contact. This suggests that 
during the vibrations with vocal fold contact the effective mass contributing to the vibration is larg
er than during the vibrations without vocal fold contact. Apparently there is a critical hydration sta
tus of the vocal folds in which different vibration modes can exist. Around this critical hydration 
status, abrupt alterations (bifurcations) and chaotic transitions in the vibrational mode can occur. 
These alterations may be provoked by very small fluctuations. Alternatively, a vibration mode may 
occur, whereby two (or more) frequencies exist that interfere, leading to variations in frequency and 
amplitude. This situation may depend on the exact hydration status. In a study on bifurcations in 
excised canine larynges. Berry et al. showed that different phonatory regimes co-existed within 
fixed laryngeal configurations.’ This is in agreement with our observations.
Bifurcations and chaotic transitions are phenomena of nonlinear behavior. Their appearance dur
ing dehydration suggests that dehydration enhances the nonlinear behavior of the vocal fold tis
sues during vibration. As nonlinear mechanical characteristics is regarded to be a source for F0 
perturbation, enhanced nonlinear behavior may be expected to result in increased perturbation in 
acoustic analysis even before bifurcations become apparent. This is in agreement with the obser
vation of irregular oscillation under dry air provocation prior to disappearance of glottal closure in 
the low flow experiments (chapter 6). It also is in conformity with the hypothesis of Berry et al. 
that voice instabilities are due to the desynchronization of a few principal modes of vocal fold 
vibration.4 Thus, the increase in F(| pertubation during exposure to dry air of human subjects and 
excised larynges can be explained by enhanced nonlinear behavior of the vocal fold tissues.
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7.5 Effect of humid air on vocal fold vibration

The study with human subjects found no effect of humidified air on F(i perturbation. This outcome 
was unexpected, as others reported that humidifying circumstances had an effect on phonation.5A7 
The effect was found in a parameter that was not used in this thesis, namely phonation threshold 
pressure (FTP). This is an extreme condition of voicing and may be independent of acoustic 
parameters. If so, some provocation like exposure to humid air may have an effect on FTP, while 
the same provocation may have no effect of on acoustic parameters. Alternatively, it is possible 
that humid air can exert an effect on acoustic parameters but that we failed to demonstrate it. 
Conceivably, no effect of humid air was found because our subjects had reached their baseline per
turbation in the standard air condition. As described in a previous section, perturbation occurs in 
normal voices as a result of several possible sources that are not related to tissue hydration status. 
If subjects phonate with this baseline perturbation, no reduction can be expected from a high RH 
of inhaled air (or any other circumstance). Another possibility is that a critical hydration status 
exists, above which further humidification exerts no effect on perturbation. If this critical hydra
tion status lies below the RH of the standard air condition in this study, no effect of humid air can 
be expected. Another possible explanation for the absence of an effect on acoustic parameters may 
be that the provocation period was too short. Whereas dry air appears to be a potent dehydrator, 
humid air may be a weak or variable hydrator. In the studies on excised larynges, strong effects of 
dry air were found. Phonation on humid air directly after the dry air provocation resulted in a vari
able recovery of the voice signals: response varied from no recovery at all to near total recovery. 
Thus, long exposure to humid air may be necessary to show an effect on acoustic parameters.
It should be noted that the expiratory air of the subjects had an RH of 100% in all conditions. The 
additional effect of humid air may therefore be limited.

With respect to the relation between FTP and RH, Verdolini et al. provoked (de)hydration in a very 
different way than we did.5 6 In their studies, provocation consisted of exposure to humid air in 
combination with high fluid intake and mucolytic drugs resp. exposure to dry air with low fluid 
intake and decongestant drugs. Our results of superficial (re)hydration do not indicate that expo
sure to humid air decreases viscosity. Possibly, the decrease in FTP observed by Verdolini et al. is 
caused by the systemic hydration measures that were applied. In a recent report by Solomon and 
Dimattia, systemic dehydrating measures did not lead to an increased PTP.8 Thus, superficial 
dehydration might lead to an increased PTP, whereas a decreased PTP may only be achieved by 
systemic hydrating measures.
The study performed by Finkelhor et al. showed a decreased PTP after immersion of the larynx in 
a hypotonic solution.7 Water was supposed to enter the vocal folds by osmosis, thus creating a 
“hyperhydrated” vocal fold. This situation is so different from exposure to humid air that no con
clusions can be drawn on a relation between PTP and exposure to humid air.
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7.6 Suggestions for further research

The role of laryngeal mucus in phonation is still not well understood. It is said to protect against 
hazardous agents and particles. A role in cooling and lubrication as well as in protection against 
dehydration have also been suggested. More research on the composition of the mucus is essential 
for a better understanding of its role. That in turn, this would enable investigators to use mucus (or 
artificial mucus substitutes) as a variable to study its role in phonation.

Hydration status of the vocal folds affects vocal fold vibration. The implication of this relation for 
clinical situations is not obvious. Clinical studies may help to interpret the clinical importance of 
the relation of air humidity and vocal fold vibration. One example would be using more physio
logical provocations like longer exposure to less extreme low RH in combination with phonetic 
exercises.

7.7 Conclusions

Based on the studies presented in this thesis and on the considerations in the general discussion, 
the following conclusions can be drawn:

1. Dry air has unfavorable effects on vocal fold vibration.

2. In normal subjects, inhalation of dry air increases perturbation measures of voice. Inhalation of 
maximally hydrated air does not lead to lower Fo perturbation than inhalation of normal air.

3. Stiffness and viscosity of vocal fold cover increase after exposure to dry air.

4. The effects of relative air humidity on human vocal fold vibration can be explained by changed 
mechanical characteristics of vocal fold cover.
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SUMMARY

Summary

The vibratory pattern of phonating vocal folds depends on many factors. Two important factors are 
tissue stiffness and viscosity. These are likely to be influenced by the hydration state of the tissues. 
Consequently, the hydration state may be expected to influence vocal fold vibration. This thesis 
presents a series of experiments in which we tried to demonstrate and explain this relation.

Chapter 1, the introduction, describes the importance of tissue stiffness and viscosity and of the 
effective vibrating mass in vocal fold vibration. The expected effect of tissue hydration on viscosi
ty and stiffness is further described. The literature on this relation is reviewed. Observations in 
human subjects indicate that the hydration state of the vocal folds indeed influences vocal fold 
vibration. Some experimental findings support the hypothesis that superficial dehydration, i.e. 
dehydration by low relative humidity of ambient air, contributes to this effect.

In Chapter 2 the effect of relative air humidity on acoustic voice parameters in human subjects is 
demonstrated. The subjects inhaled during ten minutes three different air conditions: dry air, stan
dard room air, and humid air. After each condition they produced a standardized controlled /a/, 
which was analyzed for F(i perturbation (jitter and shimmer) and noise-to-harmonic parameters. 
After inhalation of dry air, jitter and shimmer increased significantly. The noise-to-harmonic ratio 
showed no statistically significant change. Between the standard room and humid conditions no 
significant differences existed. It is concluded that the phonatory oscillation of human vocal folds 
is very sensitive to dry inhaled air, but that humid air does not influence this oscillation.
These results suggest that the effects of this superficial dehydration could be explained by changes 
in the viscoelastic properties of the superficial layer of the vocal folds, the cover. A subsequent 
study was therefore designed to investigate the viscoelastic properties of the vocal fold cover in 
relation to relative air humidity.
This study required a new set-up that is described and evaluated in Chapter 3. The following three 
methodological criteria for evaluation were composed: 1. the outer surface of the cover can be 
exposed to divergent air conditions, while the inner surface is exposed to a physiological hydrating 
environment. 2. slight changes in mechanical characteristics should be detected. 3. The applied 
strain should be within physiological ranges. As no such set-up had been described yet, a new 
method was developed. From the evaluation of this method it is concluded that this new method 
satisfies the methodological criteria.

In Chapter 4 this method is used to investigate the effect relative air humidity has on the stiffness 
and viscosity of excised vocal fold cover of sheep. The cover specimens were subjected to 
sinusoidal oscillations of length (strain) and the resulting force (stress) was measured. The gain 
and phase angle between the imposed strain and resulting stress were determined. Stiffness and 
viscosity were calculated from these parameters. Two different air conditions were tested: dry and 
humid air. Viscosity and stiffness increased in both conditions. The effect of dry air however 
occurred faster, and resulted in a much stiffer and much more viscous cover than humid air 
CP<0.001). Submerging the specimens reversed the described effects. The observations indicate 
that the mechanical characteristics of vocal fold cover are very sensitive to dehydration as
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distinct effects occurred very fast even when the tissue specimens were continuously hydrated. 
In this study the oscillation applied to the cover by the apparatus was fixed in frequency and 
amplitude. Therefore, jitter and shimmer could not be determined. To study jitter and shimmer, an 
experimental set-up is needed in which both vocal folds can be subjected to free oscillations. A 
set-up with excised larynges would enable such measurements. Therefore, two studies were per
formed using excised larynges.

Chapter 5 focuses on the effect of air humidity on acoustic parameters in phonating ex
cised larynges. The vocal folds were sutured together and then brought to phonation successively 
with humid air, dry air, humid air, and humid air again after rehydration of the vocal folds 
by application of Ringer solution. The following parameters were analyzed: fundamental 
frequency, jitter, shimmer, voice turbulence index, and degree of unvoiced segments. Under 
humid conditions, a stable voice was produced, with the parameters near normal human values. 
With dry air, the parameters deteriorated fast. After a short time, the larynges became aphonic. 
Humid air insufflated directly after the dry air led to variable recovery of the vocal signal and the 
investigated parameters. After application of Ringer solution, the voice parameters returned to 
almost the same values found in the initial humid air condition. It is concluded that dry air leads to 
a strong increase in jitter and shimmer and deterioration of other acoustic parameters and to cessa
tion of phonation.
These effects are similar to those found in the study on human subjects. Differences in magnitude 
are explained by differences in the dry air provocation as well as the absence of physiological 
hydration in the excised larynges.
To relate these effects on acoustic parameters to changes in mechanical characteristics of the vocal 
folds, a subsequent study was conducted using the same method.

Chapter 6 reports on this study in which the vocal fold vibrations were analyzed with a laser-optic 
measuring system and an electroglottograph. The results under dry air conditions were: 1. later 
start of the vibration; 2. increased duration of vibration without glottal closure prior to vibration 
with glottal closure; 3. decreased vibration amplitude; 4. increased vibration frequency. These 
findings can be attributed to increased tissue stiffness and viscosity.
Two low flow experiments were conducted. These showed under the dry and the subsequent 
humid condition a remarkable oscillation pattern: short alternating time periods with oscillation 
cycles with and without vocal fold contact occurred. Apparently there is a critical hydration status 
of the vocal folds in which different vibration modes can exist. With these observations increased 
jitter and shimmer during dehydration can be explained.
It is concluded that the previously described effects of dry air on vocal fold vibration can be 
explained by increased tissue stiffness and viscosity. In acoustic analyses, this may lead to 
increased irregularity.

Chapter 7 presents a general discussion in which the data of the studies on human subjects, isola
ted vocal fold cover, and excised larynges are integrated. In all these studies the provocation exis
ted of variations in relative air humidity. Consequently, the effects on vocal fold vibration, must be 
attributed to the variations in relative air humidity. Therefore, it is concluded that vocal fold vibra
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tion is sensitive to superficial dehydration. However, under different circumstances, a contribution 
to (de)hydration of systemic measures cannot be excluded.
The effects of dry air observed in the studies occurred within one to several minutes. It appears 
unlikely that a dehydrating effect of dry air on a deeply situated structure (vocal fold body) would 
occur within such a short time. Therefore, the vocal fold cover must be regarded to be the specific 
layer in which dry air exerts its effect on vocal fold vibration.
Possibly the mucus layer on the vocal folds also plays a role in (prevention of) dehydration. When 
vocal fold contact occurs during phonation, the mucus layers are in contact. As the vocal folds sep
arate, the mucus layers must be separated as well. This separation may be influenced by dehydra
tion of the mucus. However, in the excised larynx experiments, several phenomena were observed 
during the dry air condition, while the vocal fold vibration was without contact between both 
folds. Therefore, the contribution of mucus to those effects appears to be limited. Nonetheless, 
mucus cannot be excluded as a factor of the other observed effects.
In the excised larynx experiments, some nonlinear phenomena were observed during the dry air 
and following humid air conditions. These phenomena may explain the deterioration of the 
acoustic voice parameters by dry air in human subjects and excised larynges. Their appearance 
during dehydration suggests that dehydration enhances the nonlinear behavior of the vocal fold 
tissues during vibration. As nonlinear mechanical behavior is regarded to be a source for F0 pertur
bation, enhanced nonlinear behavior may be expected to result in increased jitter and shimmer in 
acoustic analysis. Thus, the increase in jitter and shimmer during exposure to dry air of human 
subjects and excised larynges can be explained by enhanced nonlinear behavior of the dehydrated 
vocal fold tissues.

Based on the studies presented in this thesis and on the considerations above, the following con
clusions are drawn:

1. Dry air has unfavorable effects on vocal fold vibration.
2. In normal subjects, inhalation of dry air increases F(j perturbation measures of voice. Inhalation 

of maximally hydrated air does not lead to lower F(1 perturbation than inhalation of normal air.
3. Stiffness and viscosity of vocal fold cover increase after exposure to dry air.
4. The effects of relative air humidity on human vocal fold vibration can be explained by changed 

mechanical characteristics of vocal fold cover.
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CHAPTER 8

Samenvatting

Het trillingspatroon van stemplooien tijdens stemgeving is afhankelijk van veel factoren. Twee 
belangrijke factoren zijn de stijfheid en viscositeit van de weefsels. Deze zijn waarschijnlijk 
afhankelijk van de hoeveelheid vocht in de weefsels. Derhalve kan verwacht worden dat het vocht
gehalte van de weefsels de stemplooitrilling beïnvloedt. Dit proefschrift beschrijft een serie expe
rimenten met als doel het aantonen en verklaren van deze relatie.

Hoofdstuk 1, de introductie, beschrijft het belang van de weefselstijfheid en -viscositeit alsmede 
van de effectief meetrillende massa voor de stemplooitrilling. De op basis van theoretische over
wegingen te verwachten relatie tussen de hoeveelheid vocht in de weefsels en viscositeit en stijf
heid wordt nader omschreven. De betreffende literatuur wordt besproken. Observaties bij 
proefpersonen wijzen op het bestaan van een dergelijke relatie. Enkele experimentele bevindingen 
ondersteunen de veronderstelling dat oppervlakkige uitdroging, dat wil zeggen uitdroging door 
lage relatieve vochtigheid van de omgevingslucht, aan deze relatie bijdraagt.

In Hoofdstuk 2 wordt het effect van relatieve luchtvochtigheid op een aantal akoestische stempara- 
meters bij proefpersonen aangetoond. De proefpersonen inhaleerden gedurende 10 minuten drie 
verschillende luchtcondities: droge lucht, normale omgevingslucht en vochtige lucht. In iedere situ
atie produceerden zij een gecontroleerde /a/. Van deze klank werden de F0 perturbatie (jitter en 
shimmer: maten voor irregulariteit van de trilling) en een signaal-ruis verhouding bepaald. Na inha
latie van droge lucht waren de jitter en shimmer significant verhoogd. De signaal-ruis verhouding 
was niet significant verhoogd. Tussen de omgevingslucht en vochtige lucht was geen significant 
verschil. Er wordt dan ook geconcludeerd dat de stemplooitrillingen tijdens stemgeving erg gevoe
lig zijn voor ingeademde droge lucht, maar dat vochtige lucht de stemplooitrilling niet beïnvloedt. 
Het feit dat deze oppervlakkige uitdroging effect heeft op de stemplooitrilling suggereert, dat dit 
effect ontstaat door veranderingen in de mechanische eigenschappen van de oppervlakkige laag 
van de stemplooien, de cover. Een vervolg experiment werd daarom verricht om het effect van 
droge lucht op de mechanische eigenschappen van geïsoleerde cover te onderzoeken.
Voor dit experiment werd een nieuwe opstelling ontwikkeld, welke beschreven en geëvalueerd 
wordt in Hoofdstuk 3. De volgende drie methodologische criteria werden voor de evaluatie gefor
muleerd: I. het natuurlijke oppervlak van de cover kan worden blootgesteld aan verschillende 
luchtvochtigheidsomstandigheden, terwijl de geprepareerde zijde bevochtigd wordt door contact 
met een fysiologische oplossing. 2. kleine veranderingen in de mechanische eigenschappen kun
nen betrouwbaar worden gemeten. 3. de op de cover uitgeoefende trilling is binnen fysiologische 
grenzen. Een proefopstelling die aan deze criteria voldoet, was nog niet beschreven.
Uit de evaluatie wordt geconcludeerd dat de nieuwe proefopstelling aan de gestelde criteria voldoet.

Hoofdstuk 4 beschrijft het experiment waarin met deze methode het effect van relatieve lucht
vochtigheid op de stijfheid en viscositeit van uitgeprepareerde cover van schapenlarynxen. Een 
sinusvormige lengtetrilling (strain) werd op de weefselstukjes uitgeoefend en de hierdoor opge
roepen kracht in het weefsel (stress) werd gemeten. De gain en fasedraaiing tussen de opgelegde 
strain en resulterende stress werd bepaald. Uit deze parameters werden de stijfheid en viscositeit

110



SAMENVATTING

berekend. De metingen werden verricht onder afwisselend droge en vochtige luchtomstandighe
den. De viscositeit en de stijfheid namen toe onder beide omstandigheden. De toename van de 
stijfheid en viscositeit in droge lucht was sneller en leidde tot een veel stijvere en veel meer vis- 
ceuze cover dan de vochtige lucht (P<0.001). Het effect bleek reversibel door de weefselstukjes 
onder te dompelen in fysiologische oplossing. Deze bevindingen geven aan dat de mechanische 
eigenschappen van de stemplooi cover erg gevoelig zijn voor uitdroging, daar dit tot sterke veran
deringen leidt, zelfs wanneer de weefselstukjes continu in contact zijn met een fysiologische 
oplossing.
Shimmer en jitter metingen konden in dit experiment niet worden gedaan, omdat de frequentie en 
de amplitude van de trilling door het apparaat werden bepaald. Om dergelijke metingen te kunnen 
doen is een opstelling nodig waarin de beide stemplooien vrij trillen. In een opstelling met geëxci- 
deerde larynxen die tot fonatie gebracht worden, zou dit wel mogelijk zijn. Daarom werden de 
volgende twee onderzoeken met behulp van een dergelijke opstelling gedaan.

Hoofdstuk 5 richt zich op het effect van luchtvochtigheidsgraad op akoestische stemparameters 
bij stemgevende geëxcideerde varkenslarynxen. De stemplooien werden naar elkaar toe gehecht, 
en tot foneren gebracht met successievelijk vochtige lucht, droge lucht, vochtige lucht en na 
bevochtiging met een fysiologische oplossing opnieuw vochtige lucht. Van het stemsignaal wer
den de volgende parameters bepaald: F0, jitter, shimmer, turbulentie index en percentage stemloze 
segmenten. Een stabiele stem werd geproduceerd tijdens het foneren met de eerste vochtige lucht
conditie. De parameters benaderden de normaalwaarden bij de mens. Tijdens het foneren met dro
ge lucht verslechterden de parameters snel en verdween het stemgeluid na korte tijd volledig. De 
vochtige lucht daaropvolgend leidde tot een wisselend herstel van stem en parameters. Na bevoch
tiging herstelden de parameters nagenoeg tot de uitgangswaarden. Geconcludeerd wordt dat droge 
lucht leidt tot een verslechtering (verhoging) van jitter en shimmer en andere akoestische stempa
rameters en vervolgens tot het wegvallen van het stemsignaal. Deze resultaten zijn vergelijkbaar 
met die bij menselijke proefpersonen. Verschillen in grootte van de gevonden effecten worden ver
klaard door verschillen in droge lucht provocatie en het ontbreken van fysiologische bevochtiging 
bij de geëxcideerde larynxen.

Om deze effecten op acoustische stemparameters te relateren aan veranderingen in de mechani
sche eigenschappen van de stemplooien werd een volgend experiment met dezelfde proefopstel
ling gedaan.

In Hoofdstuk 6 wordt dit experiment beschreven; daarbij werden de stemplooitrillingen geanaly
seerd met behulp van een laser-optisch systeem en electroglottografie. De volgende effecten tij
dens foneren met droge lucht werden gevonden: 1. latere start van de trilling; 2. langere duur van 
de periode waarin trillingen zonder stemplooicontact bestaan voordat een trilling met stemplooi 
contact ontstaat; 3. afgenomen amplitude; 4. toegenomen frequentie. Deze bevindingen kunnen 
worden toegeschreven aan toegenomen stijfheid en viscositeit.
Twee experimenten werden gedaan met een lage stroomsnelheid van de lucht door de larynx. 
Daarin werd tijdens de droge en daaropvolgende vochtige conditie een opmerkelijk trillingspa- 
troon gezien: een aantal trillingen zonder stemplooi contact wisselden een aantal trillingen met
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stemplooi contact af. Dergelijke afwisselende trillingspatronen herhaalden zich meerdere malen. 
Kennelijk bestaan er bij een bepaalde weefselvochtconcentratie twee (of meer) trillingsmodalitei- 
ten die elkaar afwisselden. Op basis van deze observaties kan verklaard worden dat tijdens uitdro
ging jitter en shimmer toenemen.
Uit de beschreven effecten wordt geconcludeerd dat de eerder beschreven effecten van droge lucht 
op de stemplooitrilling verklaard kunnen worden met toegenomen stijfheid en viscositeit. In 
akoestische analyses kan dit leiden tot toegenomen irregulariteit.

In hoofdstuk 7 wordt een algemene discussie gegeven over de resultaten van de experimenten bij 
mensen, geïsoleerde cover en geëxcideerde larynxen. In al deze studies bestond de provocatie uit 
variaties in relatieve luchtvochtigheidsgraad. De gevonden effecten op de stemplooit rilling moe
ten hier dan ook aan worden toegeschreven. Geconcludeerd moet worden dat de stemplooitrilling 
gevoelig is voor lage relatieve luchtvochtigheidsgraad. Het kan niet worden uitgesloten dat onder 
andere omstandigheden ook systemische provocaties kunnen bijdragen aan uitdroging en/of 
bevochtiging van de cover.
De gevonden effecten van droge lucht ontstonden binnen één tot enkele minuten. Het lijkt onwaar
schijnlijk dat in zo korte tijd een uitdrogend effect van droge lucht op een diepliggende structuur 
(de stemplooi body) ontstaat. Derhalve dient de stemplooi cover beschouwd te worden als de 
functionele laag van de stemplooien waarin het effect van droge lucht op de trilling ontstaat.
Het is mogelijk dat de slijmlaag op de stemplooien daarbij ook een rol speelt. Op het moment dat de 
stemplooien tijdens een trilüng elkaar raken, komen de slijmlagen in contact. Als de stemplooien van 
elkaar af bewegen worden de slijmlagen weer gescheiden. Deze scheiding kan beïnvloed worden door 
uitdroging van het slijm. Tijdens de geëxcideerde larynx experimenten werden echter enkele fenome
nen gevonden tijdens de droge luchtconditie, terwijl er op dat moment geen contact bestond tussen 
beide stemplooien. De bijdrage van de slijmlaag aan deze effecten lijkt dan ook beperkt. Desondanks 
kan het slijm niet worden uitgesloten als bijdragende factor in andere beschreven effecten.
Eveneens tijdens de geëxcideerde larynx experimenten werden enkele nonlineaire verschijnselen 
tijdens de droge en daarop volgende vochtige luchtcondities gevonden. Met deze bevindingen kan 
de verslechtering van de akoestische parameters tijdens de droge luchtconditie bij de proefpersonen 
en de geëxcideerde larynxen worden verklaard. Het verschijnen van die fenomenen tijdens uitdro
ging suggereert dat uitdroging het nonlineaire gedrag van de stemplooien tijdens de trillingen ver
sterkt. Van dit toegenomen nonlineaire gedrag kan verwacht worden dat het leidt tot toegenomen 
irregulariteit in de trilling, omdat aangenomen wordt dat nonlineair gedrag een van de oorzaken van 
irregulariteit is. De gemeten toename in jitter en shimmer tijdens droge lucht omstandigheden kan 
verklaard worden met dit toegenomen nonlineaire gedrag van de uitdrogende stemplooien.

De volgende conclusies kunnen worden getrokken uit de beschreven experimenten en bovenstaan
de overwegingen:
1. Droge lucht heeft ongunstige effecten op de stemplooitrilling.
2. Inhalatie van droge lucht leidt tot toegenomen jitter en shimmer bij normale proefpersonen. 

Inhalatie van maximaal bevochtigde lucht leidt niet tot lagere jitter en shimmer dan inhalatie 
van normale lucht.

3. Stijfheid en viscositeit van de stemplooicover neemt toe na blootstelling aan droge lucht.
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4. De effecten van droge lucht op de menselijke stemplooitrilling kunnen worden verklaard met 
de veranderde mechanische eigenschappen van de stemplooicover.
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Glossary

bifurcation

body

cover

damping
degree of unvoiced

segments

elasticity

fundamental frequency 
jitter

noise harmonic ratio

nonlinear system

perturbation

phase
relative air humidity

shimmer

stiffness
strain

stress

viscosity

a qualitative change in the behavior of a non-linear dynamical

system when a parameter of the system is varied

the deep functional layer of the vocal fold, comprising the vocalis

muscle and the deep layer of the lamina propria

the superficial functional layer of the vocal fold, comprising the

epithelium and the superficial and intermediate layers of the

lamina propria

attenuation of the amplitude of an oscillation

estimated relative evaluation of segments in the voice sample

where F0 cannot be detected

inverse of stiffness

fundamental frequency (see below)

lowest frequency in a periodic waveform

short-term (cycle-to-cycle) variability in fundamental frequency

general evaluation of the non-periodic energy in a voice signal

relative to the periodic energy

a system in which nonlinear relationships exist between force and 

position variables. Small variation in initial state or parameter may 

in very short time result in qualitative different behavior of the 

system

a minor disturbance, or small change, from an expected behavior 

of a periodic oscillation

time difference between zero crossings of two sinusoidal signals 

the relative ratio of water vapour present in the air to the volume of 

air. This ratio is temperature dependent 

short-term (cycle-to-cycle) variability in amplitude 

the ratio of the effective restoring force to displacement 

deformation relative to a rest dimension (e.g., elongation per unit 

lenght)

force per unit area

property of a fluid whereby it tends to resist relative motion within 

itself
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Met de verdediging van dit proefschrift wordt een periode van 8 jaar afgesloten. Zonder de bijdra
gen van velen was dit niet mogelijk geweest. Hen ben ik dan ook oprecht veel dank verschuldigd 
voor de hulp en adviezen. Een aantal van hen wil ik met name noemen:

Prof. dr. RH. Dejonckere, beste Philippe, jij was de initiator van dit proefschrift. Jouw fenomenale 
feitenkennis en onstuitbare opeenvolgingen van gedachten waren steeds weer een bron van veel 
denk- en doewerk, dat geleid heeft tot het voorliggende proefschrift. Ik ben je zeer erkentelijk voor 
het feit dat jij mijn promotor hebt willen zijn.

Dr. ir. G.H. Wieneke, beste George, in de afgelopen 8 jaar was jij het geweten van ons project. 
Jouw persoonlijkheid, beschikbaarheid, rustige relativerende visie en integriteit waren zeer inspi
rerend en stimulerend. Daarmee heb je het totstandkomen van dit boekje mogelijk gemaakt. Dat 
waardeer ik zeer; ik ben je er erg dankbaar voor.

Prof. dr. J. Lebacq, beste Jean, jouw warme betrokkenheid bij het “Utrechtse Project”, je meeden
ken op afstand en dankzij vele kilometers ook van dichtbij, hebben een belangrijke en stimuleren
de bijdrage geleverd aan het volbrengen van dat project. Ik ben je daar zeer dankbaar voor.

Prof. dr. G.J. Hordijk, beste Gert-Jan, tijdens de opleiding tot KNO-arts heb je mij de mogelijk
heid geboden om het onderzoek te doen dat heeft geresulteerd in dit proefschrift. Op je eigen wijze 
wist je me soms op de meest verrassende momenten steeds weer te motiveren. Dank daarvoor.

Prof. dr. A. Giovanni, eher Antoine, les cinquième et sixième chapitres sont le fruit de la période 
de Laboratoire d’Audio-Phonologie de Fédération ORL, CHU Timone (Marseille) oü il m’a été 
donné la possibilité d’expérimenter. Votre chaleur, quant ä 1’ accueil au Laboratoire, ainsi que 
votre aide entrepenante furent immense. Je t’en resterai reconnaissant.

M. Ouaknine, eher Maurice, je n’ oublierai pas les longs moments passés ensemble tout comme les 
larynx des moutons au Laboratoire d’ Audio-Phonologie. Promptitude, enthousiasme et ardeur, 
qualités qui te distinguent et qui ont contribué au succès des expériences. Le climat de camarade
rie et de bonne humeur que tu apportais resteront ancré dans ma mémoire. Un grand merci.

Drs. A.M. van Riel en drs. N. de Jong, beste Annique en Nicolette, de fietskilometers met schapen
larynxen en de uren roeren in de locust bean gum zijn niet tevergeefs geweest. Hartelijk dank voor 
jullie niet geringe inspanningen en zelfstandige werkwijze.

Ing. R. de Winter, beste Rinus, dank voor de hulp bij de vele hard- en software problemen die zich 
steeds weer voordeden. Op jouw hulp kon ik altijd rekenen, dat heb ik zeer gewaardeerd.

Dr. W. van der Reijden, beste Willy, de poging die we hebben ondernomen om meer over de laryn- 
geale mucus te weten te komen heeft helaas niet tot tastbare resultaten geleid. Voor je inspannin
gen en de prettige samenwerking ben ik je dankbaar.
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Drs. E. Kool, lieve Elsbeth, inhoud en presentatie zijn allebei belangrijk. Jouw hulp bij dat laatste 
maakte het af. Heel erg bedankt daarvoor.

Drs. R. Speyer, beste Renée, de vele tussentijdse evaluaties op allerlei gebied waren hard nodig. 
Dank voor de prettige sfeer die mede daardoor ontstond.

De paranimfen drs. J.H. Hoogeveen en dr. R.M. Cardinaal, beste John en Remco, dank voor jullie 
steun en betrokkenheid in die jaren, in de afgelopen weken en bij dit laatste examen.

Medewerkers van de Hearing Research Laboratories Utrecht, Sjaak, dank voor het feit dat ik met 
mijn trillingvrije tafeltje, hasjpijp en hardware jullie in de weg mocht zitten; Frits, dank voor je 
creatieve oplossingen bij het maken van de opstelling en bij de dagelijkse probleempjes; de ande
ren dank voor de gastvrijheid, koffie, thee, chocolademelk, gezelligheid en belangstelling.

Medewerkers slachtplaats Oud Rijsenburg, dank voor het steeds weer belangeloos beschikbaar 
stellen van de schapenstrotjes.

De Maatschap KNO Apeldoorn, Jan Antvelink, Peter Paul van Benthem en Tjasse Bruintjes, dank 
voor de ruimte die ik kreeg, de belangstelling en het op het juiste moment even niets vragen.

Staf en assistenten KNO in het AZU/UMCU, dank voor de goede sfeer en samenwerking waarin 
ik jaren met veel plezier heb mogen werken.

Lieve El, dank je voor je onvoorwaardelijke immer stralende steun; zonder jouw inspireren en 
motiveren, stimuleren en vooral relativeren was er niets van gekomen. Teo torriatte konomama 
iko, aisuruhito yo....
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Raphael Hemler werd geboren op 17 november 1966 te Schöppingen (BRD). In 1984 behaalde hij 
het examen ongedeeld VWO aan het Christelijk Lyceum Veenendaal. Nadien studeerde hij een 
jaar Nederlands Recht aan de Rijksuniversiteit Utrecht. In 1985 behaalde hij de propaedeuse en 
begon vervolgens met de studie Geneeskunde aan dezelfde universiteit. Tijdens die studie werden 
enkele wetenschappelijke stages gevolgd, onder andere in de neurochirurgie in Lund, Zweden, 
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