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Laryngeal cancer

The head and neck area hosts a wide variety of relatively rare cancers, which altogether
amount to almost 10% of new patients with cancer in the Netherlands.1 The
functional deficits and deformities that may be caused by the disease and its treatment
underline the statement that “successful treatment of this group of malignancies
cannot be measured solely in terms of survival rate”.2

Laryngeal cancer is one of the most frequently occurring head and neck cancers in the
Netherlands. Yearly approximately 700 new patients are diagnosed with laryngeal
cancer in the Netherlands. More than ninety percent of laryngeal cancers are squamous
cell carcinomas originating from the mucosal lining of the larynx. The risk of
developing a malignant alteration in the squamous epithelium of the larynx is strongly
related to tobacco smoking and alcohol consumption.3, 4 The combined use of tobacco
and alcohol increases the risk of developing laryngeal cancer even more.5 Men are six
times more often affected than women. Due to a change in consumption pattern and
life-style, the number of women diagnosed with laryngeal cancer is rising, whereas the
incidence in males has stabilized.1 Although epidemiological data are unanimous in
indicating tobacco and alcohol to be the major risk factors for developing head and
neck squamous cell carcinoma, not all individual smokers and drinkers eventually
develop cancer. Other factors also determine the individual risk, such as genetic
susceptibility6,7, viral infections8, and long term exposition to cement dust or asbesto.9

The age of diagnosis is usually between 60 and 75 years. The overall 5-year survival of
laryngeal cancer is 67%. When considering the separate TNM-stages, the relative 5-
year survival for stage I is 88%, for stage II 63%, stage III 55%, and stage IV 42%. Of
the laryngeal tumors detected in males between 1989 and 1995 in the Netherlands,
66% was situated at the glottic level (true vocal folds, anterior and posterior
commissure), 30% was situated in the supraglottic region (ventricular folds,
arytenoids, epiglottis, and aryepiglottic folds), and subglottic tumors were rare (1%).
For females, these percentages were respectively 41%, 54%, and 2%.1

Current treatment modalities for laryngeal cancer10

Early diagnosed squamous cell carcinomas restricted to the vocal folds have almost no
tendency of tumor spread away from the larynx and cause symptoms when the tumor
is still small. These glottic tumors are staged11 as T1 and are regularly treated with
primary radiotherapy or microlaryngoscopic laser surgery.12 In the Netherlands,
laryngeal carcinomas staged as T2 – T4 are mostly treated non-surgically with



11

GENERAL INTRODUCTION

S P V P

radiotherapy, or in specified cases with a combined treatment of radiotherapy and
chemotherapy. Primary surgical treatment, a laryngectomy, is usually restricted to bulky
T3 – T4 laryngeal tumors and laryngeal tumors with extensive cartilage destruction or
extralaryngeal growth. Total, subtotal or partial laryngectomy is also performed as
salvage therapy for T2 – T4 tumors that recur after earlier non-surgical treatment. In
1990 approximately 250 patients were laryngectomized yearly in the Netherlands.13

Across the world different treatment strategies are used, involving a more prominent
role for transoral laser microsurgery14 or partial and subtotal laryngectomy.15

In case of one or more locoregional lymph node metastases, the treatment of the
primary tumor can be combined with a unilateral or bilateral neck dissection. For
tumors that extend to tissues outside the larynx, i.e., pharynx or cervical esophagus,
larger surgical resections are required, often combined with an additional
reconstruction. Examples of reconstructive techniques are: a tubed gastric pull-up,
pedicled myocutaneous flaps such as the pectoralis major flap, and free revascularized flap
reconstructions such as the radial forearm flap and the jejunal graft. When a total
laryngectomy has been performed as primary treatment, postoperative radiotherapy
may be beneficial for attaining locoregional control, depending on histopathological
aspects of the removed specimen.

Total laryngectomy

History

In the 1850s laryngeal pathology could only be diagnosed on clinical grounds but not
by visualization, let alone by histopathological examination. Important to the advances
in laryngology was the development of indirect laryngoscopy in 1854 by Garcia, a
Spanish singing teacher. Its usefulness in medicine was soon realized by people such as
MacKenzie and Czermak. In 1855 Garcia was invited to London to demonstrate his
visualization of the larynx to the medical profession. Laryngeal biopsy by indirect
laryngoscopy was perfected by MacKenzie (1837-1892) in the 1870s. Before the
discovery of cocaine as anesthetic in the 1880s, ice chips were used to suppress the
patient’s gagging during examination.

The first human laryngectomy was performed by Watson in 1866 for benign
pathology of the larynx.16 The first laryngectomy for laryngeal cancer, reported to the
German Surgical Society in 1874 by Gussenbauer17, was performed by Billroth in
Vienna on a teacher of religion aged 36. The patient had been hoarse for 3 years and
had been treated by cauterization with silver nitrate and liquor ferri injections. The
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patient had a subglottic tumor, mainly located on the left side. As the tumor grew it
caused stridor, which disappeared after partial removal of the tumor bulk. From these
laryngeal tissue samples, the diagnosis epidermoid carcinoma was histologically made.
Cautiously, professor Billroth decided to carry out a laryngofissure on November 21st,
1873. The tumor was excised preserving the right vocal fold. He was precautious
because of the results of a previous study by his assistant Czerny, who in 1870
experimentally laryngectomized five dogs, of which four died. Unfortunately, already
by December laryngoscopy revealed massive tumor recurrence. The larynx was removed
and the superior thyroid arteries ligated. The hyoid bone and the epiglottis were left in
position. The trachea was sutured to the skin. During this procedure the patient
cleared blood from the trachea himself. A postoperative bleeding was dealt with by
compression with sponges. The 8th day after surgery the patient started to eat,
although the pharynx had not been surgically closed. The patient was discharged four
months after surgery and died one year later due to tumor recurrence.18

Many surgeons realized this procedure had great potential. On the other hand, for a
long time after these initial experiments ethical questions have been raised concerning
the functional consequences of the procedure. In 1881 Foulis reported on 27 recorded
cases of total laryngectomy. Half of these patients died of pneumonia and other
infections within the first week after surgery. Another 25% died of tumor recurrence
within ten months.19 In the same year Gluck recommended that in laryngectomized
patients the bottom of the pharynx be completely sewn up, in order to obviate the
greatest hazard of laryngectomy, aspiration pneumonia.20 By the beginning of the 20th

century Gluck reported the mortality of laryngectomy being just 8.5%. This is
extremely low considering the major problems that occurred in those days with
anesthesia, wound infection, and shock.21 For example, in 1906 the mortality rate for
radical neck dissections was still 13%.22

Physical and psychosocial consequences

Total laryngectomy entails total removal of the larynx, including the hyoid bone
superiorly and the uppermost rings of the trachea inferiorly. The remnant of the
severed trachea is brought out at the front of the neck, and is sutured to the skin just
above the sternum. This way a tracheostoma is created, which guarantees an open
airway. The food passage is completely separated from the airway. In Figures 1A and 1B
schematic drawings of the anatomy before and after total laryngectomy are shown.

Vocal function

The most eminent problems of laryngectomized patients are related to the loss of
voice.23 Even when a laryngectomee has regained communicational abilities after
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successful voice and speech rehabilitation, psychological and emotional problems
associated with the substitute voice can remain. The absence of sounds that normally
accompany laughter and crying is exemplar for the notion that the voice as instrument
for emotional expression has been radically altered following laryngectomy. It is
generally acknowledged that rapid and effective voice restoration is critical to the
successful reduction of psychological, social, and economic setbacks due to post-
laryngectomy aphonia.24 The merits and limitations of currently available voice
restoration methods are described later in this chapter.

Swallowing

Although reflux, pharyngeal stenosis, increased flatulence and belching, pharyngeal
pouches, and swallowing dyscoordination have been reported following laryngectomy,
these seem to be of only minor importance in the patient’s nutrition. Social eating is
not considered troublesome by 71% of all laryngectomees, while the remaining patients
experience problems mainly swallowing solid foods, due to a dry mouth, sticky saliva
or denture problems.25, 26

Tracheostoma

The tracheostoma itself is conspicuous. Together with the increased discharge of
mucous secretions, crusting inside the tracheostoma and coughing, it may cause
embarrassment and revulsion for both the laryngectomee and his intimates. Tracheal
phlegm problems are experienced by 91% of all laryngectomees and 85% has to clean

Figure 1: (A) Head and neck region anatomy before laryngectomy, (B) complete separation of airway and digestive tract
after laryngectomy, (C) laryngectomee with a shunt valve situated in a tracheoesophageal fistula

(1) Larynx, (2) pharynx, (3) trachea, (4) esophagus, (5) pharyngoesophageal segment or pseudoglottis, (6) tracheoesophageal
shunt valve
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their stoma more than once per day.26 Because water can easily enter into the
tracheostoma, shaving and bathing habits must be consciously adapted.

Nasal function

The loss of nasal airflow affects the sense of smell and, consequently, the sense of
taste. Damsté reported in 1979 on a method to successfully re-establish nasal airflow
by pumping movements of the floor of the mouth and the base of the tongue.27

Rehabilitation of the sense of smell is possible in a considerable percentage of patients
using this “polite yawning” method.28 The ability of blowing the nose is also impaired.
Some laryngectomees with tracheoesophageal shunts can employ these shunts to
effectively blow their nose.

Lung function

The filtering, warming, and moisturizing functions of the nose in respiration are
bypassed after laryngectomy. Moreover, a patent tracheostoma aerodynamically reduces
airflow resistance during inspiration and expiration, which may have a negative effect
on peripheral lung ventilation (alveolar collapse) by shifting of the equal-pressure-
point.29 The use of a heat and moisture exchanger has shown to improve pulmonary
function, voice quality, and psychosocial functioning of laryngectomized patients.30

Psychosocial consequences

The psychosocial consequences of laryngectomy are often underestimated. In the
period before treatment, feelings of fear, anxiety, depression, and uncertainty about
future events prevail. A great number of patients also report these feelings a long time
after treatment took place. Quite a few patients are bothered by feelings of uselessness,
shame, irritability, fear of relapse, inferiority or even suicidal thoughts.23 Tensions in
relationships with partners and the families are also experienced by a number of
patients.31, 32 Between 8% and 33% of the laryngectomees reported that sexual
intercourse decreased or was terminated as a consequence of the treatment. Many
patients do not participate in social life anymore. Social problems are especially related
to re-employment or financial affairs: 50% of the patients mention a worsening of
their financial state and 59% retires due to the illness.33 Social support has a positive
effect on almost all of the rehabilitation outcomes listed above.23 It is generally
recommended to include the help of other caregivers in the rehabilitation program
besides the surgeon, nurse, and speech therapist. Social workers, fellow
laryngectomees, laryngectomee clubs, and sometimes psychologists can offer this
additional help.
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Voice restoration after total laryngectomy

Laryngectomees are deprived of both the vibrating sound source (vocal folds) and the
energy supply for voice production (pulmonary airflow). Available substitute voice
sources are:
• Mechanical sound sources driven by pneumatic power: pneumolarynges.
• Mechanical sound sources driven by electric power: electrolarynges.
• The pharyngoesophageal (PE) segment, a normal anatomical structure in the upper

digestive tract just below the vocal tract (Figure 1). Depending on the employed air
supply, this pseudoglottis is the sound source for both esophageal voice and
tracheoesophageal (TE) voice.

From early pioneering events – description of the physiological principle of esophageal
phonation by Reynaud in 1841; the earliest published design for an artificial larynx by
Czermak in 1859; and Billroth’s accomplishment of the first laryngectomy in 1873 –
stems a colorful history of laryngeal substitutes. The historical development of these
substitute voice sources has been described well by Lebrun34, Blom35, and Mahieu36.
Prosthetic methods of alaryngeal voice restoration have been categorized according to
either the nature of the energy supply (electric versus pneumatic), the nature of the
sound source (metal reed, plastic membrane, or human tissue), the location of the
sound source (internal versus external) or the anatomical point at which the sound
source is introduced into the human vocal tract (oral, nasal, pharyngeal, or
esophageal). In this chapter the methods of voice restoration after total laryngectomy
are categorized by a combination of these systems. This review does not pretend to be
all-encompassing, but rather offers an overview of the milestones in alaryngeal voice
restoration.

Figure 2: Gussenbauer’s pneumatic mechanical voice source: (a) tracheal cannula, (b) exterior end of the pharyngeal
cannula, (c) silver reed case, (e) opening in the pharyngeal cannula, (f) metal reed, (g) free end of reed, (h) artificial
epiglottis on the pharyngeal cannula’s interior end, (i) spring operating the artificial epiglottis, (k) respirator
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Pneumolarynges

The design of the first pneumatic mechanical voice source is credited to Czermak37,
who created a device for external use by a tracheotomized girl suffering from complete
laryngeal stenosis. This prosthesis consisted of a small flexible metal reed housed in a
tube leading from the tracheostoma to the mouth. Sound could be produced when the
reed was activated by expiratory airflow.

For Billroth’s first laryngectomy patient, Leiter made in 1873 a pneumatic mechanical
voice source based on the metal reed principle, which could be inserted in the meatus
connecting the pharynx and the tracheostoma.34 Billroth’s assistant Gussenbauer
improved this prosthesis by providing it with a sieve to filter the inhaled air and
making it more easily removable (Figure 2). This internal mechanical voice source was
further modified by Foulis38, Bruns39, and Wolff 40, who experimented with: a one-way
respiratory valve to obviate the need for manual occlusion of the tracheal cannula
during speech, a tunable rubber reed to generate a more natural voice, and a flexible
pharyngeal cannula rather than a rigid cannula.

Gluck’s modification of the surgical technique of laryngectomy in 1881 – closure of
the pharyngostoma in order to decrease the risk of aspiration pneumonia – ruled out
internal reed mechanisms.20 After all, the trachea was completely severed from the
pharynx in these patients. Accordingly, a pneumatic mechanical voice source was
devised by Störk in 1877, following Czermak’s lead.41 It was based on a similar yet

Figure 3: Hochenegg’s pneumatic mechanical voice source
powered by a pair of bellows under the armpit of the patient:
(Pf) reed box
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external metal reed connected by an external tube with the patient’s tracheal cannula
and the sound conveyed into the mouth by another external tube. Between 1892 and
1918 this external pneumatic mechanical voice source was further refined by
Hochenegg41, Gluck42, 43, Gottstein44, Tapia45, Onodi and Stockman.46 Respectively,
their modifications consisted of a pair of bellows for a patient that was unable to
exhale with sufficient strength (Figure 3), a reed concealed in the patient’s nose or
upper denture, an inflatable cuff for the tracheal cannula, a reed connected to the
tracheal cannula by way of a side butt to make non-phonatory breathing easier, and a
battery-powered compressor as air supply for the reed. In the 1920s MacKenty
together with two scientists of the Western Electric Company, Fletcher and Lane,
developed an external pneumatic mechanical voice source that was soon superseded by
the Western Electric No° 2 type larynx.47 It comprised a soft-rubber tracheal pad to
strap over the tracheostoma, a flexible tube, a slightly curved bronze reed in a silver
cylinder, and a mouthpiece attachable to this reed box (Figure 4). It was successfully
marketed from 1930 to 1959 by the Western Electric Company and the Bell
Telephone Laboratories: 5500 No° 2 type larynges were sold. In the 1970s several
external pneumatic mechanical voice sources were marketed again: the Tokyo48, the
Osaka, the Van Humen DSP8 (Figure 5), the Neher 5000, and the LaBarge
VoiceBak.49 In most of these closely resembling prostheses the vibrating air was
directed into the mouth or, in a few cases through the nose into the pharynx.

Likewise, a third type of pneumatic mechanical voice source was developed, in which
the sound was introduced through a surgically created pharyngocutaneous fistula.
Anderson-Stuart was the first to design an appliance of that kind in 1879, using a
metal reed taken from a mouth-organ.50 Several authors elaborated upon his concept:
Taptas51, Brown52, Shedd53, and Taub.49 Their methods had in common that expiratory

Figure 4: The Western Electric No° 2 type larynx
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air was reintroduced into the vocal tract by a tube from the tracheostoma via an
external pneumatic mechanical voice source through a fistula in the neck. The point of
reentry into the vocal tract was either the upper esophagus, or the pharynx just below
the hyoid bone.

Nowadays external pneumolarynges are no longer used because they have many
disadvantages: They were large and conspicuous, requiring frequent cleaning. The
creation of a pharyngocutaneous fistula may endanger major arteries and nerves,
especially after irradiation or neck dissection. The connection of these devices to the
tracheostoma or the pharyngocutaneous fistula was difficult, often leading to leakage
of food and saliva. The resulting voice sounded monotonous and mechanical. In the
1980s pneumolarynges were surpassed by tracheoesophageal puncture methods that
achieved effective vocal communication more easily.

Figure 6: Cooper’s patented electrolarynx

Figure 5: The DSP 8 artificial larynx manufactured by the Dutch Technisch Bureau Memacon
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Electrolarynges

Electrolarynges generate vibrations by means of an electromagnetic mechanism similar
to that of a loudspeaker. The first electrolarynx was devised by Gluck in 1910 and
comprised an Edison type portable phonograph connected with a telephone receiver in
the patient’s nose or mouth.43 On the cylinder of the phonograph a vowel produced by
a singer had been recorded. The electric current from the phonograph was converted by
the telephone receiver to sound, which was propagated in the buccal cavity air. There
the representation of the singer’s voice was given the timbre belonging to the patient’s
vocal tract. For demonstration purposes, Gluck not only used a recorded vowel, but
also a phonograph containing a Waltz.

Another idea from Gluck was finally engineered in late 1950s by Cooper54 and Tait55:
a miniature oscillator and battery included in the artificial palate of an upper denture
delivering vibrations to the buccal air (Figure 6). In the following years several
improved adaptations of this electric mechanical voice source were created, including a
gender-specific pitch and a fine control of frequency over a limited range for
intonation. Nevertheless, the sound had a strange mechanical quality, not at all
comparable to natural voice.

Figure 7: The Cooper-Rand Electronic Speech Aid consisting
of a hand-held tone generator with mouth tube and a pulse
generator included in the battery case
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Voice can also be generated by means of an electromagnetic diaphragm exterior of the
oral cavity, but connected to it by an air column. This concept from Firestone56 was
embodied in the Electronic Speech Aid manufactured by the Cooper-Rand
Corporation (Figure 7). Ticchioni concealed the electromagnetic vibrator and a small
rechargeable battery in a tobacco pipe bowl and used the pipe stem as air duct. The
pipe was even provided with a frequency control and volume control (Figure 8).

Sound waves can be propagated through the palate, though an air column, but also
through the cervical tissues by holding a vibrator against the skin of the neck. The
vibrations are transmitted through the neck into the air within the vocal tract, where
the sound waves are shaped by the articulatory organs of the speaker into speech. This
principle, called Sonovox, was used in the 1940s in animated cartoon films for the
articulation of words in the tone of railway whistles, circular saws, et cetera. Its
inventor, Wight, also developed a version suitable for laryngectomees. This
electrolarynx evolved though the years becoming light-weight, pitch adjustable devices,
using motion sensitive controls. The Servox Inton (Figure 9) is an example of a well-
known current type of electrolarynx; other types are Optivox and Truetone.

The voice produced by electrolarynges still sounds mechanical, robotlike, and
monotonous, although the use of an intonation button makes it less monotonous.57

Figure 8: Ticchioni’s pipe
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Scar tissue and radiation induced fibrosis may hamper the transmission of the sound
waves through the neck into the vocal tract. On the other hand, basic electrolarynx
speech is quickly learned, produces a loud voice, and does not interfere with mastering
other forms of alaryngeal speech. In the Netherlands, electrolarynges are nowadays
only used in case of failure of tracheoesophageal or esophageal voice.

Esophageal voice

Already at the end of the 19th century it was reported that the sound accompanying
belching could be used as a substitute voice for laryngectomees.58, 44 Just as in other
methods of substitute voice production, the sound source and the energy supply are
essential. The vibrating pharyngoesophageal (PE) segment, also called neoglottis or
pseudoglottis, is generally considered the actual sound source for esophageal voice
(Figure 1B). The anatomical location of the pseudoglottis, its shape and composition,
and the activity of the PE segment in esophageal phonation have been the subject of
many reports from the 1950s until the 1980s.59, 60 An extensive overview of these
electroglottographic, radiographic, ultrasonic imaging, (cine)fluoroscopic,
electromygraphic, and stroboscopic investigations is given by Mahieu.36 The
anatomical and functional situation of the PE segment determines to a great extent
whether or not the laryngectomee will learn to use esophageal voice, and what the
quality of that substitute voice will be. However, the shape of the PE segment proved
to be of little influence on the quality of the substitute voice.

Figure 9: The Servox Inton electrolarynx
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In esophageal voice, the patient first transports a relatively small amount of air (80 cc)
from the mouth into the upper esophagus, thus creating the energy supply.61 When the
air is forced back to the mouth, the passage of air through the PE segment sets the
closely approximated mucosal surfaces of this structure into vibration. This sound is
modulated into speech by the vocal tract of the patient. To fill the esophageal air
reservoir three different methods can be distinguished:
• The swallowing method 44 of filling the esophagus with air by swallowing actions

has many disadvantages: The air intake takes too long, is conspicuous, is required
every 6 to 10 syllables, and cannot be repeated as frequently as required for
serviceable speech.62

• The inhalation method 63 entails the creation of an instantaneous negative thoracic
pressure by quick inhalation through the stoma. This negative thoracic pressure
sucks the air from the vocal tract into the esophagus.61 Acceptable esophageal voice
can be achieved by this method.

• The injection method 64 of using the tongue to compress the oropharyngeal air into
the esophagus during the pronunciation of certain consonants requires less energy
and interrupts the speech less noticeable than the other methods.

Advantages of esophageal voice are the low costs, because it does not require expensive
devices or prostheses. It offers hands-free speech and sounds more natural than
electrolarynges. The main disadvantage is the low success rate of acquiring useful voice
production, ranging from 14% 65 to 76% 66 with an average estimate of approximately
one-third.36 Furthermore, it results in a harsh voice of low intensity and pitch (60-80
Hz) that is adequate for communication in quiet settings. The low coarse tones of
esophageal voice tend to be unattractive and embarrassing to many female
laryngectomees especially.67

Tracheoesophageal (TE) voice

Tracheoesophageal voice methods use the same sound source as esophageal voice. The
air reservoir under the PE segment, however, is filled with air that is shunted from the
respiratory tract rather than transported from the mouth. When occluding the
tracheostoma on exhalation, air will be forced through the shunt into the air reservoir
in the upper esophagus. This method of air intake has several advantages over the three
methods described in the previous paragraph:
• It closely resembles the physiological air supply in laryngeal voice, making TE voice

methods easy to learn.
• The amount of air available for voice production is equal to that for laryngeal

phonation. This enables a longer sustained phonation and consequently more fluent
speech, because less interruption is required to fill the esophageal air reservoir.
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Surgical shunt methods

The development of surgical procedures to create a shunt between airway and vocal
tract was initiated as a result of a report presented by Beck in 1927 concerning a
patient that intensely disliked his MacKenty external pneumatic mechanical voice
source.68 After careful consideration, this laryngectomee had passed a red hot ice pick
through the opening of his trachea in the neck upward and backward until it had
reached his hypopharynx. By repeating this heroic procedure twice, he had created a
permanent tracheohypopharyngeal fistula through which he was able to force a blast of
air allowing speech by placing his thump on the tracheal orifice. Guttman’s attempts
to reproduce this result under surgical control failed, because all created fistulas
eventually closed spontaneously. His work was forgotten until the late 1950s, when
Conley and Asai, successfully developed surgical techniques to create
tracheohypopharyngeal or tracheoesophageal shunts.

Conley in 1959 described a tracheoesophageal shunt surgically constructed using an
autogenous vein graft as a shunt towards the upper esophagus.69 Asai described a three-
staged tracheohypopharyngeal shunt procedure using a skin-lined tube.70 These shunt
creation methods have been widely adopted and modified in the 1960s and 1970s.71

Staffieri formed what he called a neoglottis phonatoria.72 During laryngectomy, he draped
the anterior pharyngeal wall over the end of the cut trachea and made a slit in the
draped part. Amatsu used a technique for which he constructed a tracheoesophageal
shunt using the membranous part of the trachea and if needed the subperichondrial
plane of the tracheal cartilage to make the shunt’s inner lining.73

As a rule the shunts entering the vocal tract at a pharyngeal level provided a breathier
and higher pitched voice than tracheoesophageal shunt voices.74 Two key complications
that all shunt procedures share are:71

• Leakage of food or saliva from the esophagus into the trachea due to incontinence
of the surgical fistula, resulting in aspiration.

• Stenosis and even spontaneous closure of the shunt making voice production
impossible.

Although most authors tried to overcome these problems by revising their surgical
techniques, some directed their efforts towards the development of prosthetic valve
mechanisms to be introduced in the shunt (Figure 1C).

Tracheoesophageal puncture with silicone rubber shunt valve

Mozolewski is credited with the development of the first internal TE shunt valve in
1972 that was only used in the Szczecin Hospital in Poland.75 After the introduction
of a silicone rubber shunt valve in 1979 by Blom and Singer76, TE puncture
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incorporating a silicone rubber valve prosthesis evolved worldwide as an established
technique for post-laryngectomy voice restoration. Their original voice prosthesis was
a hand crafted piece of tubing with a slit in the round esophageal end working as a one
way valve. It allowed air to pass towards the esophagus to enable voicing and kept
esophageal content out of the airway. This type of valve was descriptively termed a
duckbill. The commercially available derivative of the hand grafted duckbill device was
modified in the second half of the eighties by replacing the slit valve for a hinged
trapdoor valve, which required less tracheal pressure (Figure 10). All early Blom-Singer
shunt valves were taped with adhesive to the peristomal skin and were inserted into the
shunt through the tracheostoma (anterograde or frontloading insertion). Long-term
successful speech acquisition was achieved in 83% of the patients 77, a result no other
voice rehabilitation method had achieved before. These exceptional results have been
reproduced by many authors over the years. Daily maintenance of the shunt valve
required its extraction from the fistula, cleansing of the valve, and subsequent
reinsertion by the laryngectomee himself, relatively easily leading to complications:
aspiration, creation of a false route, shunt stenosis, and prosthesis extrusion.78

The method described by Blom and Singer to create a TE shunt was a secondary
puncture procedure, performed after the laryngectomy under general anesthesia.76

Others have described a primary puncture procedure 79, 80 that was equally safe and
effective81, which is nowadays the method of choice for most patients. Both procedures
are associated with extremely rare, but severe complications: esophageal perforation,
cervical osteomyelitis, cellulitis, and death due to aspiration of esophageal contents82.
All authors agree that the easily achieved effective vocal communication outweighs the
involved risks.

Figure 10: The Blom-Singer duckbill valve prosthesis (left) and low pressure valve prosthesis (right)
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Shortly after the first reports by Blom and Singer an array of analogous valve
prostheses was developed, such as the Panje voice button83, the Herrmann prosthesis84,
the Henley Cohn prosthesis85, the Groningen button80, the Staffieri prosthesis86, the
Traissac voice prosthesis87, and the Algaba voice prosthesis88. The term “voice
prostheses” is widely used in the literature for describing shunt valves, although these
valves do not actually produce sound. Panje’s voice button83 was quite similar to the
Blom-Singer duckbill valve prosthesis, but had an additional esophageal flange that
helped the voice prosthesis to stay in the TE shunt, a concept refined with the
Groningen prosthesis80. This fixation method is currently known as indwelling or self-
retaining. Indwelling prostheses are not intended for removal and replacement by the
patient. This makes indwelling prostheses relatively “carefree” as long as they function.
When leakage through the device occurs, the patient needs to visit a clinician for
replacement. Average device lifetime ranges from 13.0 weeks for the Provox to 15.8
weeks for the Groningen button.89 It is assumed that biofilm formation on the
esophageal side of TE shunt valves is the main cause of leakage and increased airflow
resistance, interfering with proper opening and closure of the one-way valve.90, 91

Indwelling prostheses are commonly used in the Netherlands, but in other countries
such as the United States their use is not as widely accepted. Non-indwelling
prostheses on the other hand, are more easily inserted into the TE shunt and can be
relatively safely removed for cleaning or replacement by patients themselves. After
training to assure safe handling, this makes the patient more independent from his or
her clinician.

More recent upgrades of the aforementioned shunt valves aim at the following
characteristics: reliable and safe use, long device lifetime, frontloading insertion
technique, indwelling fixation, and low resistance to airflow. Examples of this
generation shunt valves are (Figures 11 and 12): the Provox 92, the Groningen low-

Figure 11: The Groningen ultra-low-resistance voice prosthesis with the valve visible on the left: a semicircular slit in the hat
of the esophageal flange
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resistance voice prosthesis93, the Provox 294, the Groningen ultra-low-resistance voice
prosthesis95, the Provox ActiValve96, and the Blom-Singer Advantage indwelling voice
prosthesis. According to a review by Van As, numerous studies comparing esophageal
speech and TE shunt speech show that TE shunt speech is better in most respects,
such as intelligibility, perceptual evaluation of voice quality aspects, easiness of
postoperative voice acquisition, communicative effectiveness, speech rate, and acoustic
measures97. Conversely, disadvantages of TE shunt speech are: the daily maintenance of
the prosthesis by the patient, the recurrent leakage of the prosthesis after a period of
time requiring replacement by the clinician, the costs, and for most patients – those
who have not mastered the use of automatic tracheostoma valves – the necessity of a
hand to occlude the tracheostoma.

Figure 12: The Provox series: Provox (top),
Provox 2 (middle), Provox ActiValve (bottom)
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TE voice failure

Removal of the larynx results in the anterior dissection of the pharyngeal musculature
and mucosa. The resulting defect in the anterior pharyngeal wall is closed meticulously
at the base of the tongue and in the midline to prevent fistula formation. The
diameter, tonus, and remaining function of this pharyngoesophageal (PE) segment
determine the postoperative potential for voice rehabilitation by means of
(tracheo)esophageal voice. Hypertonicity and spasm of the PE segment are considered
to be the major reasons for voice failure after total laryngectomy.98 To preclude this and
to achieve postoperative normotonicity, several successful techniques to loosen the
tonicity of the hypopharyngeal wall have been described:
• Primary or secondary unilateral myotomy of the cricopharyngeus and the inferior

pharyngeal constrictor after regular closure of the defect in the anterior pharyngeal
wall.98

• Peroperative unilateral neurectomy of the pharyngeal nerve plexus after regular
closure.99

• Non-closure of the pharyngeal constrictor muscle layer.100

• Secondary Botulinum toxin injections paralyzing the PE segment under
electromyographic guidance.101

On the other hand, an atonic or severely hypotonic PE segment also has a negative
effect on voice production. The resulting TE-shunt voice is weak and breathy, or
merely a coarse whisper.102, 103 Applying manual pressure on the neck during phonation
overcomes this problem for some patients, though this is not an elegant solution,
requiring quite some dexterity. The lack of PE segment tonicity may result from the
loosening procedures described above when performed too rigorously.104, from
postoperative radiotherapy, or from a more extended resection at the time of
laryngectomy. For instance, in total laryngopharyngectomy and in total
laryngopharyngoesophagectomy the sphincteric structures that regularly form the PE
segment are removed as well, bearing negatively on TE voice quality.105 These defects
require pedicled myocutaneous flap reconstructions, a gastric pull-up, or free
revascularized flap reconstructions. For this group of laryngectomees no tightening
procedure has been described.

Male TE shunt speakers are regarded as having significantly better, more acceptable,
and more pleasant voices than women.106 Female laryngectomees in particular, often
have severe problems accepting their low-pitched alaryngeal voice.107 This may be
partly due to the unnaturally low pitch of regular TE shunt voices, which for women
deviates more than for men from the mean speaking fundamental frequency (f0) of
their preoperative laryngeal voices. The mean speaking f0 of laryngeal female voices is
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211 Hz108, which decreases after laryngectomy and current voice rehabilitation to an
unnaturally low mean f0 of 108 Hz109. This may give rise to the perception of
masculinization of female (tracheo)esophageal speakers.110, 111

Aim of the study

In order to improve voice quality of laryngectomees with a severely hypotonic PE
segment and female laryngectomees, Herrmann suggested in 1996 a small pneumatic
mechanic sound source to be incorporated in a regular silicone rubber TE shunt
valve.112 The general aim of the current thesis is to design, construct, test, and
implement such a sound-producing voice prosthesis (SPVP). The first endeavor to
create a pneumolarynx by means of a TE shunt valve containing an inward-striking
metal reed led to an unnatural monotonous voice.113 To overcome this shortcoming, we
devised a different pneumatic mechanic sound source in cooperation with the
Department of Biomedical Engineering at the University of Groningen.114 The
following requirements for the SPVP were defined:
• The geometry of the sound-producing mechanism is imposed by the dimensions of

the TE fistula (approximately 5 x 5 x 10 mm).
• The required intratracheal pressure range and phonatory volume flow range should

approximate the physiological characteristics of laryngeal voice (pressure: 0.2 – 1.5
kPa; flow: 0.05 – 0.35 l/s) 115, 116 at least as closely as regular TE shunt voice does
(pressure: 4.2 – 10.9 kPa; flow: 0.05 – 0.30 l/s).104, 117

• Within these aerodynamic limits the sound pressure level of the voice has to be
sufficient for conversational voice (>70dB) and the speaking f0 should approximate
the mean speaking f0 of laryngeal voice (men: 124 Hz; women: 211 Hz).108

• Laryngectomees must be able to regulate pitch and sound intensity of this
prosthetic voice momentarily to allow for natural prosody. The average melodic
range of laryngeal voice is 37.9 semitones (595 Hz) for men and 37.0 semitones
(982 Hz) for women.118 Normal intonation in running speech, however, does not
require the entire melodic range (men: 5.8 semitones; women: 5.4 semitones).108

• In the course of this thesis additional requirements were defined concerning
intelligibility and voice quality.

Several sound-producing principles were taken into consideration for this pneumatic
mechanic sound source: an air-reed, a siren, an inward-striking reed, and a lip reed. For
reasons explained in Chapter 2 of this book an outward-striking lip reed 119 was
selected, which resembles the cyclic opening and closing of the gap between the lips of
a musician playing a brass instrument.120
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In an attempt to determine the optimum configuration of the pneumatic mechanic
sound source, De Vries et al. developed a numerical model.121 In this model, the finite
element method is used to describe the geometry and mechanical properties of the
floppy lip reed in the prosthesis. The airflow through the voice source is described by
two-dimensional Navier-Stokes equations. The interaction between the floppy lip and
the airflow is modeled by placing both in a collective grid. This model, however, is just
two-dimensional, thus not allowing for possible torsion of the floppy lip and leakage
of air along the side of the lip. Moreover, the simulated lip oscillations lack a closed
phase (i.e., contact between the lip and the opposite wall). These limitations cause
significant differences between the simulated and measured aero-acoustic
characteristics of the pneumatic mechanic sound source, reducing the model’s efficacy
as design tool.

The specific aims of the studies presented in this thesis are:
• To test the feasibility of a small pneumatic mechanic sound source incorporated in a

regular silicone rubber TE shunt valve for alaryngeal voice production in vivo.
• To determine the optimum configuration of a sound source based on an outward-

striking lip reed. This approach entails the in vitro and in vivo results of each
prototype to provide directions for the development of the next generation.

• Consequently, a flexible computer aided design and manufacturing method has to
be set up to make reproducible generations of prototypes out of medical grade
silicone rubber by liquid injection molding.

• To establish in vitro the most promising sound source configuration for clinical use
by aero-acoustic measurements and detailed high-speed photographic sequences.

• To develop a PC-based high-speed digital data acquisition system for simultaneous
aero-acoustic registrations of relevant alaryngeal voice parameters.

• To verify whether a communicative suitability rating instrument can be used in a
meaningful way to assess a patient’s voice functionality, irrespective of a deviation
from an ideal standard for voice quality, vocal function, and even vocal performance.

• To assess the usefulness of a SPVP in vivo: Does it result in unacceptable airflow
resistance? Is it able to increase the average pitch of voice in female laryngectomees?
Is vocal strength improved for laryngectomees with a severely hypotonic PE
segment? Is pitch regulation of this prosthetic voice possible with sufficient
modulation to avoid monotony? How are voice quality, communicative suitability,
and intelligibility affected? Is it vulnerable to tracheal phlegm?

• To determine for which group of laryngectomees SPVP’s might be beneficial, in
particular with respect to the patient’s PE segment tonicity and their gender.
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Outline of this thesis

In Chapter 2 the initial results are presented of four different pneumatic sound sources
placed in a regular TE shunt valve in vitro and in two female laryngectomees. The
sound sources consisted of either one or two bent silicone rubber lips, fitted in small
tubular perspex containers. Lip length was varied. The feasibility and characteristics of
this new mechanism of alaryngeal voice production are discussed. This pilot study
provided us with directions for the development of the SPVP described in Chapter 3.

Chapter 3 reports on our results with a single-lipped pneumatic sound source placed
in a regular shunt valve in vitro and in a group of six laryngectomized patients. The
comparatively long bent silicone rubber lip was fitted in a small rectangular metal
container. In vivo evaluation included perceptual voice evaluation by an expert listener,
speech intelligibility measurements with 12 listeners, and a self-assessment by the
patients. Moreover, acoustical and aerodynamic in vivo registrations were performed
using a newly developed high-speed digital data acquisition system. The limitations of
the SPVP revealed by this study compelled us to investigate several aspects of lip reed
behavior in more detail in vitro as reported in Chapter 4.

In Chapter 4, aero-acoustic measurement data and detailed high-speed digital image
sequences of silicone rubber lip reed behavior are presented for ten lip configurations
in vitro. In preparation for this study, we explored the aero-acoustic characteristics of a
wider range of lip configurations, manufactured by a more reproducible, adaptable, and
accurate method than the lips implemented in Chapters 2 and 3. The high-speed
visualizations provide a more explicit understanding and reveal details of lip reed
behavior, such as the onset of vibration, beating of the lip against the walls of its
housing, and chaotic behavior at high volume flow. The aero-acoustic measurement
data allow us to appreciate the effect of lip configuration on the effort in terms of
expiratory airflow and tracheal pressure, required from patients to attain specific vocal
performance (i.e., intensity and f0) and voice quality parameters (i.e., harmonics-to-
noise ratios). These experimental data were used as quantitative classification criteria
to establish the most promising lip configurations for the clinical study reported on in
Chapter 6.

In Chapter 5 the development of a new rating instrument to assess the communicative
suitability of pathological voices is described. The speaking situation-dependent
adequacy of voice as judged by a panel of listeners might be a usable means to
differentiate overall improvement or deterioration after any voice-related intervention.
Seventeen naïve listeners judged the suitability of voice of a patient group with T1
glottic carcinoma (n=20) just before treatment, a group of patients (n=40) after
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radiotherapy, and a matched control group (n=20) of normal speakers. For a new
rating instrument to be readily used, it must first of all be proved that ratings are
reliable. Furthermore, it is required that the instrument differentiates normal voices
from pathological voices and low demanding situations from more demanding
situations. Finally, in order to validate scores on communicative suitability, ratings will
be related to perceptual voice quality evaluations by naive raters and video-laryngo-
stroboscopic evaluations of the vocal folds. The new rating instrument was put into
practice in the clinical study discussed in Chapter 6.

In Chapter 6 the usefulness of the resulting prototype SPVP in a group of 20
laryngectomized patients is discussed. The sound source consisted of a single tapered
injection-molded silicone rubber lip, fitted in a small stainless steel container. The
objective of this study was to determine for which group of laryngectomees a SPVP
might be beneficial, in particular with respect to the patient’s PE segment tonicity and
their gender. The applied test sequence closely resembled the tests used in Chapter 3
with the addition of the communicative suitability rating instrument introduced in
Chapter 5.

A remarkable observation in Chapter 6 was that for 12 out of 20 patients (60%) the
test sequence had to be interrupted at least once because of tracheal phlegm impeding
the vibrating silicone rubber lip of the SPVP. In Chapter 7 several aspects of the
functioning of a prototype SPVP are described in a female laryngectomee before and
after its sound-producing mechanism was impeded by tracheal phlegm. This includes
perceptual voice evaluation by an expert listener, inspection of the malfunctioning
SPVP, and aero-acoustical registrations using the PC-based data acquisition system
introduced in Chapter 3.

Chapter 8 contains a summary and the conclusions of this thesis. The thesis is
concluded with a summary in Dutch.
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Abstract

Objective: In order to improve voice quality in female laryngectomees and/or
laryngectomees with a hypotonic pharyngoesophageal segment, a sound-producing
voice prosthesis was designed.

Materials and methods: The new source of voice consists of either one or two bent
silicone lips, which perform an oscillatory movement driven by the expired pulmonary
air that flows along the outward-striking lips through the tracheoesophageal shunt
valve. Four different prototypes of this pneumatic sound source were evaluated in vitro
and in two female laryngectomees, testing the feasibility and characteristics of this new
mechanism for alternative alaryngeal voice production. In vivo evaluation included
acoustic analyses of both sustained vowels and read-aloud prose, videofluoroscopy,
speech rate, and registration of tracheal phonatory pressure and vocal intensity.

Results: The mechanism proved feasible and did not result in unacceptable airflow
resistance. The average pitch of voice increased and clarity improved in female
laryngectomees. Pitch regulation of this prosthetic voice is possible with sufficient
modulation to avoid monotony. The quality of voice attained through the sound-
producing voice prostheses depends on a patient’s ability to let pulmonary air easily
flow through the pharyngoesophageal segment without evoking the low-frequency
mucosal vibrations that form the regular tracheoesophageal shunt voice.

Conclusions: These initial experimental and clinical results provide directions for the
future development of sound-producing voice prostheses. A single relatively long lip in
a container with a rectangular lumen that hardly protrudes from the voice prosthesis
may have the most promising characteristics.
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Introduction

Total laryngectomy as surgical treatment for locally advanced laryngeal cancer
interferes with all functions of the larynx, i.e., phonation, respiration and deglutition.
Most problems of laryngectomized patients are related to the loss of voice: not being
understood, not being able to make oneself heard in noisy rooms because of lack of
volume, feeling embarrassed by their substitute voice, and feeling inhibited in
expressing emotions such as anger or joy.1 Accordingly, rapid and effective voice
restoration is critical to the successful prevention of psychological, social, and
economic setbacks resulting from post-laryngectomy aphonia.2 Numerous attempts to
obtain or improve post-laryngectomy voice by creating an artificial source of voice
production have been made.

The design of the first air-powered artificial voice source is credited to Czermak, who
in 1859 created a device for external use by a tracheotomized girl suffering from
complete laryngeal stenosis.3 For Billroth’s first laryngectomy patient, Leiter made in
1873 a pneumatic artificial voice source, based on the metal reed principle that could
be inserted in the meatus connecting the pharynx and the tracheostoma.4 This
prosthesis was further improved by others5-8, who provided it with a sieve against
saliva, a tuneable rubber reed and a respiratory valve. In 1881, however, Gluck modified
the surgical technique of laryngectomy in order to decrease the risk of aspiration
pneumonia by closure of the pharyngostoma.9 Patients in whom the trachea had thus
been completely severed from the pharynx could not use internal reed mechanisms.
Accordingly, a pneumatic artificial voice source was implemented, introduced by Störk
in 1877 and based on a similar yet external metal reed with the sound conveyed into
the mouth by an external tube.10 Between 1892 and 1914 this external voice source
was further refined by Hochenegg, Gottstein, Gluck, Martin, Tapia, Onodi and
Stockman.4, 11 From 1930 to 1959 Western Electric successfully marketed their No. 2
Type reed-based artificial larynx12, before it was replaced by “electronic artificial
larynges”. In the 1970s several external pneumatic devices were marketed again: the
Tokyo13, the Osaka, the Van Humen DSP8, the Neher 5000 and the LaBarge
VoiceBak.14 From some of these prostheses the puffs of air were blown into the mouth
or through the nose into the pharynx, whereas other reed devices required a surgically
created pharyngocutaneous fistula15. Esophageal injection speech and electrolarynx
devices however formed the standard approaches to alaryngeal voice rehabilitation until
tracheoesophageal (TE) puncture incorporating a silicone shunt valve prosthesis
evolved worldwide as an established technique for post-laryngectomy voice
restoration.16 The advantages of this method over esophageal injection speech are
louder phonation, usually quick and trouble-free voice acquisition, a higher speech rate
and more sustained phrasing, resulting from a larger available air reservoir.17, 18
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The term “voice prosthesis” is widely used in the literature for describing the shunt
valve, although these valves do not actually produce sound. In both esophageal
injection voice and TE shunt voice, the passage of air through the pharyngoesophageal
(PE) segment sets the closely approximated mucosal surfaces of this structure into
vibration, producing a low-pitched sound, which can be used as substitute voice. If
however the tonicity of the PE segment is too low to attain sufficient mucosal
apposition, the resulting voice will be weak and breathy, or merely a coarse whisper.19, 20

Female laryngectomees, in particular, often have severe problems accepting their low-
pitched alaryngeal voice. The mean fundamental frequency of laryngeal female voice
ranges from 180 to 240 Hz, which decreases after laryngectomy and current voice
rehabilitation to an unnaturally low pitch of 60-120 Hz.

In order to improve voice quality of these two groups of laryngectomees (hypotonic
PE segment and/or female), a small pneumatic sound source to be incorporated in a
regular TE shunt valve was designed by the Department of Biomedical Engineering of
the University of Groningen.21 We tested several different prototypes. This report
describes our initial results with four new silicone-lipped vibrating elements placed in
a Groningen ultra-low-resistance TE shunt valve in vitro and in two female
laryngectomees, testing the feasibility and characteristics of this new mechanism for
alaryngeal voice production.

Materials and methods

Sound-producing voice prostheses (SPVPs)

To obtain a periodically changing flow resulting in air pressure variations, several
sound-producing principles were considered for the new voice source.21 The major
disadvantage of the air-reed principle (e.g. flutes) is the dependency of the
fundamental frequency on vocal tract configuration. The principle of the siren was

Figure 1: Prototype of a sound-producing module in a
Groningen ULR 7 shunt valve, together forming SPVP-1S
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rejected because its rotating part would probably be too sensitive to tracheal secretions.
The inward-striking reed principle (e.g. woodwind reeds) lacks the ability to vary
fundamental frequency.15, 22 We selected the lip principle, or outward-striking reed
principle, which resembles the periodical opening and closing of the gap between the
lips of a musician playing a brass instrument.23 The new source of voice consists of
either one or two silicone lips, which perform an oscillatory movement, driven by the
expired pulmonary air that flows along the outward-striking lips through the
tracheoesophageal shunt valve. The straight lips are bent against each other, or against
the opposing wall in the case of a single lip, to obtain the load force necessary for
proper functioning. To allow easy placement and removal of the sound sources for
speech evaluation purposes in our experimental setting, the bent silicone lips were
fitted in small Perspex containers that can be inserted in a patient’s Groningen shunt
valve (Figure 1). Thus we were able to test several sound-producing voice prostheses
(SPVPs) without the burden of replacing the entire shunt valve. After frequency,
timbre and sound intensity have been optimized using these replaceable sound-
producing modules, the intention is to integrate the bent silicone lip in the design of a
regular shunt valve such as the Groningen ultra-low-resistance (Gr.ULR) shunt valve.
For the current study, two almost identical twin-lipped sound-producing modules
(SPVP-2L and 2S) and two single-lipped sound-producing modules were used, a short
one (SPVP-1S) and a longer one (SPVP-1L) as shown in Figure 2. The lips in SPVP-
2L (10.5 mm) were longer than those in SPVP-2S (6.5 mm), whereas their Perspex
containers were identical.

In vitro measurements

In vitro measurements were performed with the experimental set-up shown in Figure 3.
The air pressure in front of the tested voice prostheses was registered with a pressure
transducer (DT-2-14P-0-10L, Modus Instruments, Clinton, MA, USA). The
transdevice airflow was determined using a respiratory flowhead (F300L, Mercury

Figure 2: The different sound-producing modules: from left
to right the twin-lipped SPVP-2L, the long single-lipped
SPVP-1L, the short single-lipped SPVP-1S
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Electronics, Glasgow, Scotland), connected to another pressure transducer (DT-2-
02P-0-10L, Modus Instruments). Using compressed air, the pressure-airflow
characteristics and the airflow required for onset of sound production were determined
for a regular Gr.ULR and each of the four SPVP’s. For each voice prosthesis four
separate cycles were registered and averaged.

Patients

The subjects were two females (F1 and F2) aged 51 and 74 respectively. F1 has an
excellent TE shunt voice, whereas F2 has just a poor pseudo-whisper TE shunt voice.
Both underwent total laryngectomy with primary tracheoesophageal puncture 10 and
19, respectively, months prior to this study as initial treatment for locally advanced
laryngeal carcinoma, staged T4N0 according to the UICC 1997 classification. Both
subjects received radiotherapy post-laryngectomy; neither of them underwent neck
dissection and both had a primary pharyngeal myotomy. PE segment tonicity
judgments were based on both videofluoroscopic observations and voice
characteristics.24 Clinical data are summarized in Table I. Two weeks prior to
measurement both subjects’ Gr.ULR-7 shunt valves were replaced to prevent microbial
overgrowth from confounding the tracheal phonatory pressure measurements. Spoken
and written informed consent was obtained from both subjects and their travel

Figure 3: Experimental set-up for in vitro registration of pressure and airflow

Table I: Clinical data for patients F1 and F2 Patients F1 F2
Age (yr) 51 74
Gender female female
Months since laryngectomy 10 19
pTNM-stage T4N0M0 T4N0M0
Neck dissection none none
Pharyngeal closure method T-shaped vertical
Pharyngeal myotomy yes yes
Radiotherapy post-op. post-op.
Tonicity PE segment normal hypotonic
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expenses were compensated for. The research protocol was approved by the medical
ethics committee of the Vrije Universiteit Medical Centre, Amsterdam.

Videofluoroscopy

Both patients were assessed by videofluoroscopy while sustaining /a:/ with digital
tracheostoma occlusion in both regular TE and SPVP speech. Antero-posterior and
lateral fluoroscopy films were made from a standing position after coating the
pharyngoesophageal mucosa with barium sulphate solution. The length, location and
number of vibratory segments was analyzed subsequently.25

Voice and speech parameters

For the purpose of in vivo registration of tracheal phonatory pressure we used the same
pressure transducer as for the in vitro measurements: the DT-2-14P-0-10L pressure
transducer was connected to a tracheostoma adapter (BE-6040, Inhealth Technologies,
Carpinteria, CA, USA) as shown in Figure 4. Vocal sound pressure level at 30 cm from
the mouth was read from a digital sound survey meter (CEL-231, CEL Instruments,
Hitchin, England). Patients were asked to sustain the vowel /a:/ at comfortable pitch,
completing the following sequence three times for each SPVP: first as soft as possible,
then at comfortable loudness and finally as loud as possible.

To establish speech rate, determined as the number of words per minute, each subject
was asked to read aloud the first paragraphs of De Vijvervrouw (Dutch prose) in a
normal conversational manner with each voice prosthesis. The subjects’ responses were
recorded in a sound-insulated room, using a microphone (MKE 212-3, Sennheiser,
Germany) and a DAT recorder (DA-7, Casio Computers, Japan). The vowel /a:/,

Figure 4: Patient F1 with the experimental set-up for in
vivo registrations of tracheal phonatory pressure and vocal
intensity
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sustained at comfortable loudness, was also recorded. Both were sampled at 44.1 kHz
and 16 bits resolution for further acoustic analysis. The maximum and minimum
fundamental frequency (f0) of the SPVPs during a period of sustained phonation were
read from the spectrograms. In addition, f0 analyses were performed on recordings of
approximately 60 seconds of read-aloud prose26 by means of the speech analysis
package PRAAT (http://www.fon.hum.uva.nl/praat). Besides the median fundamental
frequency, we also estimated the 10%-90% interquantile f0 range to estimate the
intonation capability of the voice.

Results

In vitro measurements

Figure 5 shows the relationship between the airflow through and the pressure in front
of the voice prostheses. At airflow rates above 0.25 l/s the SPVPs, except SPVP-1S,
require increasingly more pressure than the regular Gr.ULR shunt valve. At
physiological airflow rates27 below 0.25 l/s, however, the sound-producing modules
hardly add to the airflow resistance of the Gr.ULR shunt valve that contains them.
The pressure-airflow curves of most SPVPs are smooth, showing a gradual increase of
pressure with flow rates, except for the SPVP-1L. The long single-lipped SPVP
repeatedly demonstrated a sudden pressure drop and vibratory block immediately after
the onset of vibration at 0.33 l/s. Closer inspection revealed that the straight silicone
lip jammed in the round shaft of the Perspex module. The onset of sound production
by the SPVP-1S occurred at 0.50 l/s, by the SPVP-2S at 0.30 l/s, and by the SPVP-
2L at 0.17 l/s. During the in vitro measurements, perceived pitch and loudness of
these SPVP’s could be modified by altering the airflow along the lips.

Figure 5: In vitro measurements
of airflow versus pressure for a
regular Groningen ULR shunt
valve and the four new sound-
producing voice prostheses
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Videofluoroscopy

The videofluoroscopic analyses revealed no difference in the region of the hypopharynx
during the production of either regular TE or SPVP speech. Patient F1 showed
evidence of a single vibratory segment with normal dimensions, indicative of
normotonic PE segment characteristics. Blurring of the barium was noted during
phonation at cervical vertebrate C5 as a result of the vibrating column of air, indicating
the upper limit of the PE segment. The lower limit, where the narrowed PE segment
expanded below into the esophagus, was located at C6 (Figure 6).

Figure 6: Videofluoroscopy. Line drawing of patient F1 sustaining /a:/

Figure 7: Videofluoroscopy. Line drawing of patient F2 sustaining /a:/
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Patient F2 demonstrated a complete lack of tone in muscular apposition of the flaccid
PE segment mucosa, resulting in an absence of vibration. This extreme hypotonicity
explains her near-aphonic pseudo-whisper TE shunt voice. By exerting digital pressure
on the neck around C7-T1, she was able to improve slightly on existing function
(Figure 7).

Observations

The SPVP’s affected the two patients differently. Patient F1, classified as having a
normotonic PE segment and an excellent TE shunt voice, found it difficult not to
evoke the low-frequency mucosal vibrations that form the regular TE shunt voice and
use the SPVP’s for voice production instead. Apparently, the pulmonary airflow
through the PE segment already passively evoked these vibrations. At her usual
intratracheal phonatory pressure, the newly introduced higher tone of the SPVP and
her strong PE segment voice intermingled (Figure 8), thereby reducing the
intelligibility of both without attaining appreciable advantages such as a higher pitch
or clearer voice. By voluntary reduction of intratracheal pressure and airflow at the
expense of vocal intensity, melodiousness and intelligibility, she did manage to restrain
her PE segment and make SPVP-2L audible. SPVP-2S and SPVP-1S did not produce
an audible tone in this patient. SPVP-1L protruded too far (11 mm) in front of the
tracheal flange of the Groningen shunt valve to fit in the trachea of patient F1 and was
therefore tested only in patient F2.

Figure 8: Spectrogram of patient F1 sustaining the vowel /a:/ with SPVP-2L in situ. At normal pressure and airflow (t =
0.4 - 5.6 seconds) a strong PE segment vibration (f0 = 110 Hz) interferes with the SPVP signal. When the pressure drops
after 5.6 seconds, the PE segment vibration stops while the tone produced by SPVP-2L remains, with a f0 dropping from 420
Hz and a first harmonic from 840 Hz
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For patient F2 the new SPVPs were beneficial, because her regular TE shunt voice was
just a near-aphonic whisper, resulting from severe hypotonicity of the PE segment. The
SPVP’s provided her with an intelligible tonal voice without necessitating other
pressure and airflow rates than regular TE shunt speech (Figure 9). The SPVPs
sounded louder and clearer than her regular TE shunt voice. In particular, the obtained
voice was of a less “wet” quality. Both twin-lipped SPVPs and SPVP-1S produced a
rather high pitch, whereas SPVP-1L had a pleasant pitch. SPVP-1L, however,
experienced in vivo the same problem as in vitro: the straight silicone lip jammed
repeatedly in the round shaft of the Perspex module.

Voice and speech parameters

For both patients the average number of words per minute is shown in Table II. The
average speech rate of 52 laryngeal control speakers was 181 words per minute
(SD=24) for this standard text. No noteworthy speech rate differences were observed
between regular TE shunt speech and speech by means of each SPVP. Table III shows
the range of fundamental frequencies during a period of sustained vowel phonation by
both patients with each of the voice prostheses. By starting vowels loudly at a high
intratracheal pressure and sustaining them at an unintentionally decreasing tracheal
pressure and intensity, an impressive variation of f0 was attained, especially by patient
F2. Because the regular TE shunt voice of patient F2 consists of aperiodic noise, or
whisper, f0 could not be determined in that situation. In Table IV the median and
10%-90% spreading of fundamental frequency in read-aloud prose is shown. Several
SPVPs attained 10%-90% interquantile f0 ranges of approximately 4 – 5 semitones,

Figure 9: Spectrograms of patient F2 sustaining the
vowel /a:/ with regular TE shunt voice (top) and
SPVP-2S (bottom)
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which is considered sufficient to avoid monotonicity of the voice. This indicates that
most of the f0 variation found during sustained vowel phonation could indeed be used
for intonation of read-aloud prose.

Figure 10 shows the relationship between vocal intensity and tracheal phonatory
pressure in vivo for a regular Gr.ULR shunt valve and the new sound-producing voice
prostheses in both patients. When exerting higher tracheal phonatory pressures, the
SPVP voice of patient F1 was dominated by the unavoidable vibrations of the PE
segment and therefore no longer yielded information about the newly introduced
sound sources. Despite improved pitch and clarity of voice for patient F1, none of the
SPVPs attained the same vocal intensity as her excellent TE shunt voice. For patient
F2, however, the SPVPs are beneficial for vocal intensity at tracheal pressures below
3.0 kPa. At higher phonatory pressures, the high-frequency noise of the regular TE
shunt voice is louder than the voice generated by the SPVPs.

Discussion

This report presents initial observations on a new mechanism of alaryngeal voice by
means of vibrating silicone lips. The mechanism proved feasible and was able to
markedly improve the quality of the poorest voice. Fundamental frequencies in the

Table IV: Median fundamental frequency (Hz) of 60 seconds for read-aloud prose. The intonation capability of the voice is
estimated from the 10%-90% interquantile f0 range (Hz)

Table III: Minimum and maximum
f0 (Hz) of the SPVPs for a sustained
vowel /a/

Table II: Speech rate (words/min)
for read-aloud prose

Patients
SPVP-2L SPVP-2S SPVP-1S SPVP-1L PE segment

F1 133 158 158 not tested 158
F2 141 134 118 141 140

Vocal sound source

Patients
SPVP-2L SPVP-2S SPVP-1S SPVP-1L PE segment

F1 290 - 385 380 - 400 160 - 210 not tested 85 - 160
F2 175 - 435 420 - 630 325 - 350 140 - 215 no f0

Vocal sound source

Patients
SPVP-2L SPVP-2S SPVP-1S SPVP-1L PE segment

F1 278 (241-329) no f0 no f0 not tested 128 (82-177)
F2 319 (285-372) 511 (421-574) 336 (322-351) 149 (137-173) no f0

Vocal sound source



51

FEMALE-PITCHED SOUND-PRODUCING VOICE PROSTHESES: INITIAL EXPERIMENTAL AND CLINICAL RESULTS

S P V P

normal female range can be achieved. The present SPVP prototypes were designed
simply to test the feasibility and characteristics, thereby temporarily ignoring
important issues such as durability and long-term patient compliance.

The present findings in vitro indicate that airflow resistance at physiological airflow
rates (<0.25 l/s) is marginally increased by the SPVP prototypes compared to a
regular Groningen ULR shunt valve. Sound-producing modules with a small cross-
section area (SPVP-2S and 2L) have a higher airflow resistance than wider modules
(SPVP-1S and 1L). Furthermore, longer lips (SPVP-2L and 1L) increased airflow
resistance compared to short lips (SPVP-1S and 2S).

Although the long lip of SPVP-1L generated the most natural-pitched voice for
patient F2, it repeatedly jammed in the round shaft of the Perspex module. Wedging it
against the “roof” of the module reduced airflow resistance to the level of the regular
Gr.ULR shunt valve that contains the prototype and ruled out further sound
production. To prevent this from happening again to the next generation of prototypes,
the lumen will have to be square, or rectangular.

Long lips (>10 mm) produced a lower f0 than short lips (<8 mm), as was to be
expected. Moreover, both twin-lipped SPVPs had an unnaturally high f0 compared to
the single-lipped SPVPs, which might result from a higher load force or from the more
confined space for the oscillatory cycles of their twin lips. Analogous to human vocal
folds, the two opposing lips of twin-lipped SPVPs have to be mounted exactly
symmetrically in order to function properly (i.e., to attain sufficient vocal intensity),
which proved very difficult to reproduce. Therefore future SPVPs will most likely be
relatively long and single-lipped. SPVP-1L, however, protruded too far in front of the
tracheal flange of the Groningen shunt valve to fit in the trachea of patient F1. The
geometry of the SPVP will have to be adjusted to allow for one long lip while
nonetheless fitting in commercially available voice prostheses.
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Concerning prosodic aspects, previous attempts to create an alaryngeal pseudovoice by
means of an inward-striking metal reed invariably led to an unnatural monotonous
voice.15, 22 In this study, however, patient F2 could attain f0 variations over 200 Hz
during sustained vowel phonation. For intonation of read-aloud prose this effectively
gave her four to five semitones with most SPVP prototypes. TE shunt voice and, even
more so, esophageal voice require practice to acquire, whereas SPVP speech was
mastered by patient F2 within five minutes after insertion of the first sound-
producing module, facilitated by her experience as TE shunt speaker.

The quality of voice attained through the SPVP mainly depended on the tonicity of
the PE segment, i.e. the ability to let pulmonary air easily flow through the PE
segment without evoking the mucosal vibrations that form the regular TE shunt voice.
Patient F2, classified as having a hypotonic PE segment, was able to do this, thereby
gaining a high-pitched, clear and tonal voice. Patient F1 only managed to restrain her
normotonic PE segment on demand with difficulty, by reducing airflow and tracheal
pressure at the expense of vocal intensity, intelligibility and melodiousness. Because
she had to reduce airflow below the rates that SPVP-2S and SPVP-1S require for
onset of sound production, these SPVP’s did not produce any sound. If the airflow
required for sufficient sound production (>70 dB[A] at 30 cm from the mouth)
could be reduced to approximately 0.1 l/s, SPVP’s might even become an efficient
technique for post-laryngectomy voice restoration in patients with normotonic PE
segment characteristics.

Conclusion

Alternative voice production after laryngectomy by means of silicone-lipped sound-
producing voice prostheses is feasible and does not result in unacceptable airflow
resistance. The average pitch of voice is increased and clarity improved in female
laryngectomees. Pitch regulation of this prosthetic voice is possible with sufficient
modulation to avoid monotony. The quality of voice attained through the SPVP
depends on a patient’s ability to let pulmonary air flow easily through the PE segment
without evoking the mucosal vibrations that form the regular TE shunt voice.

These initial experimental and clinical results provide directions for the future
development of SPVPs. A single relatively long lip yields the most natural pitch. A
container with a rectangular lumen that hardly protrudes from the voice prosthesis
might offer the most favorable geometry.
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Abstract

Objective: To improve voice quality of female laryngectomees and/or laryngectomees
with a hypotonic pharyngoesophageal (PE) segment by means of a pneumatic artificial
source of voice incorporated in a regular tracheoesophageal (TE) shunt valve.

Study design: Experimental randomized crossover trial.

Methods: The new sound source consists of a single silicone lip, which performs an
oscillatory movement driven by expired pulmonary air flowing along the outward-
striking lip through the TE shunt valve. A prototype of this pneumatic sound source is
evaluated in vitro and in six laryngectomees. In vivo evaluation includes speech rate,
maximal phonation time, perceptual voice evaluation of read-aloud prose by an expert
listener, speech intelligibility measurements with 12 listeners, and a self-assessment by
the patients. Moreover, extensive acoustical and aerodynamical in vivo registrations are
performed using a newly developed data acquisition system.

Results: The current prototype seems beneficial in female laryngectomees with a
hypotonic PE segment only. For them the sound-producing voice prosthesis improves
voice quality and increases the average pitch of voice, without decreasing intelligibility
or necessitating other pressure and airflow rates than regular TE shunt speech. Pitch
regulation of this prosthetic voice is possible, yet limited.

Conclusions: The mechanism is feasible and does not result in unacceptable airflow
resistance. For this new mechanism of alaryngeal voice to become an established
technique for post-laryngectomy voice restoration, a voice suitably pitched for male
laryngectomees has to be generated and a large part of the melodic and dynamic range
of the sound source has to be attainable within physiological airflow rates.
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Introduction

Total laryngectomy, as surgical treatment for locally advanced laryngeal tumors,
interferes with all functions of the larynx, i.e., phonation, respiration, and occasionally
deglutition. Most problems of laryngectomized patients are related to the loss of
voice: not being understood, not being able to make oneself heard in noisy rooms
because of lack of volume, feeling embarrassed by their substitute voice, and feeling
inhibited in expressing emotions, such as anger and joy.1 Accordingly, rapid and
effective voice restoration is critical to the successful prevention of psychological,
social, and economic setbacks resulting from post-laryngectomy aphonia.2

Numerous attempts to obtain or improve post-laryngectomy voice by creating a
pneumatic artificial source of voice production have been made since laryngectomies
have been performed.3 Esophageal injection speech and electrolarynx devices, however,
formed the standard approaches to alaryngeal voice rehabilitation until
tracheoesophageal (TE) puncture incorporating a silicone shunt valve prosthesis
evolved worldwide as an established technique for post-laryngectomy voice
restoration.4 The advantages of this method over esophageal injection speech are
louder phonation, better intelligibility5, usually quick and trouble-free voice
acquisition, higher speech rate, and more sustained phrasing resulting from a larger
available air reservoir.6, 7

The term “voice prosthesis” is widely used in the literature when referring to TE shunt
valves, although these devices do not actually produce sound. In both esophageal
injection voice and TE shunt voice, the passage of air through the pharyngoesophageal
(PE) segment sets the closely approximated mucosal surfaces of this structure into
vibration, producing a low-pitched sound that can be used as substitute voice. If,
however, the tonicity of the PE segment is too low to attain sufficient mucosal
apposition, the resulting voice will be weak and breathy, or merely a coarse whisper.8, 9

Female laryngectomees especially often have severe problems accepting their low-
pitched alaryngeal voice. The mean fundamental frequency of laryngeal female voice
ranges from 180 to 240 Hz, which decreases after laryngectomy and current voice
rehabilitation to an unnaturally low pitch of 60-120 Hz.

To improve voice quality of these two groups of laryngectomees (females and those
with a hypotonic PE segment), a small pneumatic sound source to be incorporated in a
regular TE shunt valve was designed in cooperation with the Department of
Biomedical Engineering at the University of Groningen.10 In a preceding pilot study11

four different prototypes were tested, consisting of either one or two bent silicone lips,
based on the outward-striking reed principle.12 The pilot study proved the feasibility
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of the mechanism and provided us with directions for the development of the current
sound-producing shunt valve. This report describes our results with a newly developed,
single-lipped vibrating element placed in a Groningen ultra-low-resistance shunt valve
in vitro and in a group of six laryngectomized patients.

Materials and methods

Sound-producing voice prosthesis (SPVP)

The new sound source consists of a single bent silicone lip (10.0 x 5.5 x 0.25 mm),
which performs self-sustaining oscillations driven by the expired pulmonary air that
flows along the outward-striking lip12 through the TE shunt valve. The resulting
frequency of oscillation and sound intensity can be modified by altering the airflow
along the lip.10 To allow easy placement and removal of the sound source for speech
evaluation purposes in our experimental setting, the bent silicone lip was fitted in a
small rectangular metal container (Figure 1), which can be partly inserted in a patient’s
Groningen shunt valve (Figure 2). Thus, we were able to evaluate the sound-producing

Figure 2: Prototype of the sound-producing module in a
Groningen ULR shunt valve

Figure 1: Cross-section of the sound-producing module
with a bent silicone lip
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voice prosthesis (SPVP) without the burden of replacing the entire shunt valve. After
optimization of frequency, timbre, and sound intensity using these replaceable sound-
producing modules, the intention is to eventually integrate the bent silicone lip in the
design of a regular TE shunt valve, e.g., the Groningen ultra-low-resistance (Gr.ULR).

In vitro measurements

In vitro measurements were performed with the experimental set-up shown in Figure 3.
A pressure transducer (DT-2-14P-0-10L, Modus Instruments, Clinton, MA, USA)
measured the air pressure in front of the tested voice prosthesis. The transdevice
airflow was determined using a respiratory flowhead (F300L, Mercury Electronics,
Glasgow, Scotland), connected to another pressure transducer (DT-2-02P-0-10L,
Modus Instruments). These transducers were accurately calibrated by means of a
calibration analyzer (Timeter RT-200, Allied Healthcare, St. Louis, MO, USA). A
miniature electret condenser microphone (9468, Microtronic, Amsterdam, the
Netherlands) with a hybrid integrated amplifier was attached to the flowhead. The
sensor signals were pre-processed using National Instruments SCXI signal-
conditioning hardware, sampled at 10000 samples per second by means of a PC-based
16-bit analogue-digital converter (PCI-MIO-16xe-10, National Instruments, Austin,
TX, USA), and digitally processed by a custom-built LabVIEW® software application
(National Instruments, Austin, TX, USA). Using compressed air, the pressure-airflow
characteristics were determined for a Provox-II, a regular Groningen ULR and a
Groningen ULR shunt valve incorporating the sound-producing module. For every
100 ms the fundamental frequency was calculated off-line from the microphone signal
by another custom-built LabVIEW® application using a harmonic product spectrum
algorithm.13

Figure 3: Experimental set-up for in vitro registration of pressure, airflow, and sound
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Patients

Subjects were 5 females and 1 male with a mean age of 64 years (range=51–75 yr).
All underwent total laryngectomy with primary tracheoesophageal puncture 13 to 84
months before this study. The male subject underwent laryngectomy for intractable
aspiration causing recurrent pneumonia resulting from progressive oculopharyngeal
muscular dystrophy. The five females underwent laryngectomy for laryngeal
carcinomas, four of them primary, one of them a recurrence after radiotherapy. Three
subjects received radiotherapy post-laryngectomy, three subjects underwent uni- or
bilateral neck dissections, one patient required a pectoralis major myocutaneous flap
reconstruction, and four patients had a primary pharyngeal myotomy. PE segment
tonicity judgments were based on both postoperative videofluoroscopic observations
and voice characteristics.14 Clinical data are summarized in Table I. Spoken and written
informed consent was obtained from all patients in this study and their travel expenses
were reimbursed. The medical ethics committee of the Vrije Universiteit Medical
Center, Amsterdam, approved the research protocol.

Statistical evaluation

Two block-randomized groups of patients (block size 2) were formed for this
crossover trial. One group started all described vocal tests with their own Gr.ULR
shunt valve, while the other group first performed all measurements with the new
sound-producing module inserted in their TE shunt valve. Results for the various test
parameters, obtained in both situations, were compared and statistically analyzed using
repeated-measures analysis of variance and paired Student’s t test or corresponding
nonparametric tests.

Patients (n=6) F1 F2 F3 F4 F5 M1
Age (yr) 75 67 51 63 52 75
Gender female female female female female male
Months since laryngectomy 72 84 35 13 20 14
pTNM-stage recurrence after RT T3N0M0 T3N2bM0 T4N0M0 T4N0M0 N.A.
Neck dissection bilateral bilateral unilateral none none none
Pharyngeal closure method vertical T-shaped PM-flap T-shaped T-shaped T-shaped
Pharyngeal myotomy no yes yes yes yes no
Radiotherapy 18 months pre-op. none post-op. post-op. post-op. none
Tonicity PE segment hypotonic hypotonic extremely hypotonic normal normal normal

Table I: Clinical data for the study group

RT=radiotherapy, PM=pectoralis major myocutaneous, N.A.=not applicable
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Acoustical and aerodynamical in vivo registrations

In vivo registrations were performed with the experimental set-up shown in Figure 4.
For this purpose we used the same hard- and software as for the in vitro measurements:
the DT-2-14P-0-10L pressure transducer was connected to a tracheostoma adapter
(BE-6040, Inhealth Technologies, Carpinteria, CA, USA) and the flowhead with the
condenser microphone was fitted on a facemask (King Systems Corp., Noblesville, IN,
USA). In addition, an electro-glottograph (EG-830, Froekjaer-Jensen Electronics,
Holte, Denmark) was connected to the patient through a set of Ag/AgCl electrodes.
Moreover, an 8F catheter with three pressure transducers (SSD-915, Millar
Instruments, Houston, TX, USA) was inserted through the nose until the distal
sensor was located at the level of the esophageal flange of the TE shunt valve. This
location was checked with a small flexible endoscope. Because all channels were
sampled simultaneously with 16-bit resolution at 10000 samples per second, both
static pressure and pitch-synchronous pressure variations are available for three
pharyngeal levels (as described by Cranen and Boves15 for similar recordings of
laryngeal voice). Recordings were made during phonation of a sustained vowel /a:/ at
comfortable loudness. Vocal intensity at 30 cm from the facemask was obtained from
the root mean square power level (window width 500 ms) of the microphone signals
after comparison to a fixed-level reference tone. Intratracheal pressure, airflow and
absolute esophageal pressure were read off-line from the raw data, whereas the acoustic
signals were converted to WAV files for further software analysis. The mean
fundamental frequency during a period of stable phonation was estimated from the
spectrogram.

Figure 4: Experimental set-up for
in vivo registrations of aerodynamic
and acoustic parameters
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Speech rate and maximal phonation time

All subjects’ responses were recorded in a sound-treated room using a microphone
(MKE 212-3, Sennheiser, Germany) and a DAT-recorder (DA-7, Casio Computers,
Japan). To establish speech rate, determined as the number of words per minute, each
subject was asked to read the first paragraphs of the Dutch prose De Vijvervrouw in a
normal conversational manner. The maximal phonation time in seconds was obtained
by sustaining for as long as possible the vowel /a:/ at a comfortable pitch and loudness
on one deep breath. The best attempt out of three was taken for statistical evaluation.
The average speech rate of 52 laryngeal reference speakers from our institute was 181
words per minute (standard deviation[SD]=24) for this standard text.

Intelligibility

Each of the six laryngectomees read aloud two lists of 13 short, common Dutch
sentences, one list while using regular TE shunt voice and one with the new SPVP.
The 156 sentences were sampled at 44.1 kHz and 16-bit resolution. For each speech
recording, an additional fixed-level reference tone was recorded. One factor in speech
communication, the long-term average speech level, was determined by measuring the
average speech level for each of the 12 lists from the average RMS levels (window
width 100 ms) using the recorded tones as reference. A second factor, intelligibility,
was measured in terms of the speech reception threshold (SRT) in competing noise,
i.e., the signal to noise ratio at which 50% of the sentences were reproduced without a
single error by listeners with normal hearing. Because speech from multiple speakers is
the most frequent disturbing sound in everyday situations, SRT was determined in
interfering noise of 60 dB[A] with a spectrum equal to the long-term average
spectrum of normal speech. An adaptive up-and-down procedure for accurately
measuring the SRT with these lists of 13 sentences was developed for evaluating
hearing impairment16 and later adapted for intelligibility assessment of impaired
speech.17 The 12 lists were presented binaurally to 12 listeners according to a 12x12
balanced Latin square. Tucker Davis hardware (System II, Tucker Davis Technologies,
Gainesville, FL, USA) and headphones (DT-48, Beyer, Germany) were used to play
out and attenuate the samples.

Perceptual voice evaluation by professional listener

Digital recordings of approximately 90 seconds, also used to establish speech rate, were
made for each laryngectomee with both types of voice prosthesis. The speech material
consisted of the first paragraphs of the Dutch prose De Vijvervrouw. A subset of seven-
point bipolar semantic scales, developed by Nieboer18 and later modified 19, 20, was
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adapted for our purpose. This subset included the 5 scales “high pitch – low pitch”,
“weak – powerful”, “tense – non tense”, “gurgling – non gurgling”, and “melodious –
monotonous”. The 12 numbered recordings were presented twice in random order to a
voice-and-speech pathologist experienced with laryngectomized speakers. To play out
the stored samples directly from the host computer, a Kay CSL unit (CSL 4300B, Kay
Elemetrics, Pine Brooks, NJ, USA) and headphones (MDR-V900, Sony, Japan) were
used. Intrarater reliability was calculated from the differences between test and retest.
For comparison with literature data, the reliability was defined as the percentage of
test-retest differences smaller than or equal to one scale value.

Self-assessment by patients

Each patient only had between 2 and 4 hours of experience with the new sound-
producing voice prosthesis, during which all measurements were performed. We
deemed this period too short for a patient to estimate the impact of the SPVP on
daily functioning and quality of life by means of an extensive questionnaire, such as
the VHI21 or the EORTC QLQ-H&N35. Therefore, a short questionnaire was
designed to assess the patients’ primary judgment of voice quality attained with the
SPVP compared to their regular TE shunt voice. The items were effort required for
speaking, pitch of voice, vocal control, vocal intensity, and intelligibility of speech.
After the last measurement, patients were asked to fill out a form indicating whether
these five aspects of their voice were influenced positively, not at all, or negatively by
the SPVP.

Figure 5: In vitro
measurements of airflow
versus pressure for the new
sound-producing voice
prosthesis, a regular
Groningen ULR, and a
regular Provox-II
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Results

In vitro measurements

Figure 5 shows the in vitro relationship between the airflow through and the pressure
over the voice prostheses: Provox-II, the Gr.ULR and the SPVP. Each datapoint
represents the average of 1000 consecutive samples. At airflow rates above 0.15 l/s the
Gr.ULR incorporating the sound-producing module requires increasingly more
pressure than the regular Gr.ULR shunt valve, which requires a little more than the
Provox-II. At regular airflow rates for alaryngeal speech, which hardly exceed 0.30 l/s 22,
the sound-producing module will add only little to the total pressure needed for
phonation in vivo (see Table II).

Figure 6 shows the relationship between pressure over the SPVP and fundamental
frequency of the tone produced by the sound-producing module in vitro. Below 1.0
kPa the tone of the SPVP is too weak for the algorithm to discern the fundamental
frequency from the noise. Between 1.0 and 2.2 kPa the fundamental frequency
decreases from 265 to 210 Hz, after which it increases gradually to 315 Hz at 5.4 kPa.

Patients

f0 (Hz)

sound 
pressure level 

(dB)

tracheal 
pressure 
(kPa)

airflow rate 
(L/s) f0 (Hz)

sound 
pressure level 

(dB)

tracheal 
pressure 
(kPa)

airflow rate 
(L/s)

F1 75 57 - 70 2.5 - 3.0 0.11 - 0.24 210 55 - 69 2.1 - 3.0 0.08 - 0.25
F2 95 53 - 77 1.3 - 5.5 0.05 - 0.17 255 47 - 58 1.8 - 3.3 0.06 - 0.11
F3 32 50 - 57 1.9 - 2.5 0.14 - 0.27 200 56 - 64 2.1 - 2.4 0.14 - 0.23
F4 70 58 - 72 4.0 - 4.5 0.08 - 0.25 55 56 - 65 2.4 - 3.8 0.04 - 0.11
F5 130 66 - 77 4.9 - 8.1 0.24 - 0.57 250 45 - 63 4.2 - 5.6 0.04 - 0.09
M1 45 53 - 68 2.4 - 3.1 0.01 - 0.06 55 53 - 61 2.1 - 3.1 0.01 - 0.06

Regular TE shunt voice Sound-producing voice prosthesis

Table II: Fundamental frequency (f0), vocal intensity range, tracheal pressure range and airflow range associated with
sustained phonation of a vowel /a/ by six laryngectomized patients

Figure 6: In vitro
measurement of fundamental
frequency versus pressure for
the newly developed sound-
producing voice prosthesis
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Acoustical and aerodynamical in vivo registrations

For all patients the fundamental frequency, estimated for a period of stable phonation,
the vocal intensity range, the intratracheal pressure range and airflow range are shown
in Table II for both types of voice. Using the SPVP, four female patients (F1, F2, F3,
and F5) attained mean fundamental frequencies between 200 and 255 Hz, comparable
with laryngeal female voices.

Two patients (F4 and F5), classified as having a normotonic PE segment, found it
difficult not to evoke the low-frequency mucosal vibrations that form the regular TE
shunt voice and used the SPVP for voice production instead. Apparently, the
pulmonary airflow through the PE segment already passively evoked these vibrations.
By voluntary reduction of intratracheal pressure and airflow at the expense of vocal
intensity, subject F5 did manage to restrain her PE segment and make the SPVP
audible, whereas subject F4 did not. Sound generated by mucosal vibrations of the PE
segment is identified by a corresponding electro-glottographic signal, whereas sound
produced by the SPVP does not result in electro-glottographic activity. This detail is
illustrated by Figure 7, showing a brief disruption of the SPVP tone by the mucosal
vibrations of the PE segment. For subjects F4 and M1 the unavoidable vibrations of
the PE segment dominated, thereby masking the SPVP voice.

Figure 7: Short disturbance of the tone
(approximately 200 Hz) of the sound-
producing module by low-frequency
vibrations (approximately 35 Hz) of the
patient's PE segment during sustained
phonation of a vowel /a:/
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Most subjects experienced a paradoxically rising pitch at the end of each spoken
sentence. The usual reduction of airflow and intratracheal pressure at the end of
phonation caused vocal intensity to decrease and a gradual rise of fundamental
frequency from approximately 200 Hz to 240 Hz, as is shown in Figure 8, for
sustained phonation of a vowel /a:/. This finding corresponds to the results of the in
vitro measurements shown in Figure 6.

Speech rate and maximal phonation time

For all patients the average number of words per minute is shown in Table III. The
difference between SPVP speech (mean=116 wpm) and regular TE shunt speech
(mean=119 wpm) was not significant (t5=0.392; p=0.71).

The maximal phonation time was obtained for only four subjects, as shown in Table
III. The difference between the SPVP voice (mean=16.3 seconds) and the regular TE
shunt voice (mean=14.3 seconds) was not significant (t3=0.730; p=0.52).

Intelligibility

Table IV presents the long-term average speech levels of each patient for both voice
sources. For three patients (F1, F4, and F5) speech levels were reduced using the
SPVP compared with levels obtained for regular TE shunt speech. Subject F3,

Figure 8: Increase of fundamental frequency
when decreasing vocal intensity during
sustained phonation of a vowel /a:/ with the
sound producing voice prosthesis
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however, gained 7 dB[A]. For the total group of patients, the difference between SPVP
speech (mean=70 dB[A]) and regular TE shunt speech (mean=73 dB[A]) was not
significant (t5=1.026; p=0.35).

Table IV also shows the speech reception threshold in noise for the five female patients
and both voice prostheses, averaged over the 12 listeners. A lower S/N ratio at the
SRT indicates a better intelligibility of the speech. Using the SPVP, intelligibility in
noise of two laryngectomees (F4 and F5) was reduced by 5.7 dB and 3.3 dB,
respectively, compared with their regular TE shunt voices. For patients F1 and F2 the
SRT was virtually unchanged by the SPVP. A repeated-measures analysis of variance (5
patients x 2 sound sources x 12 listeners) showed the SRT differences between both
voice sources to be not significant (F[1; 4]=3.591; p=0.131), nor the differences
between the 12 listeners (F[11; 44]=1.849; p=0.074). The differences between the five
patients were significant (F[1; 4]=20.318; p=0.011).

Because of muscular dystrophy of his articulators, the intelligibility of patient M1 was
too poor to determine the SRT using the adaptive up-and-down procedure. For this
patient the number of words repeated correctly by the 12 listeners at a S/N ratio of
+20 dB (headphones speech level approximately 80 dB[A]) was counted in both
situations. Using the SPVP, an average of 29% (SD=11.4%) out of 85 words was
repeated correctly, whereas 55% (SD=9.0%) out of 81 words was repeated correctly
using his regular TE shunt voice. This difference was significant (t11=8.360;
p<0.0005).

Patients
SPVP Gr.ULR SPVP Gr.ULR

F1 68 73 -2.2 -2.3
F2 73 74 -4.0 -3.6
F3 74 67 -4.6 -6.5
F4 66 73 -0.8 -6.5
F5 65 74 0.4 -2.9
M1 77 76 n.a. n.a.
Mean (SD) 70 (4.7) 73 (3.0) -2.3 (2.1) -4.4 (2.0)

Average RMS Power [dBA] S/N ratio at SRT [dB]Table IV: Long-term average
speech level and speech reception
threshold in noise (n.a.=not
applicable)

Patients
SPVP Gr.ULR SPVP Gr.ULR

F1 10 14 125 123
F2 22 17 134 133
F3 - - 133 139
F4 - - 118 110
F5 23 15 123 157
M1 10 11 62 49
Mean (SD) 16.3 (7.2) 14.3 (2.5) 115.8 (27.1) 118.5 (37.5)

Speech rate (wpm)Max. phonation time (s)Table III: Maximal phonation
time (sustained /a/) and speech
rate (read-aloud prose) per
patient
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Perceptual voice evaluation by professional listener

For all 60 judgments (6 patients x 2 voice prostheses x 5 scales), the first rating was
within 1 scale value of the second rating, rendering an intrarater reliability of 100%.
For 76.7% of the judgments, test and retest were even exactly identical.

Table V shows for each patient and each scale, after averaging test and retest, the rating
difference between SPVP voice and the patient’s regular TE shunt voice. Positive
values obtained in this way indicate improvement of voice quality by the SPVP: less
gurgling, higher pitch, more strength, more melodious, or less tense. According to
separate Wilcoxon signed ranks tests, none of the scales significantly differentiated
between regular TE shunt voices and SPVP voices, although the SPVP tended to
cause a higher pitched, yet monotonous voice. In fact, the effects of the SPVP varied
considerably between patients. The effect of the SPVP was almost absent in patients
F4 and M1, because they were unable to prevent the mucosal vibrations of their PE
segment when using the SPVP. One patient’s voice (F5) deteriorated on nearly every
scale: weaker and more monotonous, tense, and gurgling. Another patient’s voice (F3),
however, became more powerful and less gurgling using the SPVP, while her
melodiousness and tenseness remained unaltered. Because her regular TE shunt voice
is just an aphonic whisper, pitch could not be judged in that situation. In patients F1
and F2 pitch increased drastically and gurgling decreased, whereas melodiousness and
vocal strength deteriorated.

Self-assessment by patients

Table VI shows for each patient the judgment for each of the five questionnaire items.
Five patients (83%) judged the pitch of their voice to be higher. Some (F2, F3, and
M1) judged the SPVP to improve vocal intensity and intelligibility. Patient F5 judged

Table V: Perceptual evaluation
of voice quality by an expert
listener for six laryngectomees
using the SPVP, compared
with their regular TE shunt
voice. Positive values indicate
voice quality improvement:
higher pitch, less gurgling,
more strength, less tense, or
more melodious

Patients
low pitch -  
high pitch

gurgling -     
non gurgling weak - powerful

tense -        
non tense

monotonous -
melodious

F1 + 2.5 3 -2 -1 - 1.5
F2 3 1 - 1.5 -2 - 1.5
F3 n.a. 1 3 0 0
F4 + 0.5 0 0 0 0
F5 0 -1 - 1.5 -2 -3
M1 1 0 0 + 0.5 -1
Mean (SD) + 1.40 (1.29) + 0.67 (1.37) - 0.33 (1.83) - 0.75 (1.08) - 1.17 (1.13)
Significance 0.068 0.257 0.713 0.141 0.066

Bipolar semantic scales with 7 points
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the SPVP inferior to her own TE shunt speech on all items except pitch. Three
laryngectomees (F1, F4, and F5) judged vocal intensity to decrease using the SPVP.
Patient F3 was not able to compare pitch of the SPVP voice to her regular TE shunt
voice, because the latter is an aphonic whisper.

Discussion

This report is presented in the nature of initial observations on a new mechanism of
alaryngeal voice by means of a single vibrating silicone lip. Previous attempts to create
an alaryngeal pseudovoice by means of an inward-striking metal reed invariably led to
an unnatural monotonous voice.23, 24 In our preceding pilot study we found that
outward-striking12 silicone lips generated a tone of variable pitch, although in the
initial prototypes the resulting voice was unnaturally high-pitched and not loud
enough.11 The current prototype has a single lip that is broader than before, and a
metal housing that is wider and higher than before, while protruding just 7 mm from
the tracheal flange of the voice prosthesis.

The present findings in vitro indicate that airflow resistance at regular airflow rates for
alaryngeal speech (0.05 – 0.30 l/s)22 is marginally increased by the new SPVP
prototype compared with two commonly applied types of voice prosthesis. Moreover,
the fundamental frequency of the tone generated by the single outward-striking
silicone lip could be varied between 210 and 315 Hz by altering the airflow rate
between 0.05 and 0.75 l/s. In vivo, however, airflow rates vary from 0.05 to just 0.30
l/s, thereby addressing only a small part of the SPVP’s melodic and dynamic range.
The resulting narrow frequency range caused our voice-and-speech pathologist and
several patients to complain about the monotonous nature of the voice generated by
the SPVP.

Patients
Effort for 
speaking Pitch of voice Vocal control

Loudness of 
voice

Intelligibility of 
speech

F1 + + + - 0
F2 0 + 0 0 +
F3 + n.a. - + +
F4 0 + 0 - 0
F5 - + - - -
M1 0 + 0 + 0

Questionnaire items (improved, unaltered, or deteriorated)Table VI: Self-assessment of
the sound-producing voice
prosthesis by six patients,
compared with their regular
TE shunt voice. Plus indicates
improvement: less effort for
speaking, higher pitch, better
vocal control, louder voice, and
better intelligibility. Minus
indicates the opposite
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To clarify several observations, such as the U-shaped graph in Figure 6 and the
paradoxically rising pitch at the end of sentences spoken by the patients, we evaluated
the SPVP’s silicone lip movement in vitro by means of videostroboscopy. Through
this informal evaluation we learned that for airflow rates between 0.05 and 0.45 l/s,
the oscillation gradually involves a larger part of the lip, starting from its tip. This
gradual involvement causes the mass and length of the oscillating part to increase with
the airflow rate, thereby decreasing the frequency of oscillation. At higher airflow rates
the entire lip is involved. For SPVP speech to acquire more natural prosody, the
silicone lip of future prototypes will have to oscillate entirely at lower airflow rates,
preferably less than 0.10 l/s.

In vivo the quality of voice attained through the SPVP mainly depended on the
tonicity of the PE segment, i.e., the ability to let pulmonary air flow though the PE
segment without evoking the mucosal vibrations that form the regular TE shunt voice.
Three patients (F1, F2, and F3), classified as having a hypotonic PE segment, were
able to do so within 10 minutes after insertion of the sound-producing module. For
these subjects, the SPVP increased the average pitch of voice to meet the pitch of
laryngeal female speakers without decreasing intelligibility or necessitating other
pressure and airflow rates than regular TE shunt speech. While they succeeded in
preventing the mucosal surfaces of their PE segment from vibrating, the SPVP voice
sounded in fact clear and less gurgling.

For subject F3 especially, the new SPVP was beneficial, because her regular TE shunt
voice consists of aperiodic noise, whispering, resulting from severe hypotonicity of her
PE segment after pectoralis major myocutaneous flap reconstruction. The SPVP
provided her with a tonal voice that was markedly louder than her regular TE shunt
voice.

Subjects F4, F5, and M1, classified as having a normotonic PE segment, were not able
to let air flow though the TE fistula and the PE segment without provoking low-
frequency mucosal vibrations. At physiological airflow rates, the typical PE segment
voice and the newly introduced tone of the SPVP intermingled, thereby deteriorating
the vocal intensity and intelligibility of both without attaining appreciable advantages
such as a higher pitch or less gurgling. From this group, only patient F5 managed to
restrain her normotonic PE segment on demand with difficulty by decimating the
airflow rate at the expense of vocal intensity, intelligibility, and melodiousness.

To date, the aim has been to achieve the correct amount of sphincter tonicity for voice
production in the PE segment, neither hypertonic nor hypotonic.9 Previous research24

and the current study, however, indicate that sound-producing voice prostheses yield
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optimal results in laryngectomees with a hypotonic PE segment. Four different
methods to decrease tonicity of the PE segment are described in the literature:
• myotomy of the PE segment muscles25,
• nonclosure of the pharyngeal musculature26,
• unilateral pharyngeal plexus neurectomy27, and
• botulinum toxin injections of the cricopharyngeal muscle complex.28

The residual tension in the PE segment after each of these procedures is hard to
predict, giving rise to a certain risk of hypotonicity.

The present SPVP prototype was designed simply to test the feasibility and
characteristics of the new mechanism of alaryngeal speech by a single silicone lip.
Thereby it temporarily turned a blind eye to important issues such as durability,
clogging of the device, and patient cleaning procedures. After optimization of
melodiousness, timbre, and vocal intensity using replaceable sound-producing
modules, the bent silicone lip will be integrated in the design of a regular TE shunt
valve, and the durability issues can be assessed.

Conclusion

Alternative voice production after laryngectomy by means of a single-lipped sound-
producing voice prosthesis is feasible and does not result in unacceptable airflow
resistance. Pitch regulation of this prosthetic voice is possible, yet limited. The current
prototype was beneficial in female laryngectomees with a hypotonic PE segment only.
For them, the sound-producing voice prosthesis increased the average pitch of voice
and reduced gurgling without decreasing intelligibility or necessitating other pressure
and airflow rates than regular TE shunt speech.

For this new mechanism of alaryngeal voice to become an established technique for
post-laryngectomy voice restoration, we will direct further development at:
• generating a voice suitably pitched for male laryngectomees as well,
• attaining a large part of the prosthesis’ melodic and dynamic range at physiological

airflow rates, and
• enabling convenient cleaning of the sound-producing voice prosthesis by the

patient.
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Abstract

To improve voice quality after laryngectomy, a small pneumatic sound source to be
incorporated in a regular tracheoesophageal shunt valve was designed. This artificial
voice source consists of a single floppy lip reed, which performs self-sustaining flutter-
type oscillations driven by the expired pulmonary air that flows through the
tracheoesophageal shunt valve along the outward-striking lip reed.

In this in vitro study, aero-acoustic data and detailed high-speed digital image
sequences of lip reed behavior are obtained for 10 lip configurations. The high-speed
visualizations provide a more explicit understanding and reveal details of lip reed
behavior, such as the onset of vibration, beating of the lip against the walls of its
housing, and chaotic behavior at high volume flow. We discuss several aspects of lip
reed behavior in general and implications for its application as an artificial voice
source.

For pressures above the sounding threshold, volume flow, fundamental frequency, and
sound pressure level generated by the floppy lip reed are almost linear functions of the
driving force, static pressure difference across the lip. Observed irregularities in these
relations are mainly caused by transitions from one type of beating behavior of the lip
against the walls of its housing to another. This beating explains the wide range and
the driving force dependence of fundamental frequency, and seems to have a strong
effect on the spectral content. The thickness of the lip base is linearly related to the
fundamental frequency of lip reed oscillation.
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Introduction

Despite many efforts towards organ preservation in the treatment of locally advanced
cancer involving the larynx, 20 to 40 percent of all laryngeal cancer cases eventually
come to total laryngectomy, i.e., removal of the entire larynx (Figures 1A&1B). The
chances of being cured from this malignant disease are relatively high. Consequently,
many patients live a considerable number of years with the impairments associated
with the laryngectomy, such as the loss of voice, the tracheostoma, and the loss of
smell. Most problems of laryngectomized patients are related to the loss of voice. It is
generally acknowledged that rapid and effective voice restoration is critical to the
successful reduction of psychological, social, and economic setbacks resulting from
post-laryngectomy aphonia.1

Over the past two decades, surgical voice restoration by means of a tracheoesophageal
(TE) fistula incorporating a silicone rubber shunt valve2 has become the standard
approach to post-laryngectomy voice rehabilitation in most European institutions. By
closing the tracheostoma with a finger, expiratory air is directed through this one-way
valve from the trachea into the upper digestive tract, while preventing leakage of food
and saliva from the pharynx into the airway (Figure 1C). The term “voice prosthesis”
is widely used in medical literature when referring to TE shunt valves, although these
devices do not actually produce sound. The airflow sets the closely approximated
mucosal surfaces of the former upper esophageal sphincter, also called
pharyngoesophageal (PE) segment, into vibration. This low-frequency sound can be

Figure 1: (A) Head and neck region anatomy before laryngectomy, (B) complete separation of airway and digestive tract
after laryngectomy, (C) laryngectomee with a shunt valve situated in tracheoesophageal fistula

(1) Larynx, (2) pharynx, (3) trachea, (4) esophagus, (5) pharyngoesophageal segment, (6) tracheoesophageal shunt valve
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used as substitute voice. Compared to other methods of alaryngeal voice production,
such as electrolarynx (Servox®) and esophageal voice, a TE fistula enables louder
phonation and better intelligibility3; additionally, it enables usually quick and trouble-
free voice acquisition, higher speech rate, and more sustained phrasing.4, 5

If, however, the tonus of the PE segment is too low to attain sufficient mucosal
approximation, the resulting TE shunt valve voice will be weak and breathy, or merely a
coarse whisper.6, 7 With sufficient approximation, the vibrating mass is often fairly
large, which yields a low fundamental frequency (f0). Female laryngectomees in
particular often have severe problems accepting their low-pitched alaryngeal voice. The
mean speaking f0 of laryngeal female voices is 211 Hz (SD=23 Hz)8, which decreases
after laryngectomy and current voice rehabilitation to an unnaturally low mean
speaking f0 of 108 Hz (SD=28 Hz).9

In order to improve voice quality for these two groups of laryngectomees (females and
those with a hypotonic PE segment), a small pneumatic sound source to be
incorporated in a regular TE shunt valve was designed in cooperation with the
Department of Biomedical Engineering at the University of Groningen.10, 11 To obtain
a periodically changing flow resulting in air pressure variations, several sound-
producing principles were taken into consideration for the artificial voice source: an
air-reed, a siren, an inward-striking reed, and a lip reed. The major disadvantage of the
air-reed principle (e.g., flutes) is the dependency of f0 on vocal tract configuration.
The principle of the siren was rejected because its rotating part appeared to be too
sensitive to tracheal secretions. Inward-striking reeds (e.g., woodwind-type reeds) were
tried before, but could not vary f0 sufficiently.12, 13 An outward-striking lip reed14 was
selected, which resembles the cyclic opening and closing of the gap between the lips of
a musician playing a brass instrument.15 The new voice source consists of a single
floppy lip, which performs self-sustaining flutter-type oscillations driven by the
expired pulmonary air that flows through the TE shunt valve along the outward-
striking lip. In the neutral position, the straight silicone rubber lip reed is bent 90°
against the opposite wall to obtain the load force necessary for proper functioning
(Table 1).

A prototype of this artificial voice source only proved beneficial in female
laryngectomees with a hypotonic PE segment.16 For them the artificial voice source
improves voice quality and increases the average pitch of voice, without decreasing
intelligibility or necessitating other pressure and airflow rates than regular TE shunt
valve speech. Patients can regulate pitch and sound intensity of this prosthetic voice to
a limited extent by altering the airflow along the floppy lip. The mechanism does not
result in unacceptable airflow resistance. However, for this new mechanism of post-
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laryngectomy voice restoration to become useful for a larger group of laryngectomees,
a voice with an f0 suitable for males has to be generated as well. In addition, a larger
part of the melodic and dynamic range of the sound source has to be reached within
the regular airflow range for TE shunt valve speech.

To determine the optimum configuration of the voice source, De Vries et al. developed
a numerical model.17 In this model, the Finite Element Method is used to describe the
geometry and mechanical properties of the floppy lip reed in the prosthesis. The
airflow through the voice source is described by two-dimensional Navier-Stokes
equations. The interaction between the floppy lip and the airflow is modeled by
placing both in a collective grid. This model, however, is just two dimensional, thus
not allowing for possible torsion of the floppy lip and leakage of air along the lip.
Moreover, stroboscopic observations show a closed phase in the lip cycle, whereas in
the simulations no contact was observed between the lip and the opposite wall. These
limitations cause significant differences between the simulated and measured lip
motion characteristics, thereby underscoring the need for actual observational data.

The purpose of this study is to obtain aero-acoustic measurement data and detailed
high-speed photographic sequences of several lip configurations, on which future
floppy lip reed models may be based. Visualization may provide a more explicit
understanding or reveal features of lip reed behavior not previously known.18 The aero-
acoustic measurement data allow us to appreciate the effect of lip configuration on the
effort in terms of expiratory airflow and tracheal pressure, required from patients to
attain specific vocal performance (i.e., intensity and f0) and voice quality parameters
(i.e., harmonics-to-noise ratios). Additionally, these experimental data can be used as
quantitative classification criteria to establish the most promising lip configurations
for clinical use.

Experimental methods

The silicone rubber lip reeds

Implant-grade liquid silicone rubber was chosen for several reasons:
• the biocompatibility of the lip has to comply with the FDA Code of Federal

Regulations, title 21, part 874.3730;
• a silicone rubber lip reed has a lower modulus of elasticity than, for example, metal

reeds, thus enabling lower fundamental frequencies and requiring less airflow;
• the movement of a vibrating flexible lip can be arrested very abruptly during each

cycle by striking against its housing, yielding sound with a broad spectrum of
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harmonics, like laryngeal voices, which is likely to improve naturalness of the
artificial voice19; and

• liquid silicone rubber can be injection molded under vacuum and cured at room
temperature in almost any shape of mold. The molds were engineered using the
CAD/CAM package I-DEAS® (SDRC, Milford, OH, USA).

A previous study indicated that twin-lipped configurations generate an unnaturally
high f0 compared to single-lipped configurations11, which probably results from a
higher load force and from the more confined space for the oscillatory cycles of their
twin lips. Moreover, analogous to human vocal folds, two opposing lips have to be
mounted exactly symmetrical in order to function properly, which proved very difficult
to reproduce.

Prior to the current study, we explored the aero-acoustic characteristics of a wide range
of lip configurations in vitro, aiming at a voice with an f0 suitable for male
laryngectomees. This showed us that bedding metal or silicone rubber ballast in the tip
of these floppy lip reeds is not an appropriate method to decrease f0, because it made
them prone to chaotic behavior and required high airflows for the onset of sound
production. Also decreasing the load force on the lip reed, either by providing them
with crosswise grooves, or by increasing the distance to the opposite canal wall, proved
unsuccessful. It reduced the intensity of the generated sound and again made the lip
prone to chaotic behavior. Just making larger lips for lower frequencies is not possible,
because the dimensions of the lip are confined by the geometry of the silicone rubber

Lip configurations Thickness     
base (mm)

Thickness     
free tip (mm)

Load force    
(10-4 N)

Natural freq.   
unbent (Hz)

Lip 7-4 (tapered) 0.7 0.4 67 29
Lip 7-3 (tapered) 0.7 0.3 66 27
Lip 6-4 (tapered) 0.6 0.4 32 24
Lip 6-3 (tapered) 0.6 0.3 44 25.5
Lip 5-3 (tapered) 0.5 0.3 18 19
Lip 5-2 (tapered) 0.5 0.2 15 18
Lip 4-2 (tapered) 0.4 0.2 7 16
Lip 3-3 (straight) 0.3 0.3 4 11
Lip 3-2 (tapered) 0.3 0.2 4 11
Lip 2-2 (straight) 0.2 0.2 1 6.5

Table I: Dimensions
and physical properties
of the evaluated lip
configurations
(length=12.5 mm;
width=3.3 mm)
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shunt valve that is determined by the size of the TE fistula. To facilitate lower
fundamental frequencies for male laryngectomees, the lips evaluated in the current
study consist of softer silicone rubber and are longer than previous prototypes11, 16,
which ranged from 6.5 to 10.5 mm. The durometer of the employed silicone rubber is
43 Shore A units, the density is 1130 kg/m3 and the elasticity modulus at 200%
elongation is 3.45 x 106 Pa.

The results obtained from the numerical model indicated that tapered lip
configurations might have a relatively low threshold of vibration and a relatively steep
increase of f0 with increasing pressure and flow.17 These two features are important for
patients because they determine, respectively, the effort required for the onset of
phonation and the potential for natural prosody using the prosthesis. Therefore, the
lip configurations evaluated in this study are mostly tapered. To investigate the effects
of lip reed stiffness, load force, and mass distribution on aerodynamic requirements
and acoustic performance of the sound source, a set of 10 silicone rubber lips having
the same length and width (12.5 mm x 3.3 mm), but varying in thickness and shape,
was employed (Table I). The lip configurations are named after the thickness of their
base and free tip, i.e., tapered lip 5-3 converges from 0.5 mm at the base to a free tip of
0.3 mm. The natural frequency of each unbent lip reed and the load force exerted by
bending it 90° against the opposite wall are also given in Table I.

A Perspex setup to determine the aero-acoustic characteristics of the lip reeds in vitro
and obtaining the high-speed sequences is depicted in Figure 2. The ringed ‘tracheal’
tube is connected to a high-pressure air supply through a pressure regulator. The
dimensions of the canal between the ‘tracheal’ and ‘esophageal’ side of the model are
identical to the dimensions of the square lumen in the shaft of the TE shunt valve that
is developed for use in patients: a height of 3.2 mm and a width of 3.5 mm, allowing
for 0.1 mm clearance at both sides of the lip. The lip is mounted in this canal by
means of a stainless steel rod that is encased in the base of the lip at the time of
molding.

Aerodynamic and acoustic data acquisition

A differential pressure transducer (DT-2-14P-0-10L, Modus Instruments, Clinton,
MA, USA) measured the static air pressure drop (P0-P) across the lip. The volume
flow through the device was determined downstream using a respiratory flowhead
(F300L, Mercury Electronics, Glasgow, Scotland), connected to another differential
pressure transducer (DT-2-02P-0-10L, Modus Instruments). These transducers were
calibrated by means of a calibration analyzer (Timeter RT-200, Allied Healthcare, St.
Louis, MO, USA). A miniature electret condenser microphone (9468, Microtronic,
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Amsterdam, the Netherlands) with a hybrid integrated amplifier was positioned 10
mm downstream of the sound outlet of the flowhead. The microphone was connected
to an additional amplifier (SCXI-1120, National Instruments, Austin, TX, USA). A
digital A-weighted sound level meter (CEL-231, CEL Instruments, Hitchin, England)
was positioned 0.30 m downstream from the wire screen of the flowhead, analogous to
our standard mouth-microphone distance for measurements in vivo. The four sensor
signals were sampled simultaneously at 10000 samples/second by a PC based 16-bit
AD converter (National Instruments PCI-MIO-16xe-10) and digitally processed to
byte stream files by custom-built data acquisition software (National Instruments
LabVIEW® 5.1). Low-pass eighth-order elliptic filters (National Instruments SCXI-
1141) were applied to all sensor signals at 3500 Hz to prevent aliasing.

Each of the of lips was recorded twice while the volume flow increased slowly from
zero to 4x10-4 m3/s and vice versa, taking approximately 60 seconds per recorded loop.
For every 100 ms the fundamental frequency was calculated off-line from the recorded
microphone signals by another custom-built LabVIEW® application, based on a
harmonic product spectrum algorithm.20 This robust algorithm not only uses the
fundamental but also the positions of the higher harmonics in the spectrum by
calculating the largest common divider of their frequencies.

The simultaneously registered signal of the sound level meter was used to select
specific periods of the recorded loops: each time the meter crossed 60 dB[A] (onset),
70 dB[A] (regular conversation), 80 dB[A] (loud conversation) or 90 dB[A]
(shouting), a sample of 1000 ms was cut from the recording to be used for acoustic
analysis. Because each lip was recorded twice, both crescendo and decrescendo, this resulted
in four samples at each sound pressure level, adding up to 16 samples per lip. The level
of noise in these 1000 ms samples was estimated with a cepstrum-based technique,

Figure 2: Experimental setup representing a tracheoesophageal fistula. Left: a photograph of the opened Perspex setup,
showing the 'tracheal' side of the model on the left, the 'esophageal' side on the right, and the canal containing the lip reed in
between. Right: a schematic cross-section of the experimental setup
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described by De Krom for laryngeal voices.21 Harmonics and noise of a voice spectrum
are disentangled in the corresponding cepstrum (the Fourier transform of the log
spectrum) and can then be manipulated separately. The harmonic structure of the
spectrum gives rise to a few equidistant peaks in the cepstrum. The noise affects
various cepstral aspects: the spectral envelope of the noise contributes to the low end
of the cepstrum, whereas its fine structure defines the higher regions of the cepstrum.
By application of a comb filter to the cepstrum, energy related to the harmonic
structure in the spectrum can be removed. After a inverse transformation and a level
correction, an estimate of the noise spectrum is obtained. By subtraction of the
estimated noise spectrum from the original ‘voice’ spectrum, the harmonics-to-noise
ratio was calculated for two frequency regions (<700 Hz and 700-2300 Hz). These
regions roughly correspond to the frequency regions of first and second formant.22 To
obtain one set of signal parameters per lip at each sound pressure level, outcomes of
calculations on four samples corresponding to identical sound pressure levels were
averaged.

High-speed digital imaging

A magnifying laryngo-pharyngoscope by Stuckrad (4450.57, Richard Wolf GmbH,
Knittlingen, Germany) equipped with a fiber light cable that provided coaxial light
from a 300 Watt xenon lamp (Auto-LP/Flash 5135, Richard Wolf GmbH) was
positioned right above the canal between the ‘tracheal’ and ‘esophageal’ side of the
clear Perspex setup. On the endoscope we mounted a Weinberger SpeedCam Pro
monochrome camera (Weinberger AG, Dietikon, Switzerland). The CCD image
sensor of this high-speed digital imaging system has a square pixel array of 512X512
pixels, which can operate up to 1000 frames per second at full resolution. By reducing
the horizontal resolution to 512X128 pixels we were able to increase the recording
speed to 3000 frames per second of 8-bit gray scale. Expansion of the internal
memory of the camera to 1024 megabytes provided for 4 seconds recording time
(storage of 12000 images at the applied resolution). Each of the lips was recorded for
4 seconds, while the volume flow increased from zero to 4x10-4 m3/s. To avoid storing
gigabytes of images, several distinctive sequences of 200 pictures (66.7 ms) were
selected per lip for storage as manageable Microsoft Windows AVI files.
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Experimental results

Aerodynamic and acoustic analyses

Figure 3 shows the volume flow, the sound pressure level measured 0.30 m
downstream from the wire screen of the flowhead, and the fundamental frequency of
lip 5-3 (Table I) plotted versus the pressure difference (P0-P) across the lip. Similar
data were obtained for all lips.

Pressure difference, volume flow, and f0 of all lips are presented in Table II at four
selected sound pressure levels. The harmonic product spectrum algorithm was not able
to determine the f0 in the highly irregular signals representing lip 3-3 at 70 dB[A] and
lip 6-4 at 90 dB[A]. No lip configuration requires more than 1x10-4 m3/s airflow for
onset of sound production. At regular conversational intensity, 70 dB[A], the lips
require approximately 1.2x10-4 m3/s airflow. For most lips this increase of volume flow
yields a higher f0 than at 60 dB[A]; in lips 3-3, 3-2, and 2-2, however, f0 initially
decreases 10-20 Hz. At 80 dB[A], loud conversational intensity, the lips require
approximately 1.9x10-4 m3/s airflow. For all lips this increase of volume flow yielded a
higher f0 than at 70 dB[A]. All lips except the thinnest straight lip (lip 2-2) are able to
generate 90 dB[A], requiring approximately 3.6x10-4 m3/s airflow.

At each sound pressure level, f0 and corresponding pressure difference increase with lip
thickness, ranging from 75-155 Hz and 2-6x102 Pa, respectively, at onset, to 180-265
Hz and 3.4-5.3x103 Pa at 90 dB[A]. Lip 3-2, however, shows a sudden increase of f0

[from 185 Hz to 370 Hz (These frequency jumps being octaves seems purely

Table II: Pressure difference (P0-P) across the lip, volume flow through the device, and f0 per lip for each sound pressure
level. Desired f0 values for male laryngectomees are shaded gray. The harmonic product spectrum algorithm was not able to
determine f0 in the highly irregular signals representing lip 3-3 at 70 dB[A] and lip 6-4 at 90 dB[A]

Config.
P0-P Flow f0 P0-P Flow f0 P0-P Flow f0 P0-P Flow f0

(103   

Pa)

(10-4   

m3/s)
(Hz)

(103   

Pa)

(10-4   

m3/s)
(Hz)

(103   

Pa)

(10-4   

m3/s)
(Hz)

(103   

Pa)

(10-4   

m3/s)
(Hz)

Lip 7-4 0.60 0.40 152 1.20 1.20 170 1.90 1.70 200 5.30 3.20 260
Lip 7-3 0.55 0.30 154 1.25 1.40 172 1.70 1.70 202 4.80 3.30 264
Lip 6-4 0.45 0.30 138 0.70 1.00 145 1.70 1.90 197 4.65 3.40 -
Lip 6-3 0.65 0.80 118 0.85 1.10 150 1.65 1.60 180 4.30 3.40 245
Lip 5-3 0.45 0.70 115 0.55 0.80 143 1.35 1.60 177 4.30 3.70 240
Lip 5-2 0.45 0.80 102 0.75 1.10 150 1.85 2.10 168 3.75 3.50 238
Lip 4-2 0.40 1.00 105 0.65 1.20 146 1.40 2.20 160 3.50 4.00 210
Lip 3-3 0.25 0.70 90 0.55 1.30 - 1.05 1.90 85 3.35 3.70 180
Lip 3-2 0.30 0.90 100 0.55 1.40 90 1.05 2.10 140 2.55 3.40 400
Lip 2-2 0.20 0.80 75 0.48 1.50 95 1.00 2.20 125

90 dB[A]

90 dB[A] not attained

60 dB[A] 70 dB[A] 80 dB[A]
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accidental; we have neither a theoretical explanation for this, nor any clue from the
high-speed digital image sequences)] upon exceeding a volume flow of 2.8x10-4 m3/s.
The same irregular behavior (f0 increase from 280 Hz to 560 Hz) is demonstrated by
lip 6-4 at a volume flow of 3.9x10-4 m3/s. For both lips this phenomenon is
accompanied by a 20% increase of the airflow resistance of the device. Most of the
other lip configurations show evidence of this behavior as well, but at a volume flow
higher than 4x10-4 m3/s.

Several characteristics of voice production in normal male laryngeal speakers and
laryngectomees using a regular TE shunt valve, are presented in Table III. This table is
restricted to only a few parameters, important for our purpose, and summarizes what
appear to be accepted reference values. Within the regular airflow range for TE shunt
valve speech, 0.5-3.0x10-4 m3/s, all lips are able to generate at least 85 dB[A] (Table
IV). Thin-based lips, however, operate at a smaller static pressure difference at this
intensity than thick-based lips that require approximately 3-5x103 Pa. The potential

Figure 3: Volume flow,
fundamental frequency, and sound
pressure level plotted versus static
air pressure drop for lip 5-3. Each
point is based on 1000 consecutive
samples. Lines A and B refer to the
power spectra in Figure 9
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for patients to obtain natural prosody by means of this prosthetic voice can be
estimated by considering the range of fundamental frequencies generated by each lip
configuration within the physiological airflow range (Table IV). Most lips offer a
range in the order of 100 Hz. Lips 4-2, 5-2, 5-3, and 6-3 approximate the mean f0

range for male laryngeal speakers best. In Tables II and IV, f0 values matching the
reference values of male laryngeal voices are shaded gray.

The cepstrum-based technique, used to estimate the harmonics-to-noise ratios in
these samples, depends on correct f0 extraction. Because our algorithm was not able to
determine the f0 in the highly irregular signals representing lip 3-3 at 70 dB[A] and lip

Table III: Reported
characteristics of
voice production in
normal male
laryngeal speakers
and laryngectomees
using a regular TE
shunt valve

Physiological voice characteristics Laryngeal voice TE fistula voice

meana: 1.9 median: 1.0

rangea: 0.9 - 3.4 i.q. rangeb: 0.5 - 3.0

meana: 0.6 meanc: 6.9

rangea: 0.3 - 1.5 rangec: 4.2 - 10.9
mean: 117 mean: 71

range: 105 - 126 range: 66 - 77

meand: 124 mean: 104

SDd,e: 21 SDe: 18
mean: 595 mean: 84

SDe: — SDe: 32
median: 25 median: 4

range: 22 - 31 range: 1 - 9
Harmonics-to-noise ratio (dB) below 700 Hz ref. 23

Phonatory volume flow (10-4 m3/s) refs. 34, 35

Static tracheal pressure (103 Pa) refs. 7, 35

Max. sound pressure level (dB) refs. 5, 36

Speaking fundamental frequency (Hz) refs. 8, 23

Melodic rangef (Hz) refs. 5, 37

a. Mean for 25 male speakers, averaged over 15 syllables at normal intensity
b. Interquartile range
c. Intratracheal pressure for sustained phonation at comfortable intensity, n=54 laryngectomees
d. Average speaking f0 of 1003 male adults found in the literature
e. Standard deviation
f. Total fundamental frequency range, or phonational range

Table IV: Maximum intensity, highest
fundamental frequency, and lowest
fundamental frequency per lip within
regular airflow rates for TE shunt
valve speech.34 Desired f0 values for
male laryngectomees are shaded gray

Config.
P0-P SPL P0-P f0 P0-P f0

(103 Pa) (dB[A]) (103 Pa) (Hz) (103 Pa) (Hz)

Lip 7-4 4.75 88 4.75 252 0.70 144
Lip 7-3 4.10 89 4.45 260 0.65 146
Lip 6-4 4.00 87 3.40 236 0.50 130
Lip 6-3 3.70 86 3.70 220 0.50 118
Lip 5-3 3.10 85 3.10 222 0.40 115
Lip 5-2 2.55 87 3.05 213 0.35 90
Lip 4-2 2.35 87 2.35 180 0.20 85
Lip 3-3 2.35 87 2.35 160 0.15 70
Lip 3-2 2.25 86 2.25 390 0.15 65
Lip 2-2 1.30 87 1.70 170 0.15 73

Maximum intensity Highest f0 Lowest f0
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6-4 at 90 dB[A], no harmonics-to-noise ratios could be calculated for these two
conditions either.

At 90 dB[A], the harmonics-to-noise ratios of all lips deteriorate (Table V). At
conversational intensities (70 and 80 dB[A]), the harmonics-to-noise ratios in the
frequency regions containing the first and second formant are appreciably good (>25
dB and >10 dB, respectively) in the three thickest tapered lips 7-4, 7-3, and 6-4. On
the other hand, the harmonics-to-noise ratios of the four thinnest lips 4-2, 3-3, 3-2,
and 2-2 are relatively low. Using the same algorithm, Festen et al.23 found the
harmonics-to-noise ratio in the frequency region of the first formant to range from 22
to 31 dB in normal laryngeal voices, and from 1 to 9 dB in laryngectomized TE shunt
valve speakers. Of the lips selected above for their optimal f0 range, lip 5-3 generates
considerably stronger harmonics than the others, both in the region of the first and
second formant.

High-speed digital imaging

The sequences showing the onset of vibration are much alike for all lips, although the
initial amplitude appears to be larger in the thinnest lips. Figure 4 shows several phases
of the onset of lip 5-2, starting at t=0 ms with the lip in its resting position abutting
the opposite wall just before initial movement (Figure 4A). After 8.7 ms, 26 images
later, the increasing overpressure at the tracheal side of the lip has gradually pushed the
lip to its first peak opening (Figure 4B). The recoil of the lip reed and the Bernoulli
force, a local minimum of pressure created by the flow through the device, causes the
narrowest (middle) part of the valve channel to collapse rapidly, leading to the first
closure at t=10.7 ms. After the first closed phase, lasting 2.7 ms, the lip opens again

Table V: Harmonics-
to-noise ratio (dB) in
the frequency regions of
the first formant (F1)
and the second formant
(F2) per lip for four
sound pressure levels.
Favorable harmonics-
to-noise ratios for
laryngectomees are
shaded gray

Config.
F1 F2 F1 F2 F1 F2 F1 F2

Lip 7-4 15.9 8.8 23.7 7.7 25.1 12.7 12.6 5.5
Lip 7-3 29.5 20.5 29.9 14.6 25.0 13.9 6.8 2.4
Lip 6-4 28.4 25.8 27.7 16.3 27.2 11.5
Lip 6-3 6.0 0.4 14.2 4.3 11.2 2.0 6.8 5.6
Lip 5-3 21.2 4.7 28.6 15.3 18.7 7.2 6.6 3.0
Lip 5-2 14.6 3.8 21.6 9.5 10.5 2.2 5.6 2.7
Lip 4-2 13.9 4.4 12.5 4.6 1.7 0.6 1.9 0.8
Lip 3-3 6.3 1.1 1.5 0.3 1.1 0.5
Lip 3-2 8.2 1.7 0.8 0.3 2.2 0.6 6.2 6.7
Lip 2-2 3.6 0.7 2.2 0.2 1.5 0.2 90 dB[A] not attained

60 dB[A] 70 dB[A] 80 dB[A] 90 dB[A]

no f0 determined

no f0 determined
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to let the second flow pulse pass between t=13.3 ms and t=21.3 ms. The lip
centerline was traced by hand separately for each digital image taken during this period
and then compiled to show the entire sequence (Figure 4C). This motion is essentially
one of wave propagation from the base to the tip of the lip, with a one-sided constraint
at the opposite wall, for which a lip-valve model has been discussed by Ayers.24 For
thin lips the transition from the initial cycle to a full-amplitude self-sustaining
oscillation requires only a few cycles, whereas thick lips build up amplitude more
gradually over a considerable number of cycles.

Contrary to the predictions based on the numerical simulation model17, contact was
observed between the lips and the walls of the housing. Immediately after onset, this
contact takes place twice per cycle at closure. One after the other, the mid-part of the
lip and the free tip bump gently into the opposite wall (Figure 4C). At this stage the
level of sound produced is very low. When increasing the volume flow, the free tip
additionally strikes the wall on the side where the lip is mounted at the time of
maximum opening. This probably perturbs the lip motion in such a way that the
airflow variations in the artificial voice source are increased, giving rise to a steep
increase of the generated sound intensity. The transition from two-contacts behavior
to three-contacts behavior shows hysteresis.

Figure 5 shows a tracing of a 27-image sequence of an entire cycle of lip 5-3 during
steady-state vibration at 112 Hz. Again, the lip centerline was traced by hand
separately for each digital image and then compiled to show the entire sequence. By

Figure 4: Onset of vibration for lip 5-2, showing (A) the lip
in neutral resting position at t=0 ms, (B) the first point of
maximum opening at t=8.7 ms, and (C) a tracing of the
second cycle of the lip between t=13.3 ms and t=21.3 ms.
Where the traced lip centerline coincides with the dotted line,
the tapered lip comes into contact with the housing
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dividing the entire cycle in three phases, the three-contacts behavior described above is
illustrated distinctly. A similarly complex, though regular, flutter-type motion pattern
can be seen in all lips for some part of their melodic and dynamic range.

 From the high-speed digital image sequences, it is apparent that the free tip striking
against the housing induces a small superimposed traveling wave in the lip that starts
at the tip and runs toward the base of the lip. This disturbance appears to happen
especially when the lip strikes against the wall on the side where the lip is mounted, at
the time of maximum opening. This effect is much more noticeable when playing the
sequences slowly than when studying the individual frames. In thick stiff lips, the
amplitude of the traveling wave is small and its propagation fast, which gives the
impression of a shudder of the lip upon striking against the wall. In thin floppy lips,
however, the amplitude is higher and the propagation slower, which enables us to see
the small superimposed wave run from the tip to the base of the lip and often back and
forth again.

As expected, the increased stiffness and higher load force of thick-based lips yield
higher frequencies compared to thin lips. The mean opening area is significantly
smaller for these lips, corresponding with the finding of higher airflow resistance in
these lip configurations. Moreover, thick lips show the same regular flutter-type
motion pattern at almost any volume flow; their stiffness hardly allows for cycle-to-
cycle irregularities. Thin lips on the other hand, may demonstrate chaotic behavior
such as torsion of the body of the lip (Figure 6A), torsion combined with
superimposed traveling waves (Figure 6B), or curling of the free tip (Figure 6C), even
at a moderate volume flow.

Figure 5: A tracing of an entire cycle of lip 5-3 during
steady-state vibration at 112 Hz. Where the traced lip
centerline coincides with the dotted line, the tapered lip comes
into contact with the housing. Images 1-12 (A) show the
major opening phase of the cycle, images 12-23 (B) show the
major closing phase of the cycle, and images 1 and 23-27
(C) show the phase in between the two closures of this cycle
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Discussion

In this experimental study, aero-acoustic data and detailed high-speed photographic
sequences were obtained for 10 lip reed configurations. The high-speed visualizations
of lip reed behavior are useful because of both the overall insight and the details they
provide. Details of lip reed behavior may be crucial for both understanding18 and
optimizing the aero-acoustic characteristics of this artificial voice source. Next, we
discuss several aspects of lip reed behavior in general and implications for the use of
the artificial voice source.

Experimental setup

The acoustic properties of the model upstream and downstream from the lip do not
reflect the conditions in vivo. However, Van der Plaats et al.25 found that the impedance
spectrum of the subglottal tract, i.e., trachea, bronchi, and lungs, does not affect the
output of this alternative voice source based on an outward-striking lip reed.
Nevertheless, we repeated some of the experiments described above after:
• augmenting the length of the downstream ‘vocal tract’ to an anatomically correct26

0.17 m, and
• installing sound-absorbent porous foam 0.20 m upstream in the ringed ‘tracheal’

tube to simulate the acoustic impedance of the lungs.27

These simple modifications, reflecting the acoustic load working on the glottis in vivo,
had no effect on any of the relations between volume flow, static air pressure drop, f0,

Figure 6: Chaotic behavior of lip 4-2 at approximately 75
dB[A], such as torsion of the body (A), torsion combined
with superimposed traveling waves (B), and curling of the
free tip (C). Rapid motions of the free tip cause partial
blurring of the lip contours in these stills
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and sound pressure level, thus supporting the observation by Van der Plaats et al.25 and
the validity of our measurements.

Differently from conditions in vivo, where the artificial voice source is incorporated in
a silicone rubber TE shunt valve, the lips are mounted in a valveless Perspex model.
Although the mounting method and the dimensions of the canal between ‘tracheal’
and ‘esophageal’ side of the experimental setup are identical to in vivo conditions, the
setup does not include a shunt valve, because we are primarily concerned with
visualizing and understanding the characteristics and behavior of the lip reed proper.
Incorporating the artificial voice source in future TE shunt valves will yield a higher
airflow resistance compared to this valveless situation11, 16 and possibly a modulation of
the generated tones. On the other hand, the model contains several sharp edges, such
as the abrupt inlet of the ‘tracheoesophageal’ canal (Table I and Figure 2), which may
induce a vena contracta effect.28 This artifact of the experimental setup would probably
result in higher airflow resistance compared to the smooth human anatomy.

Determinants of f0: volume flow, lip length, and lip base thickness

Laryngectomees using this new voice source require a control parameter to vary f0 in
order to obtain a functional intonation pattern. Likewise, engineers of future sound-
producing shunt valves have need of design parameters to vary the mean speaking f0 in
order to match the gender-specific reference values of laryngeal voices. The current
study yields both.

In the human vocal system, intensity and frequency are not controlled independently.
Laryngeal speakers tend to raise their voice in pitch when they raise their voice in
loudness, and they do it differently in different portions of their vocal range.29 For the
chest register, Titze30 demonstrates that the typical rise in f0 with subglottal pressure
observed in human and canine larynges (2-6 Hz per 102 Pa) is explainable on the basis
of an amplitude-dependent tension in the vocal folds. This not only explains intensity
and frequency being coupled, but also subglottal pressure being a variable of control
for both.

Also in the evaluated silicone rubber lip reeds, an almost linear relation is found
between f0 and the static pressure difference across the lip for the largest part of their
effective melodic and dynamic range, as shown in Figure 3 for lip 5-3. Aurégan and
Depollier31 report a similar behavior for both a numerical and an in vitro model of the
soft palate during snoring. Despite complex flow characteristics (dynamic flow
separation, vortex formation, etcetera), f0 of the soft palate motion increases almost
linearly with air velocity, when multiple contacts per oscillation between the soft palate
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and the pharyngeal walls occur. Actually, Hirschberg et al.32 state that elastic beating of
the reed on the lay of reed organ pipes explains the dependence of f0 on blowing
pressure in these woodwind instruments. Hydrodynamic effects are significant when
the reed does not beat. If beating occurs, however, the hypothetical trajectory of the
reed is abruptly clipped by its collision with the lay. In Hirschberg’s mass-spring model
for this phenomenon, the resonance frequency increases with increasing blowing
pressure. Therefore contact between the lip and the walls of the housing seems to be a
prerequisite for attaining a wide f0 range. This melodic range, in the order of 100 Hz
within the regular airflow range for TE shunt valve speech, may offer laryngectomees
better possibilities for natural prosody than previous prototypes.11, 16 Nonetheless, even
these new lips will probably require thorough practice and individual training to make
optimal use of this new means of intonation.

For the three thinnest lip configurations, f0 initially decreases by 10-20 Hz with
increasing volume flow just after the onset of vibration. When increasing the volume
flow further, however, f0 gradually rises again similar to thicker lip reeds. We could not
find an explanation for this phenomenon by examining the high-speed digital image
sequences of these lips, but the U-shaped relation between f0 and volume flow was also
noted by some of the patients when testing a prototype of the artificial voice source.16

Thicker lip configurations may demonstrate this behavior as well, but only for an
instant, when they still generate less than 60 dB[A], which makes the phenomenon
hardly audible (Figure 3, for P0-P =0.25-0.45x103 Pa).

The evaluated lip configurations vary in stiffness, natural frequency, load force, and
mass distribution, but not in length. Therefore, no conclusions can be drawn from
these data regarding the effect of lip reed length on aerodynamic requirements and
acoustic performance of the sound source. However, previous studies indicate that the
range of fundamental frequencies generated by an outward-striking lip reed is shifted
downward with increasing lip length10, 11, 16, as is also true for freely vibrating
cantilevered beams and pipe organ reeds tongues.33

In these experiments, the effects of lip reed mass on the frequency of oscillation are
confounded with those of lip thickness. This precludes separate conclusions on the
effects of lip mass. Because lip mass is directly proportional to thickness, while lip
stiffness is proportional to thickness to the third power, it is to be expected that the
natural frequency of the unbent lip reed will be proportional to thickness (Table I).
Figure 7 presents the frequency dependence on the lip base thickness for the
constrained lip reed motion in the current experimental setup. The graph combines
results of 160 samples; f0 was averaged over four measurements at four different sound
pressure levels for 10 different lip configurations. Bearing in mind that f0 is also
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strongly dependent on the static pressure difference across the lip, the data were fit by
a least-squares analysis to four separate straight lines for each of the four different
sound pressure levels. These lines fit the data quite well (r2 = 0.87, 0.82, 0.78, and
0.93, respectively), indicating that the frequency is roughly linearly related to lip base
thickness, as is also found for freely vibrating cantilevered beams and pipe organ reeds
tongues.33

Airflow resistance of the artificial voice source

The onset of self-sustaining vibration requires only little driving force in all lip
configurations. Thin-based lip reeds, however, initiate flutter-type oscillations at even
smaller pressure differences compared to thick-based lip reeds. The extent of the initial
horizontal leg in the plot of volume flow versus static pressure difference (Figure 3, for
P0-P <0.25x103 Pa) reflects the height of this threshold. Plotting dimensionless flux

versus driving pressure (P0-P) illustrates this aspect of lip reed behavior more clearly,
as shown in Figure 8. By this definition the normalized flux is the mean volume flow
through the valve relative to the volume flow to be expected through the unobstructed
lumen. The pressure threshold is almost nonexistent for the displayed thin lip, whereas
the thick-based lip requires at least 0.6x103 Pa.

( )
0

0 PP2
maxS ρ

−

Φ

Figure 7: Fundamental frequency
at four sound pressure levels plotted
versus the thickness of the lip base
in different lip configurations
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Figure 8 also demonstrates the effect of lip base thickness on average cross-sectional
area of the reed channel: the normalized flux in the thin lip configuration approaches
0.45, whereas in the thick-based lip configuration the normalized flux approaches only
0.3 at the same static pressure difference. A hypothetical normalized flux of 1.0 would
only be found in a frictionless ‘tracheoesophageal’ canal without lip reed or inlet
discontinuities. The higher load force, brought about by the stiff base of lip 7-4,
prevents the lip from bending as far as lip 3-3, resulting in a smaller average cross-
sectional area of the reed channel, which is also observed in the high-speed image
sequences.

Lip reed beating behavior

Contrary to the predictions based on the numerical simulation model17, beating of the
lip against the walls of its housing occurs over the entire melodic and dynamic range in
all lip configurations. Actually, these elastic collisions seem to be essential
determinants of lip reed aero-acoustics, not only enabling a wide f0 range within a
limited range of volume flow32, but also accounting for most of the observed
irregularities in the relations between driving force (P0-P) on one hand, and both
sound pressure level and f0 on the other. For specific parts of the melodic and dynamic
range, different parts of the lip reed (mid-part or free tip) make single or multiple
contacts per cycle with different sides of the housing, each combination having its own
effect on sound pressure level, f0, and spectral content. The transitions from one type
of behavior to another often show hysteresis.

The effect of the number of contacts per cycle on spectral richness is shown in Figure
9 for lip 5-3. Just before the transition from the previously described two-contacts to

Figure 8: The dimensionless flux plotted versus the driving pressure (P0-P) for a thick-based lip
and a thin-based lip (configurations 7-4 and 3-3, respectively). The mean air density (rho) equals 1.29 kg/m3 and the area
(Smax ) is set to 3.5x3.2 mm
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three-contacts behavior, at a static pressure difference of 0.48x103 Pa (Figure 3 –
position A), the harmonics beyond 1500 Hz hardly rise above the level of the noise.
Right after the transition, at a static pressure difference of 0.63x103 Pa (Figure 3 –
position B), when the free tip also beats against the wall on the side where the lip is
mounted, the excitation wave form probably is abruptly clipped, yielding stronger
harmonics, while the noise level remains the same. The latter behavior is favorable for
the artificial voice source, because it results in a less noisy signal in a frequency region
that carries the important information on the differences among vowels. Moreover, the
spectral slope is less steep after the transition, causing the harmonics beyond 2000 Hz
to gain approximately 5 dB relative to the harmonics below 1000 Hz.

The damping of the lip reed, involved in these elastic collisions, is not only determined
by the mechanical properties of the silicone rubber, but most likely also by the air
cushion trapped between the lip and the wall of the housing. The clearance at both
sides of the lip may therefore form an important control parameter of the behavior of
beating lip reeds.

Figure 9: Temporal and spectral representation of the sound generated by lip 5-3 just before and after its transition from two-
contacts behavior to three-contacts behavior (positions A and B in Figure 3, respectively)
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Harmonics-to-noise ratio

It is interesting to notice that the harmonics-to-noise ratios for thick lip
configurations are much better than for thin lips. This may be explained by comparing
the acoustic signal in the time-domain and the high-speed digital image sequences of
both groups: thin lips are prone to chaotic behavior (torsion, superimposed traveling
waves, curling of the free tip, etcetera), even at moderate volume flow. At
conversational intensities, thick lips not only offer an appreciable harmonics-to-noise
ratio in the frequency region that holds the first formant of most vowels, but also in
higher regions of the spectrum. The latter may provide good potential for the
naturalness of the artificial voice.19

At 90 dB[A], the harmonics-to-noise ratio of all lips deteriorates. To roughly discern
whether increasing turbulent noise in the experimental setup or a waning harmonic
structure is responsible, we measured the sound pressure level of the turbulent noise
0.30 m downstream from the wire screen of the flowhead at the maximum volume flow
of 4x10-4 m3/s, without mounting any lip reed in the perspex model. The level of noise
generated by the empty experimental setup is only 51 dB[A], whereas most lip
configurations exceed 90 dB[A] at this high volume flow. This supports the
hypothesis that, under extreme conditions, even thick lips show chaotic behavior,
deteriorating the harmonics-to-noise ratio by breaking up the harmonic structure
rather than by increasing the level of turbulent noise.

Possibilities of the artificial voice source in vivo

The experimental data from this study may be used to find the most promising lip
configurations for use in laryngectomees. First, volume flow and static tracheal
pressure required for adequate speech levels with this alternative voice source (Table II)
have to comply with laryngectomees’ physical capabilities (Table III). Second, mean
and range of the fundamental frequency generated within the physiological airflow
range (Tables II&IV), need to match the gender-specific reference values of laryngeal
voices (Table III). Additionally, voice quality parameters of this prosthetic voice can be
considered, such as the harmonics-to-noise ratios (Table V), or the potential of
intonation control, reflected in the dependence of f0 on the static pressure difference
across the lip. Because all evaluated lip configurations operate within the limits set by
laryngectomees’ physical capabilities, the selection of the most promising lip
configuration for males will finally be a compromise between the most natural f0 range
for men, generated by thin lips, and the best voice quality obtained from thick-based
lips. For females this is easier, because the thick-based lips yield not only a good voice
quality, but also generate an f0 range suitable for women.
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Conclusions

We summarize the main conclusions that can be drawn from this study concerning the
aero-acoustics of silicone rubber lip reeds for alternative voice production in
laryngectomees:
• For pressures above the sounding threshold, fundamental frequency, volume flow

and sound pressure level generated by a single floppy lip reed are almost linear
functions of the driving force, static pressure difference across the lip. The wide
range and the driving force dependence of f0 can be explained by the elastic beating
of the lip against the walls of the housing.

• Observed irregularities in these relations are mainly caused by transitions from one
type of beating behavior of the lip against the walls of the housing to another.

• The thickness of the lip base is linearly related to the frequency of lip reed
oscillation. This effect completely overrules the frequency-lowering effect of the
increased mass of thicker lips.

• The use of silicone rubber lip reeds for alternative voice production may be limited
by their chaotic behavior. Ultimately all lips demonstrate chaotic behavior, but only
for thin lip configurations this occurs well within the regular airflow range for TE
shunt valve speech. Chaotic behavior deteriorates the harmonics-to-noise ratio, and
would therefore compromise the naturalness and intelligibility of the artificial
voice.

• High-speed visualization of lip reed motion provides both general insight and
details of the underlying lip reed behavior essential for optimization of this
artificial voice source.

• In addition to previous reports that concerned only female laryngectomees, this
study demonstrated that also for male laryngectomees a lip configuration may be
found that offers a good compromise between the desired f0 range and favorable
sound quality.

Acknowledgments

This study was supported by grant GGN 55.3712 from the Dutch Technology
Foundation STW. The authors wish to thank C. Klok and D. Koops (Dept. of Clinical
Physics and Informatics, VU Medical Center, Amsterdam, The Netherlands) for the
computer-aided engineering of the silicone rubber lips and for preparing the Perspex
TE-model. We acknowledge J. Reinders (Reinka Im- en Export BV, Breda, The
Netherlands) for giving us the use of the Weinberger high-speed digital imaging
system, and prof. dr. ir. A. Hirschberg (Dept. of Applied Physics, University of
Technology, Eindhoven, The Netherlands) for the helpful discussions on aero-
acoustics in general and his valuable comments on the initial version of this paper.



100

CHAPTER 4

S P V P

References

1. Blom ED, Hamaker RC. Tracheoesophageal voice restoration following total laryngectomy. In: Cancer of
the Head and Neck. Meyers EN, Suen J (eds). Philadelphia: WB Saunders, 1996; 839-852.

2. Singer MI, Blom ED. An endoscopic technique for restoration of voice after laryngectomy. Annals of
Otology, Rhinology and Laryngology 1980; 89: 529-533.

3. Mahieu HF, SchutteHK, Annyas AA. Intelligibility, vocal intensity, and long-term average spectra of
Groningen button-oesophageal speech. In: Speech Restoration via Voice Prostheses. Hermann IF (ed). Berlin
Heidelberg New York: Springer-Verlag, 1986; 139-147.

4. Schutte HK, Bors EFM, de Boer GHA, Nieboer GLJ, Annyas AA. Evaluation of speech with and
without a “Groningen type” voice button. In: Speech Restoration via Voice Prostheses. Hermann IF (ed). Berlin
Heidelberg New York: Springer-Verlag, 1986; 135-138.

5. Max L, Steurs W, de Bruyn W. Vocal capacities in esophageal and tracheoesophageal speakers.
Laryngoscope 1996; 106: 93-96.

6. Cheesman AD, Knight J, McIvor J, Perry A. Tracheo-oesophageal puncture speech. An assessment
technique for failed oesophageal speakers. Journal of Laryngology and Otology 1986; 100: 191-199.

7. Mahieu HF, Annyas AA, Schutte HK, van der Jagt EJ. Pharyngoesophageal myotomy for vocal
rehabilitation of laryngectomees. Laryngoscope 1987; 97: 451-457.

8. Krook MIP. Speaking fundamental frequency characteristics of normal Swedish subjects obtained by
glottal frequency analysis. Folia Phoniatrica 1988; 40: 82-90.

9. Trudeau MD, Qi Y. Acoustic characteristics of female tracheoesophageal speech. Journal of Speech and
Hearing Disorders 1990; 55: 244-250.

10. De Vries MP, van der Plaats A, van der Torn M, Mahieu HF, Schutte HK, Verkerke GJ. Design and in
vitro testing of a voice-producing element for laryngectomized patients. International Journal of Artificial
Organs 2000; 23: 462-472.

11. Van der Torn M, Verdonck-de Leeuw IM, Festen JM, De Vries MP, Mahieu HF. Female-pitched sound-
producing voice prostheses – initial experimental and clinical results. European Archives of
Otorhinolaryngology 2001; 258: 397-405.

12. Shedd DP, Bakamjian V, Sako K, Mann M, Barba S, Schaaf N. Reed-fistula method of speech
rehabilitation after laryngectomy. American Journal of Surgery 1972; 124: 510-514.

13. Hagen R, Berning K, Korn M, Schon F. Voice prostheses with sound-producing metal reed element – an
experimental study and initial clinical results. Laryngo-Rhino-Otologie 1998; 77: 312-321.

14. Fletcher NH. Autonomous vibration of simple pressure-controlled valves in gas flows. Journal of the
Acoustic Society of America 1993; 93: 2172-2180.

15. Chen F-C, Weinreich G. Nature of the lip reed. Journal of the Acoustic Society of America 1996; 99: 1227-
1233.

16. Van der Torn M, de Vries MP, Festen JM, Verdonck-de Leeuw IM, Mahieu HF. Alternative voice after
laryngectomy using a sound-producing voice prosthesis. Laryngoscope 2001; 111: 336-346.

17. De Vries MP, Hamburg MC, Schutte HK, Verkerke GJ, Veldman AE. Numerical simulation of self-
sustained oscillation of a voice-producing element based on Navier-Stokes equations and the finite
element method. Journal of the Acoustic Society of America 2003; 113: 2077-2083.

18. Copley DC, Strong WJ. A stroboscopic study of lip vibrations in a trombone. Journal of the Acoustic Society
of America 1996; 99: 1219-1226.

19. Rosenberg AE. Effect of glottal pulse shape on the quality of natural vowels. Journal of the Acoustic Society
of America 1971; 49: 583-990.



101

AERO-ACOUSTICS OF SILICONE RUBBER LIP REEDS FOR ALTERNATIVE VOICE PRODUCTION IN LARYNGECTOMEES

S P V P

20. Schroeder MR. Period histogram and product spectrum: new methods for fundamental frequency
measurement. Journal of the Acoustic Society of America 1968; 43: 829-834.

21. De Krom G. A cepstrum-based technique for determining a harmonics-to-noise ratio in speech signals.
J. Speech Hearing Res. 1993; 36: 254-266.

22. Flanagan JL. Speech analysis – Synthesis and Perception, 2nd edn. Berlin Heidelberg New York: Springer-Verlag,
1972; 154.

23. Festen JM, van Beek JHM, Mahieu HF, Parker AJ. Acoustic analysis of tracheoesophageal voice. In:
Surgery and Prosthetic Voice Restoration after Total and Subtotal Laryngectomy. Algaba J (ed). Amsterdam: Elsevier
Science BV, 1996; 171-175.

24. Ayers RD. New Perspectives on the Brass Instruments. In: Proceedings of the International Symposium on
Musical Acoustics. Keefe D, Rossing T, Schmid C (eds). Leavenworth: Acoustic Society of America, 1998;
132-134.

25. Van der Plaats A, de Vries MP, van der Eerden FJM, Schutte HK, Verkerke GJ. In-vitro measurements of
a voice-producing element under physiologic acoustic conditions. In: A New Voice for the Voiceless. PhD
thesis by De Vries MP. Groningen: University of Groningen, 2000; 75-93.

26. Story BH, Titze IR, Hoffman EA. Vocal tract area functions from magnetic resonance imaging. Journal
of the Acoustic Society of America 1996; 100: 537-554.

27. Ishizaka K, Matsudaira M, Kaneko T. Input Acoustic-impedance Measurement of the Subglottal
System. Journal of the Acoustic Society of America 1976; 60: 190-197.

28. Pelorson X, Hirschberg A, Wijnands APJ, Bailliet H. Description of the flow through in-vitro models of
the glottis during phonation. Acta Acustica 1995; 3: 191-202.

29. Fairbanks G. Voice and Articulation Drillbook. New York: Harper and Row, 1960.

30. Titze IR. On the relation between subglottal pressure and fundamental frequency in phonation. Journal
of the Acoustic Society of America 1989; 85: 901-906.

31. Aurégan Y, Depollier C. Snoring: Linear stability analysis and in-vitro experiments. Journal of Sound and
Vibration 1995; 188: 39-54.

32. Hirschberg A, van de Laar RWA, Marrou-Maurières JP, Wijnands APJ, Dane JH, Kruijswijk SG,
Houtsma AJM. A quasi-stationary model of air flow in the reed channel of single-reed woodwind
instruments. Acustica 1990; 70: 146-154.

33. Plitnik GR. Vibration characteristics of pipe organ reed tongues and the effect of the shallot, resonator
and reed curvature. Journal of the Acoustic Society of America 2000; 107: 3460-3473.

34. Heaton JM, Sanderson D, Dunsmore IR, Parker AJ. In vivo measurements of indwelling tracheo-
oesophageal prostheses in alaryngeal speech. Clinical Otolaryngology 1996; 21: 292-296.

35. Holmberg EB, Hillman RE, Perkell JS. Glottal airflow and transglottal air pressure measurements for
male and female speakers in soft, normal and loud voice. Journal of the Acoustic Society of America 1988; 84:
511-529.

36. Coleman RF, Mabis JH, Hinson JK. Fundamental frequency-sound pressure level profiles of adult male
and female voices. Journal of Speech and Hearing Research 1977; 20: 197-204.

37. Hollien H, Dew D, Phillips P. Phonational frequency ranges of adults. Journal of Speech and Hearing
Research 1971; 14: 755-760.



102 S P V P

Chapter 5



103S P V P

Communicative suitability of voice following
radiotherapy for T1 glottic carcinoma: testing the
reliability of a rating instrument

M van der Torn
IM Verdonck-de Leeuw

DJ Kuik
HF Mahieu

Journal of Voice 2002; 16: 398-407



104

CHAPTER 5

S P V P

Abstract

Background: The objective of the study was to determine whether a communicative
suitability rating instrument could be used in a meaningful way to assess functionality
of voice following radiotherapy for T1 glottic cancer.

Methods: Seventeen naive listeners judged the suitability of voice of a patient group
with T1 glottic carcinoma (n=20) just before treatment, a group of patients (n=40)
after radiotherapy, and a matched control group (n=20) of normal speakers. Listeners
rated suitability on a 10-point scale for 10 speaking situations, which supposedly make
different demands. In order to validate scores on communicative suitability, ratings
were related to perceptual voice quality evaluations and videolaryngostroboscopic
evaluations.

Results: Results indicate that the concept of measuring listener judgments of
communicative suitability of voice is basically sound. Raters are reliable and can
discriminate between groups of normal and pathological voices. Patients with T1
glottic carcinoma (assessed before the start of treatment) have on average the least
suitable voices. Following radiotherapy suitability is, on average, improved, but does
not approach the suitability of normal voices. Ratings on communicative suitability
were clearly related to perceptual voice quality aspects and videolaryngostroboscopic
evaluations.

Conclusion: A subset of three communicative suitability rating scales is recommended
as part of the protocol for evaluating voice outcome after radiotherapy for early glottic
cancer, besides perceptual evaluation of voice quality by trained and naive raters, video-
laryngo-stroboscopy, acoustical analyses, and self-ratings of vocal performance.
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Introduction

The prognosis of T1 glottic carcinoma is relatively good, with reported cure rates over
90%. Treatment options for early glottic cancer are radiotherapy (RT), endoscopic
surgery (with or without CO2 laser), and external surgery (cordectomy or vertical
hemilaryngectomy). Because cure rates are similarly good for these approaches, the
preservation or restoration of voice has become an important factor in the selection of
treatment strategy.

As Hirano and Bless1 stated, voice is a complex phenomenon that requires multiple
measures to describe its characteristics. In earlier research, Verdonck et al.2, 3 concluded
that assessing voice quality, vocal function, and vocal performance are essential
dimensions for evaluating a patient’s voice outcome after radiotherapy for early glottic
cancer. Voice characteristics of patients diagnosed with early glottic cancer improved
after radiotherapy; however, they were not fully normalized for half of the patients.
The method of obtaining a biopsy of the lesion for initial diagnosis and smoking
habits after treatment clearly affected the risk of voice impairment and associated
consequences in daily life. These conclusions were based on perceptual evaluations
from expert trained listeners and acoustical analyses of voice quality, stroboscopic
analysis of vocal function, and self-ratings of vocal performance.2, 3

A patient’s voice quality, vocal function, and even vocal performance are sensitive to
many different kinds of deviation from an ideal standard, although the voice may be
perfectly suitable for communicating in most normal daily life situations.

The concept of communicative suitability has been proposed by Franken, van
Bezooijen, and Boves4 for speech of people who stutter. They defined communicative
suitability as the speaking situation-dependent adequacy of speech as judged by
listeners. They found that the rating instrument consisting of 10 speaking situations
can be scored reliably and that more demanding situations (such as giving a lecture)
received lower suitability scores than the less demanding ones (such as talking about
everyday events with a friend), as could be expected. Also, the speech of the people
who stutter was judged significantly less suitable than the speech of reference speakers.
Furthermore, naive raters were considerably less tolerant in their judgments than
clinicians or stuttering listeners.

The main purpose of our study is to evaluate and adjust this rating instrument to
assess the communicative suitability of post-glottic cancer treatment voices rated by
naive listeners. For a new rating instrument to be readily used, it must first of all be
proved that ratings are reliable. Furthermore, it is required that the instrument
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differentiates normal voices from pathological voices and low demanding situations
from more demanding situations. Finally, in order to validate scores on communicative
suitability, ratings have to be related to perceptual voice quality evaluations by naive
raters and videolaryngostroboscopic evaluations of the vocal folds.

Methods

Speakers

This study involved 60 patients. All patients were treated with radiotherapy for stage
T1 glottic cancer (UICC classification, 1997). A research design was set up composed
of a control group (n=20), a patient group with T1 glottic carcinoma (n=20) just
before treatment, and a group of patients after radiotherapy (n=40; mean=47.6
months; range= 5–110 months). Concerning the stage of the tumor, 73% was
unilateral (T1a) and 27% bilateral (T1b). Radiation schedules varied from 66 Gy in
33 fractions (48%), 60 Gy in 30 fractions (29%), and 60 Gy in 25 fractions (23%).
All patients were male. Their mean age was 67 years, ranging from 47 to 81 years. A
substantial percentage of patients (60%) had daily duties that demanded a properly
functioning voice. Most of the patients (92%) did not have a “voice hobby” such as
singing, or acting. Spoken and written informed consent was obtained from all
patients in this study within the framework of a randomized trial on dose response in
radiotherapy of early glottic cancer.

The control group was matched with the patients with respect to age, sex, and smoking
and drinking habits. None of these 20 men had a voice disorder. Their mean age was
67 years, ranging from 51 to 81 years. A substantial percentage of controls (50%) had
daily duties that demanded a properly functioning voice. Most of the controls (85%)
did not have a “voice hobby”.

Speech material/recordings/preprocessing

Speakers read out the same standard text of neutral content for about 5 minutes. All
the speech material was recorded in a sound-treated room, using a Sennheiser MD21
microphone (Sennheiser Electronic GmbH & Co., Germany) and a Casio digital
audiotape (DAT) recorder (Casio Computer Co. LTD, Japan). Recording level was
adjusted for each speaker to optimize signal-to-noise ratio, and then kept constant for
that speaker. Fragments of the text were digitized by means of the SoundEditor of an
Iris Indigo R4000 (Silicon Graphics Inc., Mountain View, CA, USA) with a sample
frequency of 48 kHz and a 16-bit resolution. The duration of each of these read-aloud
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fragments was approximately 45 seconds, which is generally assumed to be sufficiently
long for obtaining reliable perceptual judgments.5 An analogue tape was composed of
the voice fragments for the analyses in the following sequence: the first five samples
were examples of the speakers, ranging from extremely pathological to normal as
judged by a speech therapist/phonetician. After these five reference voices, ten training
samples, randomly chosen from the total of speech samples to allow assessment of
intrarater reliability, were rated once, to be presented a second time during the rest of
the session. Finally the test samples were presented in random order. In summary, 90
samples were judged: 10 training samples + 60 patients + 20 controls.

Communicative suitability

The raters were 17 female members of an amateur chorus, not familiar with
pathological voices but interested in voice. All listeners served as unpaid volunteers.
Preceding the presentation of the samples, the raters were asked to judge the suitability
of their own speech for each of 10 speaking situations, to accustom them to the
situations. Moreover, listeners were instructed to pay attention only to the voice, not
to the pronunciation, regional dialect, or the read-aloud capability of the speakers. The
samples were then presented via a tape recorder and headphones to the group of judges.

The 17 listeners judged the communicative suitability of the 90 voice samples in the
10 specific speaking situations (Table I) developed by Franken, van Bezooijen, and
Boves.4 Thus, 15300 scores were obtained. The order of the communication situations
was altered from Table I to prevent the judges from being guided by its assumed order
of increasing communicative demands (order of presentation as in Table II). Listeners
rated the suitability of each voice sample for use in each of the 10 speaking situations
on a 10-point scale, keeping in mind the grading scale that is commonly used in the

Private environment, with single known person:
1. Talking about everyday events with a girlfriend
2. Telling a housemate about one's new job

Public domain, with single known person:
3. Having a conversation with a friend on the train
4. Ordering bread at the bakery around the corner

Private environment, with multiple known persons:
5. Chatting with housemates during a party game
6. Delivering a speech at a family celebration

Public domain, with single unknown person:
7. Starting a conversation with a stranger on the bus
8. Asking a passerby for directions

Public domain, with multiple unknown persons:
9. Instructing a group at a dancing school

10. Giving a lecture to a newly founded professional association

Table I: Five pairs of communication situations
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Dutch educational system. To prevent any confusion, the meaning of all 10 points was
explicitly explained in the scoring instructions (1.extremely poor; 2.very poor; 3.poor;
4.insufficient; 5.just insufficient; 6.just sufficient; 7.amply sufficient; 8.good; 9.very
good; 10.excellent). Therefore the scale can be considered an anchored 10-point scale,
allowing a meaningful interpretation of the judgments of communicative suitability.

Voice quality

The rating procedures on voice quality are described in detail by Verdonck et al.2, 3 for
these speakers. The naive raters were 20 university students (6 male, 14 female), not
familiar with pathological voices. They were paid for their participation. The raters
listened to the analogue tape described above in a quiet room, independently of each
other. The set of semantic 7-point scales consisted of 14 scales: unpleasant – pleasant,
ugly – beautiful, breathy – not breathy, dull – clear, high – low, shrill – deep, unsteady
– steady, panting – not panting, tense – relaxed, rough – not rough, creaky – not creaky,
speaking with difficulty – speaking without difficulty, not intelligible – intelligible,
and deviant – not deviant. Preceding the actual judging, the naive raters were presented
with the above-mentioned ten reference voice samples, in order to give the raters the
whole span of voice quality, ranging from extremely pathological to normal.

Vocal function

The assessment of vocal function is described in detail for these speakers by Verdonck
et al.2, 3 Vocal function was assessed by means of videolaryngostroboscopy. For the
previous studies by Verdonck et al.2, 3, video recordings were made of 88 speakers.
Recordings of 36 speakers were unsuitable for evaluation due to insufficient image
quality and 15 speakers were not included in the current study, leaving 37 recordings
for further investigation (9 pre-RT; 21 post-RT; 7 controls). Rating of the images was
performed by an experienced laryngologist (HFM), who was blinded for the clinical
data. The rating form designed by Hirano and Bless1 was adapted for patients treated
with radiotherapy for glottic cancer.2, 3 Five parameters, scored on a 7-point scale, were
included in the present study because of their good reflection of vocal fold function:
nonvibrating portion of the vocal fold (ranging from none to 100%), irregularity of
the vocal fold edge (ranging from smooth/straight to rough/irregular), periodicity of
the vibration (ranging from normal to totally irregular), synchronicity of the vibratory
pattern (ranging from normal to totally asynchronous), and left-right symmetry of the
vibratory pattern (ranging from normal to severely asymmetrical).
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Statistical analyses

Intrarater reliability for communicative suitability was established as follows: ten voice
samples, selected from the available 80 samples and ranging from extremely deviant to
normal, were presented twice: first as training samples, the second time as part of the
80 test samples. Percentages of the first ratings that were within 1 scale value of the
second (repeated) ratings were calculated for each of the 17 listeners. The same
procedure was followed to determine the percentages of the first ratings that were
within 1 scale value of the second (repeated) ratings for each of the 10 situations.

Cronbach’s alpha was calculated separately for the 10 communication situations: this
is a measure of the interrater reliability of the means of the ratings given by a panel of
raters.6 A low reliability can be caused either by a high mean square within (the raters
disagree), a low mean square between (there is little variability between the speakers),
or by both.

Analyses of (co)variance with repeated measures (BMDP 2V, BMDP Statistical
Software by SPSS Inc., Chigago, IL, USA) were carried out for each situation to
determine which situations differentiated the three speaker groups best (highest F
value for speaker group differences) and at the same time were as insensitive as
possible to differences between listeners (lowest F value for listener variability). For
further analyses the mean score of the 17 listeners was used for each speaker in each
speaking situation. Cluster analysis (BMDP 1M) by average distance method was then
carried out to examine the difference or similarity between the ratings for each of the
10 situations. Because the same characteristic of voice, namely communicative
suitability, is evaluated for each of the communication situations, high correlation
values are to be expected resulting from the redundancy of the situations. Therefore we
might be able to reduce the number of speaking situations to one per cluster, without
diminishing the power of the instrument. At last, one-way analyses of variance on the
three speaker groups (BMDP 7D) with Tukey studentized range method tests (a
method of post hoc testing) were used to analyze the differences between the patients
before and after radiotherapy and the controls.

Pearson product-moment correlation coefficients were used to investigate single
relations between scores on communicative suitability, on one hand, and perceptual
evaluations of voice quality and videolaryngostroboscopic evaluations of the vocal
folds, on the other hand. Principal component analysis (PCA) was carried out to
examine interrelations among the various perceptual voice quality and communicative
suitability ratings. The PCA was used to decompose the correlation matrix into
factors. Initial factors were rotated to a Varimax criterion.
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Results

Reliability of the listener judgments

Intrarater reliability was calculated separately for the raters by percentages of first
ratings that were within 1 scale value of the second rating of the same sample.
Reliability was moderate to high for the 17 communicative suitability raters, ranging
from 57% to 95% and for the 20 raters on voice quality scales, ranging from 56% to
75%. Given these moderate to high reliabilities, ratings of all judges were taken into
account in further analyses.

Interrater reliability was assessed separately for the 10 communication situations by
means of Cronbach’s alpha. All alphas exceeded 0.94, which is extremely high.
Interrater reliability was also high for the voice quality scales: All Cronbach’s alphas
exceeded 0.80, and more than half exceeded 0.90. From these results it is safe to
conclude that the scores are sufficiently reliable to warrant further statistical
processing.

Reliability of the communication situations

Intrarater reliability was also calculated separately for the 10 communication situations
by percentages of first ratings that were within 1 scale value of the second rating of the
same sample. Reliability was high for the 10 situations, ranging from 74.7% to 87.6%
(mean=80.9%). Given these high reliabilities, ratings of all situations were taken into
account in further analyses.

Communication situations         
in order of presentation

Mean score over 80 
speakers and 17 listeners

Speaker groups       
F value (df=2;77)

Listeners              
F value (df=16;1232)

1. Everyday events, girlfriend 6.73 37.17 21.90
10. Lecture, prof. association 5.38 44.31 47.97
8. Asking directions, passerby 6.37 41.80 33.31
2. New job, housemate 6.74 38.20 25.82
7. Conversation, bus, stranger 6.26 38.16 50.32
4. Ordering bread, bakery 6.45 39.15 35.67
6. Speech, family celebration 5.75 37.82 46.07
5. Party game, housemates 6.58 36.89 42.02
9. Instructing, dancing school 5.23 39.01 48.68
3. Conversation, train, friend 6.53 38.71 77.47

Table II: Results of ANOVA with repeated measures for each communication situation
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Analyses of (co)variance with repeated measures showed that in each of the speaking
situations the factor “speaker groups” (three levels: before RT, after RT, and controls)
had an extremely high significant effect on the suitability ratings. In Table II, the
column named “speaker groups” shows the F-values and the degrees of freedom for
this factor. Moreover, the factor “listeners” (17 levels) also had a highly significant
effect on the ratings in each of the speaking situations. For situation number 3, having
a conversation with a friend on the train, this undesired effect was the strongest
(F[16;1232]=77.47; p<0.00005).

Differentiation of the communication situations

Cluster analysis by average distance method revealed high correlations between the
suitability ratings in each of the speaking situations. Three clusters of situations could
be distinguished: [9 and 10], [2, 3, 4, 5, 6, 7, and 8], and [1]. Considering the mean
scores in Table II, they were named, respectively, the highly demanding, the medium
demanding, and the low demanding cluster.

The strong correlations between the suitability ratings in each of the communication
situations indicate the presence of redundancy of the situations. Therefore we reduced
the number of situations to one per cluster, guided by the results in Table II. The
highly demanding cluster consists of two situations, of which number 10 had the
highest F value for “speaker groups” and the lowest F value for “listeners”. The
medium demanding cluster consists of seven situations, of which number 8 seemed
the most representative: It had the highest F-value for “speaker groups”, almost the
lowest F value for “listeners” and its mean score was exactly the mean score of the
entire cluster.

To assess whether more demanding situations do give rise to lower suitability scores,
one-way analysis (ANOVA) with repeated measures was performed on the selected
situations (numbers 1, 8, and 10). The mean suitability score of all speakers in
situation number 1 was 6.73 (SD=1.04). The mean suitability score on situation
number 8 was 6.37 (SD=1.22) and the mean score in situation number 10 was 5.38
(SD=1.41). Indeed lower average ratings are obtained as the demands grow. Post hoc
tests for contrasts between these three speaking situations showed all differences to be
highly significant (F[1;79]=778.59 / 148.81 / 1127.66; p<0.00005 for each
contrast).
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Differentiation of speaker groups

To demonstrate whether this instrument was able to distinguish reference voices,
irradiated voices and voices just before radiation, a separate one-way ANOVA was
performed for each of the three clusters: number 1 as low demanding situation,
number 8 as medium demanding situation, and number 10 as highly demanding
situation (Figure 1).

In situation number 1, talking about everyday events with a girlfriend, the mean
suitability score of the 20 patients just before radiotherapy was 5.71 (SD=0.74), a
grade that would be considered just insufficient in the Dutch educational system. The
mean suitability score of the 40 patients after radiotherapy was however amply
sufficient: 6.73 (SD=0.83). The mean score of the 20 controls was 7.76
(SD=0.58), which means good, as was to be expected from normal voices in a low
demanding situation. Post hoc tests for contrasts between these three groups showed
all differences to be highly significant (t=9.79 / 5.59 / 4.85; p<0.00005 for each
contrast).

Figure 1: Mean suitability score per group vs. situation
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In situation number 8, asking a passerby for directions, the mean suitability score of
the patients just before radiotherapy was 5.14 (SD=0.83). The mean suitability score
of the patients after radiotherapy was 6.37 (SD=0.96) and the mean score of the
controls was 7.60 (SD=0.61). Again, post hoc tests for contrasts between these three
groups showed all differences to be highly significant (t=10.72 / 6.06 / 5.14;
p<0.00005 for each contrast).

In the highly demanding situation, giving a lecture to a newly founded professional
association (number 10), the mean suitability score of the patients just before
radiotherapy was insufficient: 3.98 (SD=0.88). Also the mean suitability score of the
patients after radiotherapy was just insufficient: 5.33 (SD=1.09). Only the mean
score of the controls was sufficient in this situation: 6.88 (SD=0.81). Post hoc tests
for contrasts between these three groups showed all differences to be highly significant
(t=10.84 / 6.22 / 5.15; p<0.00005 for each contrast).

Communicative suitability and perceptual voice quality

Pearson correlations were calculated for each of the three communicative suitability
clusters (number 1 as low demanding situation, number 8 as medium demanding
situation, and number 10 as highly demanding situation) and perceptual evaluations of
voice quality (Table III). Moderate to strong correlations were found between ratings
of communicative suitability, and voice quality, except for the voice quality scales high-
low and shrill-deep.

Communicative suitability Situation nr 10 Situation nr 8 Situation nr 1
Highly demanding      
(giving a lecture)

Medium demanding    
(asking direction)

Low demanding      
(talking to a friend)

Voice quality scales
d d lk f dUnpleasant - pleasant 0.82 0.82 0.83

Ugly - beautiful 0.80 0.81 0.81
Breathy - not breathy 0.78 0.78 0.78
Dull - clear 0.66 0.69 0.69
High - low
Shrill - deep
Unsteady - steady 0.47 0.53 0.49
Panting - not panting 0.71 0.71 0.70
Tense - relaxed 0.59 0.62 0.61
Rough - not rough 0.76 0.75 0.75
Creaky - not creaky 0.62 0.59 0.59
Speaking difficult - not difficult 0.59 0.62 0.60
Not intelligible - intelligible 0.77 0.79 0.79
Deviant - not deviant 0.78 0.80 0.81

Table III: Pearson's correlation coefficients for communicative suitability ratings and voice quality ratings by naive raters.
Results are given only for paired variables with a Pearson's correlation coefficient significant at the 0.01 level
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To obtain more insight into the pattern of correlations, a principal component analysis
was carried out on the ratings of communicative suitability and voice quality (Table
IV). Three factors explained together 86% of the variability and were labeled as voice
quality, speech quality, and pitch. It appeared that communicative suitability loaded
high on the voice quality factor.

Communicative suitability and vocal function

To investigate whether ratings on communicative suitability are related to vocal
function aspects, Pearson correlations were calculated for each of the three
communicative suitability clusters (number 1 as low demanding situation, number 8
as medium demanding situation, and number 10 as highly demanding situation) and
ratings on stroboscopic images (Table V). Each of the three communicative suitability
clusters (number 1 as low demanding situation, number 8 as medium demanding
situation, and number 10 as highly demanding situation) correlated significantly
(p<0.01) with the ratings on the irregularity of the vocal fold edge, the ratings on the
nonvibrating portion of the vocal fold, and the ratings on the left-right symmetry of
the vibratory pattern. Pearson’s correlation coefficients varied from -0.51 to -0.68.
The parameters periodicity and synchronicity of vocal fold vibration showed no
significant correlation with the communicative suitability ratings.

Factor label: Voice quality Speech quality Pitch
d d lk f d% of total variability explained: 45% 27% 14%
d d lk f dunpleasant - pleasant 0.78 0.55

ugly - beautiful 0.80 0.51
breathy - not breathy 0.93
dull - clear 0.63 0.69 0.66
high - low 0.97
shrill - deep 0.97
unsteady - steady 0.92
panting - not panting 0.73
tense - relaxed 0.85
rough - not rough 0.93
creaky - not creaky 0.78
speaking difficult - not difficult 0.90
not intelligible - intelligible 0.60 0.72
deviant - not deviant 0.71 0.60
highly demanding comm. suit. sit. (10) 0.83
med. demanding comm. suit. sit. (8) 0.81
low demanding comm. suit. sit. (1) 0.82

Table IV: Principal component analysis on voice quality and communicative suitability ratings. Factors were labeled as voice
quality, speech quality, and pitch. Factor loadings (>0.45) and percentage of total variance explained for the mean ratings
over all voices
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Discussion

The aim of the present study was to assess whether a communicative suitability rating
instrument could be used in a meaningful way to measure the suitability of the voice
treated with radiotherapy for early glottic cancer for several speaking situations
differing in demands. The present study measured the communicative suitability of
the voice of patients with small glottic carcinoma, before and after radiotherapy, as well
as the voices of a matched group of normal speakers for use in 10 typical
conversational situations.

Based on the reliability analyses it seems safe to conclude that the 17 listeners agreed
to a high extent on the suitability of the experimental voice samples for the various
situations. Thus, they were able to carry out the rating task in a reliable and
meaningful way. The ratings we applied cluster analysis and ANOVA on were obtained
by averaging the ratings of the 17 individual panel members per speaker per situation.
For sake of exact comparability of variance, future research ought to make use of about
the same panel size and background.

The speaking situations for which the suitability of the voice was to be judged were
varied in that they asked for spontaneous dialogues as well as prepared monologues,
pertaining to a wide variety of topics. It is not clear to what extent this less than ideal
matching with the presented read-aloud voice samples affected listener judgments. In
the instructions to the listeners, special care was taken to ensure that they imagined
each of the situations and judged the suitability of the type of voice represented by the
samples in those specific situations.

Listeners’ judgments of communicative suitability of voices support the basic
assumption that there is a continuum of communication situations, which ranges from

Communicative suitability Situation nr 10 Situation nr 8 Situation nr 1
Highly demanding      
(giving a lecture)

Medium demanding    
(asking direction)

Low demanding      
(talking to a friend)

Voice function
d d lk f dVibrating portion of the vocal fold -0.51 -0.51 -0.51

Regularity of the vocal fold edge -0.67 -0.65 -0.68
Periodicity of the vibration
Synchronicity of the vibratory pattern
Symmetry of the vibratory pattern -0.54 -0.56 -0.57

Table V: Pearson's correlation coefficients for communicative suitability ratings and stroboscopic vocal function ratings.
Results are given only for paired variables with a Pearson's correlation coefficient significant at the 0.01 level
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low demand on voice quality to high demands and is consistent with the findings of
Franken, van Bezooijen, and Boves4 on communicative suitability of speech of people
who stutter. The differences between the speaking situations correspond to the
differences in the strictness of norm application and confirm the notion that in formal
situations listeners expect conformation to standard norms with regard to voice and
speech quality.

The current study shows that three subsets of strongly correlating situations could be
formed, representing an underlying low to highly demanding continuum. One may
question whether highly demanding, formal situations should be included in an
instrument that is aimed at measuring the suitability of such pathological voices. We
included them nevertheless for two reasons:
• To test the hypothesis that more demanding situations do indeed give rise to lower

suitability scores, which clearly happened to be the case.
• To be able to distinguish the less deviant voices that were irradiated several years

before this assessment from the voices of the reference speakers.
In highly demanding situations such as giving a lecture (number 10), only normal
voices are rated sufficiently suitable, whereas in low demanding situations, such as
talking to a friend (number 1) only extremely pathological voices such as untreated
patients with glottic carcinoma, are rated insufficiently suitable. The actual tumor
causes changes in the vocal folds of the patients before radiotherapy, such as stiffness
change, mass change, and asymmetry, which in turn can lead to asymmetrical
vibrations, a marked decrease in amplitude, and the absence of mucosal wave.7 The
difference in suitability between irradiated and reference voices can be explained by late
radiation responses of the normal tissue such as late edema or fibrosis that occur
months or years after radiotherapy.8

The three situations, representing these clusters (numbers 1, 8, and 10) were related
to perceptual voice quality ratings, also established by naive raters. Results showed
strong correlations between communicative suitability and voice quality ratings.
Further insight into the underlying structure of the ratings revealed a three-
dimensional judgment space, consisting of dimensions labeled voice quality, speech
quality, and pitch. Some scales were related to more dimensions, whereas other scales
were related obviously to one dimension. Communicative suitability ratings were
related to the voice quality dimension only. Furthermore, several linear associations
were found between the ratings on communicative suitability and on stroboscopic
vocal fold behavior. These findings indicate that the results of communicative
suitability ratings can be attributed mainly to the quality of the voice, which originates
at glottic level, and not to other factors such as speech or prosody.
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Conclusion

The concept of measuring listener judgments of “communicative suitability of voice”
appears to be basically sound. Ratings are reliable and raters can discriminate between
groups of normal and pathological voices. Patients with small glottic carcinoma before
treatment have on average the least suitable voices. Following radiotherapy suitability
is on average improved, but does not approach the suitability of normal voices. Of
course, these averages cannot simply be applied to the individual patient, but they do
suggest a significant trend. Ratings on communicative suitability were clearly related
to voice aspects.

In the future, the subset of three communicative suitability rating scales will be part of
our voice analysis protocol, including perceptual evaluation of voice quality by trained
and naive raters, acoustical analysis of voice quality, evaluation of stroboscopic images
of vocal fold behavior, and self-ratings of vocal performance.
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Abstract

Background: A pneumatic artificial sound source incorporated in a regular
tracheoesophageal shunt valve may improve alaryngeal voice quality.

Methods: In 20 laryngectomees categorized for gender and pharyngoesophageal
segment tonicity, a prototype sound-producing voice prosthesis (SPVP) is evaluated
for a brief period and compared to their regular tracheoesophageal shunt speech.

Results: Perceptual voice evaluation by an expert listener and acoustical analysis
demonstrate a uniform rise of vocal pitch when using the SPVP. Female
laryngectomees with an atonic pharyngoesophageal segment gain vocal strength with
the SPVP. Exerted tracheal pressure and airflow rate are equivalent to those required
for regular tracheoesophageal shunt valves. However, communicative suitability and
speech intelligibility deteriorate by the SPVP for most patients. Tracheal phlegm
clogging the SPVP is a hindrance for most patients.

Conclusions: The SPVP raises vocal pitch. Female laryngectomees with an atonic or
severely hypotonic pharyngoesophageal segment can benefit from a stronger voice with
the SPVP.
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Introduction

Total laryngectomy, as surgical treatment for locally advanced laryngeal tumors,
interferes with all functions of the larynx, i.e., phonation, respiration, deglutition, and
indirectly olfaction. The most persistent problems of laryngectomized patients are
related to the loss of voice.1, 2 It is generally acknowledged that rapid and effective
voice restoration is critical to the successful reduction of psychological, social, and
economic setbacks induced by post-laryngectomy aphonia.3, 4 Since laryngectomy is
performed, numerous attempts have been made with varying success to obtain or
improve post-laryngectomy voice by creating a pneumatic artificial source of voice
production.5 Esophageal injection voice and electrolarynx devices, however formed the
standard approaches to alaryngeal voice rehabilitation until tracheoesophageal (TE)
puncture incorporating a silicone shunt valve prosthesis6 evolved worldwide as an
established technique for post-laryngectomy voice restoration. The advantages of this
method over esophageal injection voice are louder phonation and better intelligibility7;
additionally, it enables usually quick and trouble-free voice acquisition, higher speech
rate, and more sustained phrasing, resulting from a larger available air reservoir.8, 9

The term “voice prosthesis” is widely used in the literature when referring to TE shunt
valves, although these devices do not actually produce sound. In both esophageal
injection voice and TE shunt voice, the passage of air through the pharyngoesophageal
(PE) segment sets the closely approximated mucosal surfaces of this structure into
vibration, producing a low-pitched sound, which can be used as substitute voice. If,
however, the tonus of the PE segment is too low to attain sufficient mucosal
approximation, the resulting voice will be weak and breathy, or merely a coarse
whisper.10, 11 With sufficient approximation, the vibrating mass is often fairly large,
which yields a low fundamental frequency (f0). Female laryngectomees in particular
often have severe problems accepting their low-pitched alaryngeal voice.12, 13 The mean
speaking f0 of laryngeal female voices is 211 Hz (SD=2.7 semitones)14, which
decreases after laryngectomy and current voice rehabilitation to an unnaturally low
mean f0 of 108 Hz (SD=28 Hz).15

In order to improve voice quality for these two groups of laryngectomees (females and
those with a hypotonic PE segment), a small pneumatic sound source to be
incorporated in a regular TE shunt valve was designed.16 Preceding in vivo studies17, 18

proved the feasibility of this voice production and provided us with directions for the
development of an updated series of sound-producing voice prostheses. These were
evaluated in vitro by aero-acoustic measurements and detailed high-speed photographic
sequences to establish the most promising sound source configuration for clinical
use.19 This paper describes the results with the selected sound-producing voice



124

CHAPTER 6

S P V P

prosthesis in a group of 20 laryngectomized patients. Our objective was to determine
for which group of laryngectomees a sound-producing voice prosthesis might be
beneficial, in particular with respect to the patient’s PE segment tonicity and their
gender.

Materials and methods

Patients

Subjects were 9 females and 11 males with a mean age of 69 years (range= 52–79
years). All underwent total laryngectomy with tracheoesophageal puncture 14 to 115
months prior to this study (mean=52 months). Eight subjects received radiotherapy
post-laryngectomy, 9 subjects underwent uni- or bilateral neck dissections, 6 patients
required pedicled or free flap reconstructions, and 15 patients underwent a primary
pharyngeal myotomy. Clinical data are summarized in Table I. All subjects received a
new Groningen ultra-low-resistance (ULR) shunt valve prior to the tests. Spoken and
written informed consent was obtained from all patients in this study. The research
protocol was approved by the medical ethics committee of the Vrije Universiteit
Medical Center, Amsterdam.

Patient Age Gender Months post-op Myotomy Post-op RT PE segment tonus
F1 52 F 54 yes yes atonic
F2 65 F 31 yes yes atonic
F3 68 F 46 none yes atonic
F4 76 F 47 yes yes atonic
F5 69 F 102 yes none severely hypotonic
F6 77 F 91 none none slightly hypotonic
F7 53 F 38 yes yes slightly hypertonic
F8 76 F 49 yes none severely hypertonic
F9 79 F 114 none none severely hypertonic
M1 52 M 32 yes none slightly hypotonic
M2 69 M 31 yes none slightly hypotonic
M3 71 M 115 yes none slightly hypotonic
M4 74 M 41 yes none slightly hypotonic
M5 76 M 31 none none slightly hypotonic
M6 56 M 52 yes none normotonic
M7 63 M 20 none yes normotonic
M8 76 M 29 yes none slightly hypertonic
M9 77 M 65 yes yes severely hypertonic
M10 78 M 44 yes yes severely hypertonic
M11 64 M 14 yes none spasmodic

Table I: Clinical data
for the study group;
female and male, in
order of PE segment
tonicity
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Sound-producing voice prosthesis (SPVP)

The new sound source consists of a single bent tapered silicone lip (11.0 x 3.3 mm),
which performs self-sustaining oscillations driven by the expired pulmonary air that
flows along the outward-striking lip20 through the TE shunt valve. The resulting
frequency of oscillation and sound intensity can be modified by altering the airflow
along the lip.16 For female voice frequencies the optimal lip thickness is 0.5 mm at the
base and 0.3 mm at the free tip; for male voice frequencies lip thickness is 0.35 mm at
the base and 0.25 mm at the free tip. These lip configurations were selected by in vitro
benchmarking using two criteria: favorable sound quality and most natural f0 range for
each gender.19

To allow easy placement and removal of the sound source for speech evaluation
purposes in our experimental setting, the bent silicone lip was fitted in a small
stainless steel container (Figure 1) that can be partly inserted in a patient’s Groningen
ULR shunt valve (Figure 2). Thus the sound-producing voice prosthesis (SPVP)
could be evaluated without the need of repeatedly replacing the entire shunt valve. The
intention is to eventually integrate the bent silicone lip in the design of a regular TE
shunt valve.

Procedure and speech recordings

Prior to being recorded with the new sound-producing module inserted in their TE
shunt valve, subjects were encouraged to experience and practice this new mechanism

Figure 1: Blueprint of the sound-
producing module with bent silicone lip
in gray (dimensions in millimeters)
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of alaryngeal voice for approximately one hour. Two block-randomized groups of
patients (block size 2) were formed for this crossover trial. One group started all of
the described vocal tests with their own Groningen ULR shunt valve, while the other
group first performed all measurements with the SPVP. All subjects’ voices were
recorded in a sound treated room, using a microphone (MKE 212-3, Sennheiser,
Germany) and a DAT-recorder (DA-7, Casio Computers, Japan). Subjects were asked
to read the first paragraphs of the Dutch prose De Vijvervrouw in a normal
conversational manner. Digital recordings of approximately 90 seconds were made for
each laryngectomee with both types of voice prosthesis. These recordings were used for
the communicative suitability judgments, the perceptual voice evaluation, and to
establish speech rate, determined as the number of syllables per minute (spm). In
addition, each subject was asked to read aloud a separate list of 13 short everyday
Dutch sentences with each voice prosthesis. Furthermore, approximately ten minutes
of spontaneous conversation with the first author was video recorded for each
laryngectomee with both types of voice prosthesis.

PE segment tonicity assessment

Estimation of PE segment tonicity was achieved by rating the produced voice using
visual and acoustical cues on a seven-point scale (atonic – severely hypotonic – slightly
hypotonic – normotonic – slightly hypertonic – severely hypertonic – spasmodic).

Figure 2: Prototype of the sound-producing module in a
Groningen ULR shunt valve
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This was performed by a panel of three voice-and-speech pathologists, experienced
with laryngectomized speakers in general, but blinded for the clinical data. After
listening and watching approximately ten minutes of video recorded spontaneous
speech of each patient with a regular TE shunt valve, judgment was achieved by
consensus of the panel. The results are shown in Table I.

Communicative suitability

Communicative suitability has been defined as the situation-dependent adequacy of
speech as judged by naïve listeners. In a previous study we evaluated and adjusted a
communicative suitability rating instrument to be used in a meaningful way to assess
functionality of voice following radiotherapy for T1 glottic cancer.21 The 40 digital
recordings were presented in random order to a panel of 20 students, unfamiliar with
alaryngeal speech. Listeners rated the suitability of each voice sample for use in three
speaking situations on an anchored 10-point scale, keeping in mind the grading scale
that is commonly used in the Dutch educational system (1.extremely poor; 2.very
poor; 3.poor; 4.insufficient; 5.just insufficient; 6.just sufficient; 7.amply sufficient;
8.good; 9.very good; 10.excellent). The speaking situations are low demanding
(talking about everyday events with a friend), medium demanding (asking a stranger
for directions), and highly demanding (giving a lecture to a newly founded
professional association).

Perceptual voice evaluation by a professional listener

A subset of the seven-point bipolar semantic scales, developed by Nieboer22 and later
modified23, 24, was adapted for our purpose. This subset included the 5 scales “high
pitch – low pitch”, “weak – powerful”, “tense – non tense”, “gurgling – non gurgling”,
and “melodious – monotonous”. The 40 digital recordings were presented in random
order to a voice-and-speech pathologist, experienced with laryngectomized speakers in
general, but blinded for the clinical data.

Intelligibility

Each of the 20 laryngectomees read aloud two lists of 13 short everyday Dutch
sentences, one list while using regular TE shunt voice and one with the new SPVP.
The 520 different sentences were sampled at 44.1 kHz and 16-bits resolution. After
each speech recording an additional fixed-level reference tone was recorded. From these
recordings, speech level and intelligibility were determined. The long-term average
speech level, was determined by measuring the average speech level for each of the 40
lists from the average sound pressure levels (window width 50 ms) using the recorded
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tones as reference. Intelligibility was determined by measuring the speech reception
threshold (SRT) in competing noise, i.e., the signal to noise (S/N) ratio at which
50% of the sentences was reproduced without a single error by listeners with normal
hearing. Because speech from multiple speakers is the most frequent disturbing sound
in everyday situations, SRT was determined in interfering noise of 60 dB SPL with a
spectrum equal to the long-term average spectrum of normal speech. An adaptive up-
and-down procedure for accurately measuring the SRT with these lists of 13 sentences
was developed for evaluating hearing impairment25 and later adapted for intelligibility
assessment of alaryngeal speech.7, 26 Tucker Davis hardware (System II, Tucker Davis
Technologies, Gaineville, FL, USA) and headphones (DT-48, Beyer, Germany) were
used to play out and attenuate the samples in a sound treated room. The lists were
presented binaurally to 12 students with normal hearing, unfamiliar with alaryngeal
speech, each listener assessing in random order only ten patients (20 lists) to avoid
decreasing attentiveness.

Acoustical and aerodynamical assessment

Registrations of sustained vowels were made in a sound treated room with the
experimental set-up shown in Figure 3. A pressure transducer (DT-2-14P-0-10L,
Modus Instruments, Clinton, MA, USA), connected to a tracheostoma adapter (BE-
6040, Inhealth Technologies, Carpinteria, CA, USA) measured tracheal phonatory
pressure. A heated screen-pneumotach with integrated differential pressure transducer
(MS-B and PT36, Erich Jaeger GmbH, Höchberg, Germany) was fitted on a facemask
(King Systems Corp., Noblesville, IN, USA) to determine phonatory airflow rate.

Figure 3: Experimental set-up for
in vivo registrations of aerodynamic
and acoustic parameters
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These transducers were calibrated by means of a Calibration Analyzer (Timeter RT-
200, Allied Healthcare, St. Louis, MO, USA). A miniature electret condenser
microphone with a hybrid integrated amplifier (9468, Microtronic, Amsterdam, The
Netherlands) was attached to the flowhead for voice recording. Sound pressure level at
30 cm from the flowhead on the facemask was registered by a digital sound survey
meter (CEL-231, CEL Instruments, Hitchin, England). An electro-glottograph (EG-
830, Froekjaer-Jensen Electronics, Holte, Denmark) was connected to the patient
through a set of Ag/AgCl electrodes. An 8F catheter with 3 pressure transducers
(UniTip 8366-00-9980-D, UniSensor AG, Attikon, Switzerland) was inserted
through the nose until the distal sensor was located at the level of the esophageal
flange of the TE shunt valve. All sensor signals were pre-processed using National
Instruments SCXI signal-conditioning hardware, sampled at 10 kHz by means of a PC
based 16-bit analogue-digital converter (PCI-MIO-16xe-10, National Instruments,
Austin, TX, USA), and digitally processed by a custom-built LabVIEW® software
application. Recordings were made for each laryngectomee with both types of voice
prosthesis during several sustained phonations of the vowel /a:/ at comfortable
loudness and pitch. In addition, patients were asked to sustain the vowel /a:/ as soft as
possible and as loud as possible. In this way, the dynamic and the melodic range were
determined. Intratracheal pressure, airflow rate, and sound pressure level were read off-
line from the raw data, whereas the acoustic signals were converted to WAV files for
further software analysis. For every 100 ms the fundamental frequency was calculated
off-line from the microphone signal by another custom-built LabVIEW® application,
using a harmonic product spectrum algorithm.27

Self-assessment by patients

Each patient only had between two and four hours of experience with the new sound-
producing voice prosthesis, during which all measurements were performed. We
deemed this period too short for a patient to estimate the impact of the SPVP on
daily functioning and quality of life by means of an extensive questionnaire, such as
the Voice Handicap Index28 or the EORTC QLQ-H&N35.29 Therefore a short
questionnaire was designed to assess on four-point scales the patients’ primary
judgment of voice quality attained with a SPVP as well as their regular TE shunt valve.
The seven items of the questionnaire were vocal intensity, pitch of voice, availability of
the voice, effort required for speaking, fluency of the speech, pitch control for
intonation, and a general impression of voice quality.
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Statistical evaluation

Results on the various test parameters, obtained in both situations, were compared and
statistically analyzed (SPSS 11.0, SPSS Inc., Chicago, IL, USA) using Pearson’s
correlation and paired Student’s t-test for parametric data, or Mann-Whitney U-test
and Wilcoxon matched-pairs signed-rank test for ordinal data. For the panels of
listeners, the mean score was used for further analyses after ascertaining the interrater
reliability by calculating Cronbach’s alpha.

Results

Observations

For 12 patients (60%) the test sequence had to be halted at least once because of
tracheal phlegm clogging the vibrating silicone lip of the SPVP. The tests were
resumed after removing the SPVP from the patient, flushing it with water, and
reinserting it.

Speech rate

Using the SPVP speech rate (mean=139 spm; SD=38 spm) was decreased compared
with regular TE shunt speech (mean=146 spm; SD=42 spm), although this
difference was not significant (t19=2.058; p=0.054). The average speech rate of 52
laryngeal reference speakers from our institute is 228 spm (SD=30 spm). In female
laryngectomees with a severely hypotonic or atonic PE segment (subjects F1 - F5)
speech rate increased on average 1 spm (SD=19 spm) using the SPVP, whereas it
decreased 9 spm (SD=13 spm) in the other 15 patients. This between-group
difference was not significant (t18=1.376; p=0.186).

Communicative suitability

Interrater reliability, assessed separately for the three speaking situations by means of
Cronbach’s alpha, appeared to be high: all alpha coefficients exceeded 0.97. For further
analyses the mean scores of the 20 listeners were used. The suitability ratings for each
of the three speaking situations strongly correlated, indicating redundancy (Pearson’s
correlation coefficients 0.983, 0.923, and 0.969; significance<0.001). Hence, the
mean score of the three speaking situations was used, resulting in one rating for each
speaker with each shunt valve.
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Figure 4 shows the shift in communicative suitability for each patient using the SPVP
compared to their regular TE shunt voice. The communicative suitability of the 20
regular TE shunt voices (mean=4.9; SD=1.7) was significantly reduced (t19=4.456;
p<0.001) by the SPVP (mean=4.0; SD=1.4). Three patients (F1, F6, and M3)
attained a slightly improved communicative suitability with the SPVP. All others
deteriorated. In female patients with a severely hypotonic or atonic PE segment
(subjects F1 - F5) the mean reduction of communicative suitability caused by the
SPVP was 0.8 (SD=0.9), while it was 1.0 (SD=1.0) in the other 15
laryngectomees. This difference was not significant (t18=0.453; p=0.656).

Perceptual voice evaluation by professional listener

Table II shows for each patient and each scale the rating difference between SPVP
voice and the patient’s regular TE shunt voice. The effects of the SPVP on voice
quality varied considerably between patients. According to separate Wilcoxon matched-
pairs signed-rank tests, two scales significantly differentiated between regular TE
shunt voices and SPVP voices: The SPVP voices were rated higher pitched, yet more
tense. Female laryngectomees with a severely hypotonic or atonic PE segment (F1 -
F5) gained on average 1.4 scale values (SD=1.3) of vocal strength by using the SPVP,
whereas the other 15 subjects lost 0.3 scale values (SD=2.0). This difference,
however, was only weakly significant (U=17.5; p=0.075). The effects of the SPVP
on the other 4 scales differed hardly between these 2 subgroups of laryngectomees.

Figure 4: Mean communicative
suitability scores for each patient.
The origin of the arrow
corresponds to the communicative
suitability of the regular TE shunt
voice. The tip of the arrow
represents the communicative
suitability using the SPVP
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Intelligibility and speech level

Because each speaker was assessed by only six listeners to avoid decreasing
attentiveness, interrater reliability was assessed separately for the two groups of six
listeners by means of Cronbach’s alpha. The alpha coefficients were 0.955 and 0.934,
which is high. For further analyses the mean scores of the 12 listeners were used.

Table III presents the long-term average speech levels of each patient for both voice
sources. For the entire group of patients the difference between SPVP speech
(mean=74.6 dB SPL) and regular TE shunt speech (mean=75.2 dB SPL) was not
significant (t19=0.635; p=0.533). Female laryngectomees with a severely hypotonic
or atonic PE segment (F1 - F5) gained on average 4.7 dB (SD=3.3 dB) by using the
SPVP, whereas the rest of the studied group lost 0.8 dB (SD=3.7 dB). This
difference was significant (t18=2.926; p=0.009).

Table II: Perceptual
evaluation of voice quality
by an expert listener for 20
laryngectomees using the
SPVP, compared to their
regular TE shunt voice on
a bipolar seven-point scale

a. A positive number of scale values indicates improvement: higher pitch, more strength, less
tense, less gurgling, and more melodious. A negative number of scale values indicates the
opposite. Items unaltered by the SPVP were left out.

b. Not applicable
c. Significance of differences resulting from prosthesis is based on Wilcoxon matched-pairs

signed-rank tests.

Patients

low pitch -  
high pitch

weak - 
powerful

tense -       
non tense

gurgling -    
non gurgling

monotonous -
melodious

F1 2 -1
F2 4 2 -1 -5 -1
F3 1 2 -2 -2
F4 2 1 1
F5 2 -1 -1 1 -4
F6 -2 1 3 1
F7 4 -1 -6
F8 -1 3 -3 1
F9 3 -3 1

M1 3 -1 -2 n.a.b -2
M2 -2 -2 -1
M3 5 1 -3 -2 3
M4 5 1 -3 -2 3
M5 2 -1 -1 -2 -1
M6 2 -4 -2 -3 -1
M7 2 -1
M8 -2 2 1
M9 -1 1 1 -2
M10 -4 -1 2 1
M11 4 2 -1 1
Mean 1.35 0.15 -0.65 -0.74 -0.35

Significancec 0.026 0.595 0.042 0.117 0.560

Bipolar semantic scales (number of scale values)a
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The intelligibility of nine lists of sentences, read aloud by a total of six patients, was
too poor at the maximum S/N ratio (+30 dB) to determine the SRT using the
described adaptive up-and-down procedure. For these nine lists the percentage of
words repeated correctly by the 12 listeners was counted, when played out at
conversational loudness without interfering noise. The results are shown in Table III.
Using the SPVP significantly less words (mean=31%; SD=17) were repeated
correctly (t5=2.600; p=0.048) compared to regular TE shunt voice (mean=63%;
SD=41).

For the remaining 14 patients Table III shows the speech reception threshold in noise
for both voice prostheses. A lower S/N ratio at the SRT indicates a better
intelligibility of the speech. Using the SPVP, intelligibility in noise of all
laryngectomees was reduced compared to their regular TE shunt voices. For most
patients this intelligibility loss was considerable (>6 dB). A paired Student’s t-test
showed the SRT differences between both voice sources to be highly significant
(t13=6.728; p<0.001). In female patients with a severely hypotonic or atonic PE
segment (F1 - F5) the mean intelligibility loss caused by the SPVP was 7.2 dB
(SD=3.4), while it was 8.4 (SD=5.0) in the other 15 laryngectomees. This
between-group difference was not significant (t12=0.443; p=0.666).

Table III: Long-
term average speech
level, speech reception
threshold (SRT) in
noise, and percentage
of words repeated
correctly when played
out without
interfering noise

Patients

Regular VP SPVP Regular VP SPVP Regular VP SPVP
F1 70.3 78.1 -12.5 -1.5
F2 67.2 68.3 -9.9 -2.8
F3 63.0 71.4 39% 40%
F4 70.0 74.8 +1.6 +4.4
F5 74.2 75.8 -11.6 -3.8
F6 75.3 77.6 -12.3 -5.7
F7 74.1 74.1 -9.4 -2.4
F8 79.5 75.9 25% 10%
F9 74.2 69.3 +8.8 100% 54%
M1 77.2 75.9 +8.1 100% 40%
M2 78.8 76.6 -0.3 +9.3
M3 69.9 70.9 -7.9 -1.7
M4 75.9 79.0 -8.5 -3.7
M5 74.0 73.5 +0.9 100% 29%
M6 82.1 80.2 -12.9 -4.9
M7 75.2 70.1 -5.5 +12.8
M8 78.5 78.7 +0.5 +7.4
M9 81.1 78.7 -1.1 +0.3
M10 78.3 72.9 -1.8 +13.5
M11 72.9 81.8 16% 12%
Mean (SD) 74.6 (4.8) 75.2 (3.8) -6.5 (5.3) +1.5 (6.7) 63% (41) 31% (17)
Significance

Average speech level     
(dB SPL)

Signal to noise ratio     
at SRT (dB)

Percentage of correctly   
repeated words

t19=0.635; p=0.533 t13=6.728; p<0.001 t5=2.600; p=0.048
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Figure 5 shows the combined results of 14 patients on speech level and intelligibility
for the regular TE shunt valve and the SPVP. Only in patient F4, a female
laryngectomee with an atonic PE segment, the speech level improved enough to
outweigh the intelligibility loss in noise with the SPVP.

Acoustical and aerodynamical assessment

For all patients the fundamental frequency range, the vocal intensity range, the
intratracheal pressure range, and airflow range are shown in Table IV for both types of
voice. For some recordings with a very low signal-to-noise ratio (regular TE shunt
voices of F1, F4, M7, M9, and M11; SPVP voice of F3) fundamental frequency could
not be calculated despite the robust acoustic analysis method.27 Patient M9 did not
tolerate our experimental set-up, when straining to speak with the SPVP. Patient F3
could not handle the tracheostoma adapter, when using the SPVP.

Exerted tracheal pressures (0.3 – 16.3 kPa), airflow rates (0.01 – 0.9 L/s), and vocal
intensities (44 – 89 dB[A]) were comparable for both types of voice, but varied
widely among patients. Using the SPVP all female patients attained considerably
higher fundamental frequencies, approximating the mean speaking f0 of laryngeal
female voices.14 To a smaller extent, this also occurred in most male subjects,
sometimes considerably exceeding the mean speaking f0 of laryngeal men, which is 124

Figure 5: Vulnerability of speech
to masking noise, expressed as the
signal-to-noise ratio at threshold,
versus the long-term average speech
level. Each laryngectomee is
presented by an arrow pointing
from the result for their regular
TE shunt voice to the result using
the SPVP. The diagonal mesh
represents lines of iso-
intelligibility: for voices that are
more vulnerable to interfering
noise, each decibel increase in SRT
needs to be compensated for by a
decibel in speech level
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Hz (SD=2.9 semitones).14 With the SPVP female laryngectomees with an atonic PE
segment (F1 - F4) required less tracheal pressure and a lower airflow rate to attain an
identical sound pressure level. All women classified as having a hypertonic PE segment
(F7, F8, and F9), and all male subjects found it difficult not to evoke the low-frequency
mucosal vibrations that form their regular TE shunt voice. For them the apparently
unavoidable vibrations of their PE segment dominated, thereby masking the SPVP voice.

Self-assessment by patients

Table V shows for each patient the judgment for each of the seven questionnaire items.
Patient F4 was not able to compare pitch of the SPVP voice to her regular TE shunt
voice, because the latter is an aphonic whisper. According to separate Wilcoxon
matched-pairs signed-rank tests, none of the questionnaire items significantly
differentiated between regular TE shunt voice and SPVP voice. Female laryngectomees
with a severely hypotonic or atonic PE segment (F1 - F5) gained on average 0.6 scale
values (SD=1.1) of vocal intensity by using the SPVP, whereas the other 15 subjects
lost 0.5 scale values (SD=0.7). This between-group difference was significant

Patients
f0             

(Hz)

SPL       

(dB[A])

tracheal 
pressure 
(kPa)

airflow rate 

(L/s)

f0             

(Hz)

SPL       

(dB[A])

tracheal 
pressure 
(kPa)

airflow rate 

(L/s)

F1 n.a. 50 - 76 1.3 - 5.8 0.01 - 0.4 164 - 278 53 - 71 1.2 - 3.6 0.04 - 0.2
F2 40 - 105 58 - 60 4.5 - 13.0 0.03 - 0.5 150 - 183 55 - 60 1.9 - 3.3 0.03 - 0.1
F3 151 - 183 53 - 69 1.8 - 10.3 0.01 - 0.4 n.a. 66 - 75 n.a. 0.09 - 0.3
F4 n.a. 44 - 64 0.6 - 5.6 0.01 - 0.3 155 - 195 44 - 56 1.0 - 3.9 0.04 - 0.05
F5 50 - 117 45 - 80 2.5 - 12.0 0.07 - 0.35 137 - 180 45 - 82 3.0 - 15.0 0.03 - 0.4
F6 39 - 70 45 - 73 1.2 - 5.5 0.11 - 0.16 145 - 186 57 - 78 1.4 - 5.7 0.01 - 0.3
F7 77 - 187 53 - 82 2.1 - 13.0 0.12 - 0.4 82 - 185 53 - 73 3.7 - 11.0 0.08 - 0.14
F8 109 - 185 58 - 74 4.0 - 9.0 0.09 - 0.1 137 - 187 54 - 76 1.2 - 14.5 0.07 - 0.5
F9 75 - 158 44 - 72 0.4 - 11.0 0.06 - 0.8 154 - 193 56 - 72 2.1 - 2.8 0.05 - 0.1
M1 72 - 120 64 - 77 4.2 - 13.0 0.02 - 0.03 72 - 199 60 - 76 2.3 - 15.6 0.02 - 0.04
M2 112 - 144 55 - 74 1.0 - 10.3 0.01 - 0.2 132 - 240 49 - 85 2.3 - 10.0 0.01 - 0.05
M3 79 - 130 44 - 77 0.8 - 9.6 0.03 - 0.8 122 - 130 44 - 78 0.3 - 10.0 0.02 - 0.2
M4 62 - 115 52 - 79 2.1 - 12.6 0.2 - 0.9 124 - 138 49 - 81 1.1 - 13.5 0.06 - 0.4
M5 57 - 134 49 - 80 1.6 - 16.0 0.05 - 0.8 98 - 185 55 - 66 4.6 - 12.0 0.05 - 0.7
M6 97 - 185 55 - 65 3.0 - 7.5 0.03 - 0.3 91 - 161 54 - 84 2.5 - 16.3 0.03 - 0.4
M7 n.a. 44 - 76 0.4 - 8.9 0.02 - 0.4 77 - 144 49 - 75 1.0 - 10.0 0.01 - 0.2
M8 166 - 169 62 - 69 3.2 - 6.0 0.05 - 0.3 100 - 150 68 - 70 1.3 - 3.9 0.02 - 0.2
M9 n.a. 64 - 78 2.3 - 8.7 0.02 - 0.3 n.a. n.a. n.a. n.a.
M10 50 - 98 44 - 81 1.7 - 16.0 0.01 - 0.3 115 - 158 51 - 77 1.2 - 15.5 0.01 - 0.2
M11 n.a. 44 - 72 1.2 - 9.2 0.01 - 0.3 134 - 154 44 - 89 1.2 - 16.2 0.01 - 0.5

Regular TE shunt voice Sound-producing voice prosthesis

Table IV: Fundamental frequency range (f0), vocal intensity range (SPL), tracheal pressure range, and airflow range
associated with sustained phonation of a vowel /a:/ by 20 laryngectomized patients (n.a.=not applicable)
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(U=15.5; p=0.042). The effects of the SPVP on the other 6 scales did not differ
significantly between these 2 subgroups of laryngectomees.

Three women (F3, F7, and F9) preferred the higher vocal pitch attained with the
SPVP, whereas four men (M1, M2, M3, and M6) rejected it for exceeding even the
mean speaking f0 of laryngeal men.14 Five patients (F1, F3, M9, M10, and M11)
observed no deteriorating items, only some improvements with the SPVP compared to
their regular TE shunt. Patients F5 and M2, however, judged the SPVP voice inferior
to their regular TE shunt voice on all items. Negative judgments on the availability of
the voice, the effort required for speaking, and the fluency of the speech, were partly
attributable to tracheal phlegm clogging the vibrating silicone lip of the SPVP
momentarily or permanently in these patients. Seven patients felt their pitch control
was limited with the SPVP, resulting in poor intonation and monotonous voices.

a. A positive number of scale values indicates improvement by the SPVP compared to regular TE
shunt voice: better vocal intensity, improved pitch, better availability of the voice, less effort
required for speaking, better fluency, better pitch control for intonation, and a better general
impression of the voice. A negative number of scale values indicates the opposite. Items unaltered
by the SPVP were left out.

b. Not applicable
c. Significance of differences resulting from prosthesis is based on Wilcoxon matched-pairs signed-

rank tests.

Table V: Self-
assessment of the
sound-producing
voice prosthesis by
20 patients,
compared to their
regular TE shunt
voice on a four-
point scale

Patients

Vocal 
intensity

Pitch      
of voice

Availability 
of voice

Effort 
required

Fluency Intonation General 
impression

F1 2
F2 -2 -2 -2 -1
F3 1 1 2
F4 1 n.a.b -2 -3 1
F5 -1 -1 -1 -2 -1 -2 -2
F6 1 1 -2
F7 -1 1 -2 -1 -1 -2
F8 -1 -1 2 1
F9 -1 1 -1 -1 1
M1 -1 1 2 1 -1
M2 -2 -2 -1 -2 -2 -2 -2
M3 -1 -2 1 1
M4
M5 -1 -1 -1 -2
M6 -1 -1 -1 -1 -2
M7 -1 -2 -1 -1 -1
M8 1 -1
M9 1
M10 2 1 1
M11 1 1 1
Mean -0.25 -0.05 -0.15 -0.25 -0.40 -0.50 -0.45

Significancec 0.260 0.791 0.366 0.361 0.112 0.054 0.063

Questionnaire items (number of scale values)a



137

ASSESSMENT OF ALARYNGEAL SPEECH USING A SPVP IN RELATION TO GENDER AND PE SEGMENT TONICITY

S P V P

Discussion

The purpose of the SPVP is to improve pitch for female laryngectomees and vocal
strength for laryngectomees with a hypotonic PE segment. Consistent with our
preceding studies17, 18 the mechanism of alaryngeal voice by means of a SPVP proves
feasible and does not result in increased airflow resistance. Additionally, the current
prototype hardly protrudes in front of the tracheal flange of a regular Groningen ULR
shunt valve, fitting without difficulty in the trachea of the 20 studied laryngectomees.
The objective of the current study is to determine for which group of laryngectomees a
SPVP might be beneficial, in particular with respect to the patient’s PE segment
tonicity and their gender.

Pitch of voice

Male TE shunt speakers are regarded as having significantly better, more acceptable,
and more pleasant voices than women.13 This may be partly resulting from the
unnaturally low pitch of regular TE shunt voices, which for women deviates more from
the mean speaking f0 of their pre-operative laryngeal voices than for men.14 In this
study, pitch of voice is significantly elevated when using the SPVP according to the
perceptual voice evaluation by the expert listener (Table II). For most subjects, this is
exemplified by the f0 range of several sustained phonations of the vowel /a:/ with both
types of voice prosthesis (Table IV). For female laryngectomees the rise of vocal pitch,
approximating the pitch of laryngeal female voices, is a desired effect of the SPVP. Yet,
it is an undesired oddity for the male subjects. Despite the promising results of the
previous in vitro benchmarking19, the silicone lip configuration of the SPVP for males
still yields an unsuitable high f0 range for them in vivo.

Vocal intensity

Overall, vocal intensity seems not to be affected by the SPVP (Tables II-V). For
laryngectomees with a PE segment of adequate tonus, vocal intensity is usually not the
prime voice-related problem. In laryngectomees with an atonic or severely hypotonic
PE segment, however, TE-shunt voice is weak and breathy, or merely a coarse
whisper.10, 11 For this relevant subgroup (subjects F1-F5), vocal strength is improved
by the SPVP according to the self-assessment by the patients, the perceptual voice
evaluation by the expert listener, and the long-term average speech levels. None of the
male patients included in the current study was classified as having an atonic or
severely hypotonic PE segment, which brings about the methodological impossibility
to draw separate conclusions with respect to the patient’s PE segment tonicity and
gender.
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Intelligibility and communicative suitability

In contrast to clear-cut voice parameters such as vocal intensity and pitch of voice,
intelligibility and communicative suitability are multifaceted and more comprehensive
speech parameters. Both intelligibility and communicative suitability deteriorate
significantly when using the SPVP. This holds even for female laryngectomees with a
severely hypotonic or atonic PE segment (subjects F1 - F5). Four possible
explanations for this drawback of the SPVP are:
• SPVP voice has an audibly artificial timbre, although it is not significantly more

monotonous than regular TE shunt voice according to the self-assessment by the
patients and the perceptual voice evaluation by the expert listener. This artificial
timbre may reduce the communicative suitability of speech as judged by naïve
listeners.

• The new pneumatic sound source may generate voice during the pronunciation of
voiceless consonants. In regular TE shunt speech this results in misperception of
voiced for voiceless phonemes.30 Voiceless stops are less vulnerable to these voiced-
for-voiceless confusions than voiceless fricatives. Using the SPVP, intelligibility
may be further reduced than in regular TE shunt speech, because the articulatory
PE-segment adjustments essential for the production of several fricatives in regular
TE shunt speech do not affect the artificial sound source.

• Using the SPVP, subjects with a PE segment of adequate tonus find it difficult not
to evoke the low-frequency mucosal vibrations that form their regular TE shunt
voice. Apparently, pulmonary airflow through the PE segment passively evokes these
vibrations. For them the apparently unavoidable vibrations of their PE segment
dominate, thereby masking the SPVP voice. This phenomenon is discussed and
illustrated in our previous reports17, 18 and may reduce both intelligibility and
communicative suitability of speech.

• Contrary to regular TE shunt speech, subjects had minimal training or previous
experience with this novel mechanism of alaryngeal voice. This probably reduces
their ability for prosodic accentuation and thereby may reduce intelligibility and
communicative suitability. A more extensive extramural training period might
possibly yield more favorable results with the SPVP. This, however, was not feasible
in the present study resulting from the modular design of the sound source that was
inserted only temporarily in the patients’ regular TE shunt valves. Prolonged use
would require a more permanent fixation or integration of the sound source in the
shunt valve. Furthermore the current observations concerning clogging of the
vibrating silicone lip of the SPVP by tracheal phlegm suggest that a cleansing
mechanism is required before a shunt valve could be permanently fitted with a
sound source.
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Prime example

Subject F1 is an excellent example of the group of laryngectomees, for whom a SPVP
might be beneficial. She was laryngectomized at a relatively young age (47) and still
works fulltime in a cafeteria. After pectoralis major myocutaneous flap reconstruction,
primary pharyngeal myotomy, and post-operative radiotherapy, her PE segment is
atonic. Her regular TE shunt voice consists of no more than whispering. She barely
has tracheal phlegm. The SPVP provides her temporarily with a tonal voice (164-278
Hz) that is markedly stronger according to both the self-assessment and the perceptual
voice evaluation by the expert listener. The 11 dB intelligibility loss in noise with the
SPVP is almost compensated for by an 8 dB SPL increase in speech level. Using the
SPVP her communicative suitability slightly increases.

Conclusion

The prototype SPVP is successful in raising vocal pitch. Female laryngectomees with
an atonic or severely hypotonic PE segment can benefit from a stronger voice with the
current prototype SPVP, generally in exchange for a deterioration of intelligibility and
communicative suitability. Future research concerning the SPVP should include
evaluation of long-term use. Furthermore it should be directed at improvement of the
SPVP voice quality to enhance intelligibility in noise.
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Abstract

Objective: To analyse the cause of failing voice production in a sound-producing voice
prosthesis (SPVP).

Methods: The functioning of a prototype SPVP is described in a female
laryngectomee before and after its sound-producing mechanism is impeded by tracheal
phlegm. This includes perceptual voice evaluation of read-aloud prose by an expert
listener, inspection of the malfunctioning SPVP, and aero-acoustical in vivo
registrations using a PC-based data acquisition system.

Results: SPVP speech is higher pitched, stronger, contains less aperiodic noise, and
requires a lower airflow rate than the patient’s regular TE shunt speech. Tracheal
phlegm causes malfunction of the vibrating silicone lip of the SPVP by causing it to
stick to its stainless steel container in opened position, thereby reducing the SPVP to
no more than a regular TE shunt valve from a functional point of view. Tracheal
phonatory pressure and dynamic vocal intensity range are not affected by the
functional status of the SPVP.

Conclusions: To exploit the advantages a SPVP could possibly offer female
laryngectomees with an atonic or severely hypotonic PE segment, the sound-producing
mechanism of the SPVP would have to be less vulnerable to tracheal phlegm.
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Introduction

In order to improve voice quality and suitability for female laryngectomees and
laryngectomees with a hypotonic pharyngoesophageal (PE) segment, a small
pneumatic sound source to be incorporated in a regular tracheoesophageal (TE) shunt
valve was conceived.1 The sound source consists of a bent silicone lip, which performs
self-sustaining oscillations driven by the expired pulmonary air that flows along the
outward-striking lip through the TE shunt valve. The resulting frequency of
oscillation and sound intensity can be modified by altering the airflow along the lip.
To allow easy placement and removal of the sound source in our experimental setting,
the bent silicone lip was fitted in a small stainless steel container (Figure 1) that can
be partly inserted in a patient’s Groningen ultra-low-resistance (ULR) shunt valve
(Figure 2).

Preceding in vivo studies2, 3 proved the feasibility of this voice production and provided
us with directions for the development of an updated series of sound-producing voice
prostheses (SPVPs). These were evaluated in vitro by aero-acoustic measurements and
detailed high-speed photographic sequences to establish the most promising sound
source configuration for clinical use.4 In a group of 20 laryngectomized patients the
selected prototype SPVP was successful in raising vocal pitch.5 However, only female
laryngectomees with an atonic or severely hypotonic PE segment could benefit from a
stronger voice with the current SPVP, generally in exchange for a reduction of
intelligibility and communicative suitability.

Figure 1: Blueprint of the sound-
producing module with bent silicone
lip in resting position in grey
(dimensions in millimetres)
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A remarkable observation of the latter study5 was that for 12 out of 20 patients (60%)
the test sequence had to be interrupted at least once because of tracheal phlegm
impeding the vibrating silicone lip of the SPVP. Without this vibrating lip, the
patients could still speak using their regular TE shunt voice. The tests could only be
resumed after removing the SPVP from the patient, cleansing, and reinserting it. The
current paper describes several aspects of the functioning of a prototype SPVP in
detail before and after its sound-producing mechanism was impeded by tracheal
phlegm.

Materials and methods

Patient

The female patient was 80 years old at the time of this study. She underwent total
laryngectomy with primary tracheoesophageal puncture and bilateral modified radical
neck dissection 11 years before, because of a recurrence after radiotherapy for a T2N1
supraglottic carcinoma. She did not have a primary pharyngeal myotomy, or
postoperative radiotherapy. Based on postoperative videofluoroscopic observations and
voice characteristics6, her PE segment tonicity is judged to be hypotonic. Spoken and
written informed consent was obtained. The research protocol was approved by the
medical ethics committee of the Vrije Universiteit Medical Centre, Amsterdam.

Figure 2: Prototype of the sound-producing module in a Groningen ULR shunt valve. Figure 2a (left): axial view on
tracheal flange. Figure 2b (right): oblique view on tracheal flange
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Procedure

The patient regularly used a Groningen ULR shunt valve and received a new one prior
to the tests. Before being recorded with the new sound-producing module inserted in
her TE shunt valve, the subject was encouraged to experience and practice this new
mechanism of alaryngeal voice for approximately half an hour. All voice recordings and
aero-acoustical registrations described below were made twice in a sound-treated room,
once with a functioning SPVP and once with a malfunctioning SPVP. During the first
sequence of registrations, the patient experienced malfunction of the SPVP. With the
malfunctioning SPVP in situ, a second sequence of registrations was made. After
removing the sound source from the patient’s TE shunt valve, photographing,
cleansing, and reinserting it, the first sequence of registrations was completed with the
SPVP functioning again.

Perceptual voice evaluation by a professional listener

Digital voice recordings were made using a microphone (MKE 212-3, Sennheiser,
Germany) and a standard PC based 16-bit soundcard at 22 kHz. The patient was
asked to read the first paragraphs of the Dutch prose De Vijvervrouw in a normal
conversational manner. A subset of the seven-point bipolar semantic scales, developed
by Nieboer7 and later modified8, 9, was adapted for our purpose. This subset included
the five scales “low pitch – high pitch”, “weak – powerful”, “tense – non tense”,
“gurgling – non gurgling”, and “monotonous – melodious”. The digital recordings
were presented in random order to a voice-and-speech pathologist (IMV-dL),
experienced with laryngectomized speakers in general, but blinded for the status of the
SPVP in these recordings, i.e., whether the prosthesis functioned or not.

Acoustical and aerodynamical assessment

Registrations of sustained vowels were made with the experimental set-up shown in
Figure 3. A pressure transducer (DT-2-14P-0-10L, Modus Instruments, Clinton, MA,
USA), connected to a tracheostoma adapter (BE-6040, Inhealth Technologies,
Carpinteria, CA, USA) measured tracheal phonatory pressure. A heated screen-
pneumotach with integrated differential pressure transducer (MS-B and PT36, Erich
Jaeger GmbH, Höchberg, Germany) was fitted on a facemask (King Systems Corp.,
Noblesville, IN, USA) to determine phonatory airflow rate. A miniature electret
condenser microphone with a hybrid integrated amplifier (9468, Microtronic,
Amsterdam, Netherlands) was attached to the flowhead for voice recording. Sound
pressure level at 30 cm from the flowhead on the facemask was registered by a digital
sound survey meter (CEL-231, CEL Instruments, Hitchin, England). An 8F catheter
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with three pressure transducers (UniTip 8366-00-9980-D, UniSensor AG, Attikon,
Switzerland) was inserted through the nose until the distal sensor was located at the
level of the oesophageal flange of the TE shunt valve. All sensor signals were pre-
processed using National Instruments SCXI signal-conditioning hardware, sampled at
10 kHz by means of a PC based 16-bit analogue-digital converter (PCI-MIO-16xe-
10, National Instruments, Austin, TX, USA), and digitally processed by a custom-
built LabVIEWâ software application. Recordings were made during several sustained
phonations of the vowels /a:/, /i:/, and /u:/ at comfortable loudness and pitch. In
addition, the patient was asked to sustain the vowel /a:/ as soft as possible and as loud
as possible. In this way, the dynamic vocal intensity range was determined.
Intratracheal pressure, oesophageal pressure, airflow rate, and sound pressure level were
read off-line from the raw data.

Figure 3: Experimental set-up for in vivo registrations of
aerodynamic and acoustic parameters

Figure 4: Malfunctioning prototype SPVP with the silicone lip stuck in opened position. Figure 4a (left): axial view on
tracheal flange. Figure 4b (right): oblique view on tracheal flange
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Results and analysis

After using the SPVP for approximately 45 minutes, the patient experienced clogging
of the SPVP by tracheal phlegm. Forced exhalation through the SPVP cleared the
prosthesis from phlegm, but the sound-producing mechanism no longer functioned
after this incident. Subsequent to removal of the sound source from the patient’s TE
shunt valve, photographing, cleansing, and reinserting it, the SPVP functioned again
properly. Approximately 30 minutes later the SPVP stopped functioning again, upon
which it was removed and the test sessions were ended. The photographs of the
malfunctioning SPVP are shown in Figure 4. The vibrating silicone lip was stuck to its
stainless steel container in opened position. Without vibrating lip, the SPVP becomes
no more than a regular TE shunt valve.

Perceptual voice evaluation by a professional listener

The recording of prose read aloud with a functioning SPVP is judged two scale values
higher pitched than the recording of the malfunctioning SPVP. Moreover, the
functioning SPVP is judged one scale value more powerful and one scale value less
gurgling (Figure 5). Both SPVP speech and regular TE shunt speech when the SPVP
malfunctions, are considered slightly monotonous.

Figure 5: Perceptual voice evaluation on five bipolar
semantic seven-point scales
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Acoustical and aerodynamical assessment

Both the functioning SPVP and the malfunctioning SPVP enable the patient to attain
a maximal vocal intensity of 76 dB[A] at 30 cm from the flowhead on the facemask.
The softest possible phonation of the vowel /a:/ fluctuates between 43 and 56 dB[A],
irrespective of the functioning of the SPVP. Consequently, the dynamic vocal intensity
range is 33 dB for both conditions of the prosthesis.

In Figure 6 registrations are shown of sustained phonations of the vowel /a:/ at
comfortable loudness and pitch. For all vowels tracheal phonatory pressure is
approximately 3.5  kPa, irrespective of the functioning of the SPVP. Two apparent
differences, however, are observed when comparing registrations of the functioning
SPVP (Figure 6a) to those when the vibrating silicone lip is stuck to the stainless
steel container in opened position and only regular TE shunt voice remains (Figure
6b). First, the airflow rate is approximately tripled when the SPVP stops functioning.
Second, the pressure difference of 0.7 – 2.5 kPa over the SPVP is eliminated when the
SPVP stops functioning. Instead, an identical pressure difference is measured between
the pharyngeal (not shown in Figure 6) and the oesophageal pressure transducer of the
catheter. These pressure differences form the driving force for the self-sustaining
oscillations of respectively the bent silicone lip in the functioning SPVP and the
patient’s PE segment.

Figure 7 shows sample spectrograms of two recordings of Dutch prose, read aloud for
the perceptual voice evaluation. The upper spectrogram (Figure 7a) shows the
recording of the functioning SPVP with a tonal voice rich in higher harmonics, the
fundamental frequency (f0) ranging from 195 Hz to 315 Hz. The lower spectrogram
(Figure 7b) shows the malfunctioning SPVP, an aperiodic noise signal with occasionally
recognizable low-frequency vibrations of the patients PE-segment (f0<100Hz).

Figure 6: Tracheal pressure, oesophageal pressure, and airflow rate during sustained phonation of the vowel /a:/. Figure 6a
(left): functioning SPVP. Figure 6b (right): malfunctioning SPVP
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Discussion

In a preceding study5 the test sequence had to be interrupted at least once for 12 out
of 20 patients (60%), because of tracheal phlegm impeding the vibrating silicone lip
of the SPVP. Tracheal phlegm problems are experienced by 91% of all laryngectomees
and 85% of all laryngectomees have to clean their stoma more than once per day.10

Prolonged use of the SPVP, however, would require a permanent fixation or integration
of the sound source in the TE shunt valve. Without the possibility to remove it for
cleansing such as the present prototype, this suggests that a less vulnerable mechanism
is required before a shunt valve can be permanently fitted with a sound source. The
intention of the current pilot trial was to let a small number of female laryngectomees
that successfully made use of the SPVP in one of our previous studies, take a SPVP
home for as long as operative and evaluate their voice weekly. The first patient,

Figure 7: Spectrograms of two
recordings of read aloud Dutch
prose. Figure 7a (top): functioning
SPVP. Figure 7b (bottom):
malfunctioning SPVP
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however, experienced malfunction before she could leave the outpatient clinic as is
described in this paper.

This study revealed that as a result of tracheal phlegm the vibrating silicone lip of the
SPVP sticks to its stainless steel container in opened position, as opposed to
obstructing completely. With the vibrating lip out of the airflow, the SPVP becomes
no more than a regular TE shunt valve. This is consistent with our earlier observation5

that the patients can still speak using their regular TE shunt voice when the SPVP
malfunctions. Therefore, the differences observed in the perceptual voice evaluation
(Figure 5) reflect the advantages a well-functioning SPVP could possibly offer this
female laryngectomee over her regular TE shunt voice. The sample spectrograms of
Dutch prose (Figure 7) illustrate these differences in an additional way: SPVP speech
is higher pitched, stronger, and contains less aperiodic noise than the regular TE shunt
speech remaining when the SPVP malfunctions.

Tracheal phonatory pressure and dynamic vocal intensity range proved not to be
affected by the functional status of the SPVP. For regular TE shunt speech the
patient’s PE segment requires approximately the same pressure difference (between
pharyngeal and oesophageal pressure transducer) as the bent silicone lip requires for
SPVP speech (between oesophageal and tracheal pressure transducer). This pressure
difference is the driving force for the self-sustaining oscillations of these structures.
The airflow rate, however, is approximately tripled when the SPVP stops functioning
and a regular TE shunt speech remains (Figure 6). Consequently, the well-functioning
SPVP can be considered a more efficient voice source than the patient’s PE segment.

It is assumed that biolm formation on the oesophageal side of regular TE shunt valves
is the main cause of leakage and increased airflow resistance, interfering with proper
opening and closure of the one-way valve.11, 12 Biolm formation, however, has effect
within weeks and therefore cannot be involved in the described malfunctioning of the
SPVP, which occurs within an hour after placement. The importance of extracellular
polymeric substances and connecting slime threads in maintaining the integrity of
biolms on voice prostheses has been shown.13 These might also function as glue to
stick the vibrating silicone lip of the SPVP to its stainless steel container in opened
position. Mucolytics, antimycotics, probiotics, and several surface modifications of the
silicone rubber have been proposed to prevent biofilm formation.14 These methods
seem unlikely to prevent the rapid malfunctioning of the sound-producing mechanism
of the SPVP on the tracheal side of the TE shunt valve. Better results might be
obtained by altering the structural design of the SPVP to decrease its susceptibility to
tracheal phlegm.
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Conclusion

In agreement with our preceding studies, this paper demonstrates the advantages a
well-functioning SPVP could possibly offer female laryngectomees with an atonic or
severely hypotonic PE segment. To exploit these advantages, however, the sound-
producing mechanism of the SPVP would have to be less vulnerable to tracheal
phlegm, which causes its vibrating silicone lip to stick to the stainless steel container
in opened position, thereby reducing it to a regular TE shunt valve.
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Summary

Total laryngectomy as ultimate treatment modality in laryngeal cancer results in the
loss of normal voice function. Voice and speech rehabilitation with a substitute voice is
therefore one of the most important aspects of the rehabilitation process. The primary
methods of alaryngeal communication used to be esophageal injection speech and
mechanical speech by means of electrolarynx or pneumolarynx devices. Since the
1980s tracheoesophageal (TE) puncture incorporating a silicone rubber shunt valve
evolved as surgical method of choice for post-laryngectomy voice restoration. Even
though TE shunt voice signified a major breakthrough in post-laryngectomy voice
restoration, ample room for improvement remains.

Laryngectomees with an atonic or severely hypotonic pharyngoesophageal (PE)
segment tend to have a weak and breathy TE shunt voice, or merely a coarse whisper.
Male TE shunt speakers are regarded as having significantly better, more acceptable,
and more pleasant voices than women. Female laryngectomees often have severe
problems accepting their low-pitched alaryngeal voice, which for women deviates more
from the mean speaking fundamental frequency (f0) of their preoperative laryngeal
voices than for men. In order to improve voice quality of laryngectomees with a
severely hypotonic PE segment and female laryngectomees, Herrmann suggested a
small pneumatic sound source to be incorporated in a regular TE shunt valve. In this
thesis a series of subsequent clinical and experimental studies is described concerning
the design, construction, testing, and implementation of such a sound-producing voice
prosthesis (SPVP).

In Chapter 1 the following requirements for the SPVP were defined:
• The geometry of the sound-producing mechanism is imposed by the dimensions of

the TE fistula.
• The required intratracheal pressure range and phonatory volume flow range should

approximate the physiological characteristics of laryngeal voice (pressure: 0.2 – 1.5
kPa; flow: 0.05 – 0.35 l/s) at least as closely as regular TE shunt voice does
(pressure: 4.2 – 10.9 kPa; flow: 0.05 – 0.30 l/s).

• Within these aerodynamic limits the sound pressure level of the voice has to be
sufficient for conversational voice (>70 dB) and the speaking f0 should
approximate the mean speaking f0 of laryngeal voice (men: 124 Hz; women: 211
Hz).

• Laryngectomees must be able to regulate pitch and sound intensity of this
prosthetic voice momentarily to allow for natural prosody. The average melodic
range of laryngeal voice is 37.9 semitones for men and 37.0 semitones for women.
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Normal intonation in running speech, however, does not require the entire melodic
range of a voice (men: 5.8 semitones; women: 5.4 semitones).

• In the course of this thesis additional requirements were defined concerning
intelligibility and voice quality.

In collaboration with the Department of Biomedical Engineering at the University of
Groningen an outward-striking silicone rubber lip reed was selected to fulfill these
requirements. This sound-producing principle resembles the cyclic opening and closing
of the gap between the lips of a musician playing a brass instrument. In an attempt to
determine the optimal dimensions and material properties of the silicone rubber lip
reed, de Vries et al. developed a numerical model of this sound-producing mechanism.
These efforts resulted in several SPVP prototypes consisting of either one or two bent
silicone rubber lips of varied length, glued in small Perspex cylinders to be inserted in a
regular TE shunt valve (Figure 1).

In Chapter 2 the results are presented of a pilot study testing the first SPVP
prototypes in vitro and in two female laryngectomees. Alternative voice production
after laryngectomy by means of SPVPs proved feasible and did not result in
unacceptable airflow resistance. However, for most prototypes the resulting speaking f0

was too high (>300 Hz) and not louder than regular TE shunt voice. The quality of
voice attained through the SPVP depends on a patient’s ability to let air flow easily
though the PE segment without evoking mucosal vibrations that form the regular TE
shunt voice. If a patient does not succeed, both separate sound sources will be heard.
The pilot study provided us with several directions for the development of the next
generation of prototypes:
• Long lips produce a lower f0 than short lips, but to fit in the patient’s trachea the

SPVP cannot protrude too far in front of the tracheal flange of the regular TE
shunt valve.

Figure 1: The first prototypes of the SPVP as described in
Chapter 2. From left to right: the twin-lipped, the long
single-lipped, and the short single-lipped
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• Analogous to human vocal folds, the two opposing lips of twin-lipped SPVPs have
to be mounted exactly symmetrical in order to function properly, which proved very
difficult to reproduce. Moreover, the f0 range of twin-lipped SPVPs is unnaturally
high (250 – 600 Hz) compared to single-lipped SPVPs (150 – 350 Hz).

• The lips jammed wedged inside the container because their oscillatory trajectory
did not fit in the cylindrical lumen.

Based on these initial results a new prototype was developed comprising a single
silicone rubber lip, broader than before to increase loudness, and a rectangular metal
housing that protruded just 7 mm from the tracheal flange of the regular TE shunt
valve (Figure 2). These modifications were put to the test in vitro and in a group of six
laryngectomized patients, as described in Chapter 3. We performed speech
intelligibility measurements with 12 listeners, a perceptual voice evaluation by a
professional listener, and a self-assessment by the patients. To allow more accurate
comparisons of different prototypes and different patients, a PC-based high-speed
digital data acquisition system was developed for simultaneous aero-acoustic in vivo
registrations of several relevant voice parameters.

In vitro the f0 of the tone generated by the second generation prototype SPVP could
be varied between 210 and 315 Hz by altering the airflow rate between 0.05 and 0.75
l/s. In vivo, however, airflow rates varied from 0.05 to just 0.30 l/s, thereby addressing
only a small part of the SPVP’s melodic and dynamic range. The resulting narrow
frequency range (210 – 240 Hz) caused several patients to complain about the
monotonous nature of the voice generated by the prototype SPVP.

The quality of voice attained through the SPVP mainly depended on the tonicity of
the PE segment. For patients with a hypotonic PE segment the SPVP increased
loudness and average pitch of voice (200 – 250 Hz) to meet the pitch of laryngeal
female speakers, without decreasing intelligibility or necessitating other pressure and
airflow rates than regular TE shunt voice. Laryngectomees classified as having a

Figure 2: A second generation prototype SPVP comprising
a single silicone rubber lip and a rectangular metal housing
partly inserted in a Groningen ULR shunt valve, as
described in Chapter 3
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normotonic or hypertonic PE segment, however, were not able to let air flow though
the TE shunt and the PE segment without provoking low-frequency mucosal
vibrations. At physiological airflow rates, the regular TE shunt voice and the newly
introduced tone of the SPVP intermingled, thereby deteriorating vocal intensity and
intelligibility, without attaining appreciable advantages such as a higher pitch.

For the SPVP to become useful for a larger group of laryngectomees, two requirements
have to be fulfilled:
• A SPVP has to generate a voice with an f0 range also suitable for males.
• A larger part of the melodic and dynamic range of the sound source ought to be

accessible within the regular airflow range for TE shunt voice.

To obtain a bearing for potential solutions to this challenge, we explored the aero-
acoustic characteristics of a wide range of lip configurations in vitro. These sometimes
peculiarly shaped lip reeds could only be made reproducibly out of medical-grade
silicone rubber after we set up a liquid injection molding method using molds that
were designed and chiseled by computer. Incorporating metal or silicone rubber ballast
in the tip of the floppy lip reeds proved not to be an appropriate method to decrease f0

for male laryngectomees. Neither is decreasing the load force on the lip reed by
providing them with crosswise grooves or by increasing the distance to the opposite
canal wall. It reduces the intensity of the generated sound, makes the lip prone to
chaotic behavior, and requires high airflows for the onset of sound production. To
facilitate lower fundamental frequencies for male laryngectomees, the lips evaluated in
the subsequent studies consisted of softer silicone rubber and were longer than
previous prototypes. A low threshold of vibration and a relatively steep increase of f0

with increasing airflow are important for patients because they determine the ease of
onset of phonation and the potential for natural prosody, respectively. The results
obtained from the numerical model by de Vries et al. indicated that these features
might be achieved using tapered lip configurations.

In Chapter 4 aero-acoustic measurement data and detailed high-speed digital image
sequences of silicone rubber lip reed behavior are presented for ten – mostly tapered –
lip configurations in vitro. The main conclusions drawn from this study are:
• For pressures above the sounding threshold of a single floppy lip reed, sound

pressure level, f0, and volume flow proved to be almost linear functions of the
driving force, the static pressure difference across the lip. The wide range of f0

(approximately 100 Hz within the physiological airflow range) and the dependence
on driving force can be explained by the elastic beating of the lip against the walls
of the housing. Observed irregularities in these relations are mainly caused by
transitions from one type of beating behavior to another.
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• The thickness of the lip base is linearly related to the frequency of lip reed
oscillation, completely overruling the frequency-lowering effect of the increased
mass of thicker lips.

• The use of silicone rubber lip reeds for alternative voice production may be limited
by their chaotic behavior. Ultimately all lips demonstrate chaotic behavior, but only
for thin lip configurations this occurs within the regular airflow range for TE shunt
voice. Chaotic behavior generates noise and therefore compromises the naturalness
and intelligibility of the substitute voice.

• In addition to the previous chapters that concerned female laryngectomees, this
study demonstrated that also for male laryngectomees a lip configuration might be
found that offers a good compromise between the desired f0 range and favorable
sound quality.

In Chapters 2, 3, and 4 conclusions concerning SPVP voice and regular TE shunt
voice were based on selected voice characteristics. It is generally accepted that a
multidimensional approach is required when describing voice characteristics, including
separate evaluations of voice quality, vocal (lip reed) function, and vocal performance.
However, when certain voice characteristics are out of the normal range, the voice may
still be perfectly suitable for communicating in most normal daily life situations.
Therefore we described in Chapter 5 the development of a new rating instrument to
assess the communicative suitability of pathological voices, defined as the situation-
dependent speaking adequacy of voice as judged by a panel of naïve listeners. This
study was not performed on laryngectomees, but on a group of patients with T1
glottic carcinoma – before and after radiotherapy – and a matched control group. The
concept of measuring listener judgments of the communicative suitability of voice
appeared to be a fruitful approach. Ratings were reliable and raters could discriminate
between groups of normal and pathological voices. In the subsequent SPVP study a
subset of three communicative suitability rating scales was included in the voice
analysis protocol.

Figure 3: A third generation prototype SPVP comprising a
tapered silicone rubber lip and a stainless steel housing partly
inserted in a Groningen ULR shunt valve, as described in
Chapter 6
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In Chapter 6 the usefulness of the SPVP prototypes resulting from the study
described in Chapter 4 is discussed, in particular with respect to the patient’s PE
segment tonicity and gender. The study was performed on a group of 20
laryngectomized patients, 11 men and 9 women, of whom 5 had a severely hypotonic
or atonic PE segment. The third generation prototype SPVP consisted of a single
tapered injection-molded silicone rubber lip, fitted in a small stainless steel container
(Figure 3). Based on the in vitro benchmarking described in Chapter 4, we selected a
thinner tapered lip for male voice frequencies compared with the tapered lip for female
voice frequencies. Similar to the clinical evaluation of the second generation prototype
SPVP (Chapter 3), we performed speech intelligibility measurements with 12
listeners, a perceptual voice evaluation by a professional listener, a PE segment tonicity
assessment, a self-assessment by the patients, and aero-acoustical registrations. Added
to this test sequence was the newly developed communicative suitability rating
instrument (Chapter 5) with a panel of 20 listeners.

From the results of this extensive test sequence we learned that:
• The prototype SPVP proved successful in obtaining phonation with a higher f0 for

female laryngectomees (140 – 190 Hz instead of 50 – 130 Hz or coarse
whispering).

• Despite the promising results in vitro (Chapter 4), the silicone rubber lip
configuration of the SPVP for males yielded an unsuitably high f0 range for them
in vivo (125 – 160 Hz).

• Female laryngectomees with an atonic or severely hypotonic PE segment can benefit
from a stronger voice with the third generation prototype SPVP, however, generally
in exchange for a deterioration of intelligibility and communicative suitability.

• A remarkable observation of this study was that for 12 out of 20 patients (60%)
the test sequence had to be interrupted at least once because of tracheal phlegm
impeding the vibrating silicone lip of the SPVP. Without this vibrating lip, the
patients could still speak using their regular TE shunt voice instead of the artificial
sound source. The tests could only be resumed after removing the SPVP from the
patient, cleansing, and reinserting it.

In Chapter 7 the impeding effect of tracheal phlegm on the sound-producing
mechanism of the SPVP was analyzed in a female laryngectomee. This revealed that as
a result of tracheal phlegm the vibrating silicone lip of the SPVP sticks to its stainless
steel container in opened position, as opposed to obstructing completely. With the
vibrating lip out of the airflow, the SPVP becomes no more than a regular TE shunt
valve. Long term use of the SPVP ideally requires integration of the sound source in
the TE shunt valve. This is not feasible without first solving the problem created by
phlegm interfering with the functioning of the SPVP.
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Conclusions

Sound-producing voice prostheses may offer laryngectomees with a failing voice due to
atonicity or severe hypotonicity of their pharyngoesophageal segment appreciable
advantages, such as a higher-pitched and stronger tonal voice without necessitating
other pressure and airflow rates than regular tracheoesophageal shunt voice. In
particular for female laryngectomees the rise of vocal pitch is a welcome effect of the
sound-producing voice prosthesis, because the unnaturally low pitch of regular
tracheoesophageal shunt voices deviates for women more from their preoperative
laryngeal voices than for men.

The patients described in these studies had minimal training or previous experience
with this novel mechanism of alaryngeal voice. After prolonged use and more
comprehensive training, it is reasonable to assume that they will become more
proficient at prosodic accentuation, improving intelligibility and communicative
suitability. The first tests to evaluate prolonged use were aborted because the
prototypes malfunctioned as a result of tracheal phlegm before the patients left the
outpatient clinic. To exploit the aforementioned advantages, the sound-producing
mechanism of the voice prosthesis would have to be less vulnerable to tracheal phlegm,
and the timbre of the resulting voice less artificial. Future research addressing these
issues may be the key to clinical application of the sound-producing voice prosthesis.

For laryngectomees with a normotonic or hypertonic pharyngoesophageal segment,
this concept will never present a reasonable alternative voice source because of their
interfering regular tracheoesophageal shunt voice. Luckily for this majority, vocal
performance is usually sufficient using regular tracheoesophageal shunt voice. When,
however, a sound-producing voice prosthesis is developed that guarantees superior
voice quality as well as prolonged care-free use, surgical measures such as an extensive
myotomy could be considered at the time of laryngectomy to avoid interference of the
pharyngoesophageal segment with the artificial sound source.

In conclusion it is fair to state that alaryngeal voice using the sound-producing voice
prostheses described in this thesis does at the present time not offer a reasonable
alternative for regular tracheoesophageal shunt voice, although it enables phonation
with a female vocal pitch, and louder phonation for speakers with an atonic
pharyngoesophageal segment.
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Samenvatting

Een totale laryngectomie bestaat uit de gehele verwijdering van het strottenhoofd met
daarin de stembanden en het strottenklepje. Deze chirurgische behandeling voor
uitgebreide strottenhoofdkanker resulteert in het verlies van de normale stem. Stem-
en spraakherstel is dan ook een van de belangrijkste onderdelen van het
revalidatieproces. Voorheen leerden gelaryngectomeerden communiceren met behulp
van zogenaamde slokdarm-injectiespraak, een electrolarynx, of een pneumolarynx.
Sinds de jaren tachtig geschiedt stemherstel echter bij voorkeur door het operatief
aanleggen van een fistel (TE fistel of TE shunt) tussen de trachea (luchtpijp) en de
oesophagus (slokdarm) met daarin een siliconenrubberen shuntventiel. Hoewel de TE
fistelstem een aanzienlijke verbetering betekende voor stemherstel na een totale
laryngectomie, is er op verschillende punten nog ruimte voor verbetering.

Gelaryngectomeerden met een erg wijde, slappe (ernstig hypotoon, of zelfs atoon)
overgang van keel naar slokdarm (PE segment), hebben over het algemeen een zwakke,
hese TE fistelstem, soms zelfs niet meer dan rauw gefluister. De TE fistelstem van
mannelijke gelaryngectomeerden wordt als significant beter, meer acceptabel en
aangenamer beschouwd dan die van vrouwelijke gelaryngectomeerden. Vrouwelijke
gelaryngectomeerden vinden het vaak moeilijk om hun donkere TE fistelstem te
accepteren; voor vrouwen wijkt de gemiddelde spreektoonhoogte immers, meer dan bij
mannen, af van hun oorspronkelijke stem. Om de stemkwaliteit van
gelaryngectomeerden met een hypotoon PE segment en van vrouwelijke
gelaryngectomeerden te verbeteren, zou een kleine, pneumatische geluidsbron geplaatst
kunnen worden in het siliconenrubberen TE shuntventiel. In dit proefschrift wordt een
aantal opeenvolgende experimenten beschreven met betrekking tot het ontwerp, de
constructie, de evaluatie en de klinische implementatie van een dergelijke
geluidproducerende stemprothese (SPVP: sound-producing voice prosthesis).

In Hoofdstuk 1 worden de volgende vereisten voor de SPVP gedefinieerd:
• De grootte van het geluidproducerende mechanisme wordt beperkt door het

formaat van het TE fistel.
• De intratracheale druk en luchtvolumestroom benodigd voor het spreken, dienen de

fysiologische waarden van een normale laryngeale stem (druk: 0,2 – 1,5 kPa;
luchtvolumestroom: 0,05 – 0,35 l/s) tenminste even goed te benaderen als de
reguliere TE fistelstem dat doet (druk: 4,2 – 10,9 kPa; luchtvolumestroom: 0,05 –
0,30 l/s).

• Binnen deze aërodynamische grenzen dient de luidheid van stem voldoende te zijn
om te kunnen converseren (ca. 70 dB) en dient de gemiddelde spreektoonhoogte
die van normale laryngeale stemmen te evenaren (man: 125 Hz; vrouw: 210 Hz).
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• Gelaryngectomeerden dienen in staat te zijn de grondtoon (f0) en geluidsterkte van
deze geluidsbron soepel te variëren ten behoeve van natuurlijke prosodie. Het
gemiddelde f0 bereik van de laryngeale stem is 38 semitonen voor mannen en 37
semitonen voor vrouwen. Bij een normaal intonatiepatroon van lopende spraak
wordt echter niet het gehele f0 bereik van de stem gebruikt (man: 5,8 semitonen;
vrouw: 5,4 semitonen).

• In de loop van dit proefschrift worden aanvullende eisen gedefinieerd met
betrekking tot de verstaanbaarheid en stemkwaliteit.

Om aan deze vereisten te voldoen werd in samenwerking met de afdeling Biomedical
Engineering van de Universiteit Groningen gekozen voor een langsgeblazen lipriet van
siliconenrubber. Het geluidproducerende mechanisme hiervan lijkt op het cyclisch
openen en sluiten van de lippen van een trompettist. Teneinde de optimale dimensies
en materiaaleigenschappen te bepalen van het siliconenrubberen lipriet, hebben M.P. de
Vries en collegae in Groningen een numeriek model ontwikkeld van dit
geluidproducerende mechanisme. Dit heeft geresulteerd in een aantal SPVP prototypes
bestaande uit 1 of 2 gebogen siliconenrubberen lipjes van diverse lengtes, vastgeplakt
in kleine perspex cilinders die in een regulier TE shuntventiel geschoven kunnen
worden (Figuur 1).

In Hoofdstuk 2 worden de resultaten gepresenteerd van een vooronderzoek, waarbij de
eerste SPVP prototypes in vitro werden getest en door 2 gelaryngectomeerden in de
praktijk werden uitgeprobeerd. Alternatieve stemproductie na een totale laryngectomie
door middel van een SPVP bleek mogelijk en leidde voor de patiënt niet tot een
onacceptabele luchtweerstand. De spreektoonhoogte was met de meeste prototypes
echter te hoog (>300 Hz) en de luidheid bleef achter bij die van de reguliere TE
fistelstem. De stemkwaliteit bereikt met een SPVP hangt af van het vermogen van de
patiënt om lucht door het PE segment te laten stromen zonder dat de mucosa in

Figuur 1: De eerste prototypes van de SPVP zoals beschreven
in Hoofdstuk 2. Van links naar rechts: een dubbellips, een
lange enkellips en een korte enkellips SPVP
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trilling raakt zoals bij de reguliere TE fistelstem. Indien een patiënt hier niet in slaagt,
dan klinken beide geluidsbronnen gelijktijdig. Dit vooronderzoek leverde ons een
aantal aanwijzingen op voor de ontwikkeling van de volgende generatie prototypes:
• Lange lipjes genereren een lagere f0 dan korte lipjes. Om in de trachea van patiënten

te passen mag de SPVP echter niet te ver voor de tracheale flens van het regulier
shuntventiel uitsteken.

• Analoog aan humane stemplooien dienen de 2 tegenover elkaar geplaatste lipjes van
de dubbellips SPVP’s exact symmetrisch bevestigd te worden om goed te
functioneren. Dit bleek vrijwel onmogelijk te produceren. Bovendien ligt het f0

traject van dubbellips SPVP’s onnatuurlijk hoog (250 – 600 Hz). De enkellips
SPVP’s zijn in dit opzicht veel beter (150 – 350 Hz).

• De lipjes liepen vast in hun perspex huls, omdat er in het cilindrische lumen geen
ruimte was voor hun trillingsuitslag.

Op basis van deze eerste resultaten werd een nieuw prototype ontwikkeld bestaande uit
een enkele siliconenrubberen lip, breder dan voorheen teneinde luider te klinken, in een
rechthoekige metalen huls die slechts 7 mm voor de tracheale flens van het reguliere
TE shuntventiel uitsteekt (Figuur 2). Deze modificaties werden in vitro en door 6
gelaryngectomeerden uitgetest, zoals in Hoofdstuk 3 beschreven staat. Hierbij werd de
spraakverstaanbaarheid vastgesteld door een panel van 12 ongeoefende luisteraars, werd
de stem perceptief beoordeeld door een professionele luisteraar en hebben de patiënten
geoordeeld over hun eigen stem. Om de verschillende prototypes bij verschillende
patiënten nauwkeuriger te kunnen vergelijken, is een digitaal registratie systeem
ontwikkeld, waarmee via een PC simultaan een aantal relevante aëro-akoestische
stemparameters in vivo werd gemeten.

In vitro kon de f0 van de tweede generatie SPVP prototypes worden aangepast tussen
210 en 315 Hz door de luchtvolumestroom te variëren tussen 0,05 and 0,75 l/s. In
vivo varieert de luchtvolumestroom echter van 0,05 tot slechts 0,30 l/s, waardoor maar

Figuur 2: Een SPVP prototype van de tweede generatie,
bestaande uit een enkele siliconenrubberen lip in een
rechthoekige metalen huls, die gedeeltelijk in een Groningen
ULR shuntventiel is geschoven, zoals beschreven in
Hoofdstuk 3
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een klein gedeelte van het melodisch en dynamisch bereik van de SPVP wordt
aangesproken. Het hierdoor beperkte f0 bereik (210 – 240 Hz) leidde ertoe dat enkele
patiënten klaagden over een monotoon stemgeluid als zij met het SPVP prototype
spraken.

Met een SPVP wordt de haalbare stemkwaliteit vooral bepaald door de tonus van het
PE segment. Patiënten met een hypotoon PE segment wonnen ermee in luidheid en in
een hogere gemiddelde spreektoonhoogte (200 – 250 Hz). Dit benadert de
gemiddelde spreektoonhoogte van de laryngeale vrouwenstem, zonder dat de
verstaanbaarheid achteruit gaat, of zonder dat andere intratracheale druk en
luchtvolumestroomwaarden nodig zijn dan voor de reguliere TE fistelstem.
Gelaryngectomeerden met een normotoon, of hypertoon PE segment blijken echter
niet in staat om lucht door hun PE segment te laten stromen zonder dat de mucosa in
een laagfrequente trilling raakt. Bij fysiologische intratracheale druk en
luchtvolumestroomwaarden klinken daardoor de reguliere TE fistelstem en de nieuw
geïntroduceerde toon van de SPVP gelijktijdig, waardoor de luidheid en
verstaanbaarheid verslechteren zonder dat eerdergenoemde pluspunten, zoals een
hogere spreektoonhoogte, bereikt worden.

Om bruikbaar te worden voor een grotere groep gelaryngectomeerden, zal aan twee
voorwaarden dienen te worden voldaan:
• Er moet ook een SPVP worden ontwikkeld met een f0 bereik dat bij mannen past.
• Een groter gedeelte van het melodische en dynamische bereik van de geluidsbron

dient beschikbaar te zijn bij gebruikelijke luchtvolumestroomwaarden voor de
reguliere TE fistelstem.

Om de richting te bepalen waarin mogelijke oplossingen hiervoor gezocht zouden
kunnen worden, hebben we de aëro-akoestische karakteristieken bepaald van een grote
serie zeer uiteenlopende liprietconfiguraties. Deze soms uitzonderlijk gevormde lipjes
van medical-grade siliconenrubber konden pas reproduceerbaar worden gemaakt nadat
we een spuitgietmethode ontwikkeld hadden met mallen die computergestuurd
gefreesd werden. Het inbedden van metalen of siliconenrubberen ballast in het uiteinde
van het slappe lipriet bleek geen goede methode om f0 te verlagen ten behoeve van
mannelijke gelaryngectomeerden. Evenmin succesvol was het verminderen van de
voorspanning op het lipje door er haaks op de lengterichting groefjes in te maken, of
door de afstand tot de wand tegenover de lip te vergroten. Al deze aanpassingen
leidden tot een afname van de luidheid, maakten het lipriet gevoeliger voor chaotisch
gedrag en vereisten een sterkere luchtvolumestroom om in trilling te geraken. Om voor
mannelijke gelaryngectomeerden toch een lagere f0 te bereiken, werden de lippen ten
behoeve van de hierna beschreven studies wat langer gemaakt en van zachter
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siliconenrubber. Voor patiënten zijn een lage drempel om in trilling te raken en een
steile toename van f0 bij toenemende luchtvolumestroom belangrijk, omdat deze twee
eigenschappen bepalend zijn voor respectievelijk het gemak waarmee de stem inzet en
voor natuurlijke prosodie. Het numerieke model ontwikkeld door M.P. de Vries en
collegae gaf aan dat deze karakteristieken bereikt zouden kunnen worden door een taps
toelopend lipriet te gebruiken.

In Hoofdstuk 4 worden aëro-akoestische meetgegevens en gedetailleerde high-speed
camera opnames gepresenteerd van tien – grotendeels taps toelopende –
liprietconfiguraties in vitro gepresenteerd. De belangrijkste conclusies van deze studie
zijn:
• Bij luchtdrukken boven de drempelwaarde voor geluidproductie van een slap lipriet

zijn de luidheid, f0, en luchtvolumestroom vrijwel lineaire functies van de drijvende
kracht, het luchtdrukverschil over de lip. Het brede f0 bereik (ongeveer 100 Hz bij
fysiologische luchtvolumestroomwaarden) en de luchtdrukafhankelijkheid van f0

kunnen beide verklaard worden uit het elastische slaan van de lip tegen de wanden
van de huls. De waargenomen onregelmatigheden in deze lineaire functies worden
vooral veroorzaakt door overgangen van de ene trillingsmodus in de andere.

• De dikte van de basis van de lip is lineair gerelateerd aan de trillingsfrequentie van
het lipriet. Dit effect is veel sterker dan het frequentieverlagende effect van de
toegenomen massa van dikkere lippen.

• De bruikbaarheid van siliconenrubberen liprieten als alternatieve stembron zou
beperkt kunnen worden door hun soms chaotische trillingsgedrag. Uiteindelijk
vertonen alle lipconfiguraties chaotisch gedrag, maar alleen bij relatief dunne lipjes
gebeurt dit al bij fysiologische luchtvolumestroomwaarden voor de reguliere TE
fistelstem. Chaotisch trillingsgedrag leidt tot ruis en compromitteert daarmee de
verstaanbaarheid en natuurlijkheid van de vervangende stem.

• Naast de vorige hoofdstukken die vooral betrekking hadden op vrouwelijke
gelaryngectomeerden, wees deze studie uit dat er ook voor mannelijke
gelaryngectomeerden een lipconfiguratie gevonden kan worden die een goed
compromis vormt tussen het gewenste f0 bereik enerzijds en een gunstige
geluidskwaliteit anderzijds.

In de Hoofdstukken 2, 3 en 4 werd de vergelijking tussen de reguliere TE fistelstem en
de SPVP stem gemaakt op grond van een aantal geselecteerde stemkarakteristieken.
Een algemeen geaccepteerde methode om stemkarakteristieken te beschrijven is een
multidimensionale benadering bestaande uit aparte beoordelingen van de
stemkwaliteit, de stem (lipriet) functie en het stemgebruik. Wanneer echter bepaalde
stemkarakteristieken buiten hun normaalwaarden blijken te vallen, kan de stem soms
toch nog goed geschikt zijn voor communicatie in alledaagse situaties. Daarom wordt
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in Hoofdstuk 5 een nieuw beoordelingsinstrument beschreven, waarmee de
communicatieve geschiktheid van pathologische stemmen kan worden ingeschat.
Communicatieve geschiktheid werd gedefinieerd als de situatieafhankelijke
adequaatheid van een stem volgens een groep naïeve luisteraars. Deze studie werd niet
uitgevoerd met gelaryngectomeerden, maar in een groep patiënten met een klein (T1)
glottisch larynxcarcinoom – voor en na bestralingsbehandeling – en in een toepasselijke
controle groep. Het concept van communicatieve geschiktheid van een stem bleek
waardevol. De scores waren betrouwbaar en de luisteraars konden onderscheid maken
tussen groepen normale en pathologische stemmen. In het volgende onderzoek naar de
geluidproducerende stemprothese werd een subset van drie communicatieve
geschiktheidsschalen opgenomen in het stemanalyseprotocol.

In Hoofdstuk 6 wordt de bruikbaarheid besproken van de SPVP prototypes die
voortkwamen uit de studie die in Hoofdstuk 4 beschreven is. Hierbij werd met name
gelet op de invloed van het geslacht van de patiënt en de tonus van het PE segment.
Het onderzoek werd verricht onder 20 gelaryngectomeerden – 11  mannen en 9
vrouwen – waarvan er 5 een ernstig hypotoon of atoon PE segment hadden. Het SPVP
prototype van de derde generatie bestond uit een kleine roestvrijstalen huls met daarin
één taps toelopende siliconenrubberen lip (Figuur 3). Op grond van de vergelijking in
vitro zoals beschreven in Hoofdstuk 4, selecteerden we voor een mannelijk f0 bereik
een dunnere taps toelopende lip dan we voor een vrouwelijk f0 bereik gebruikten. Net
als bij de klinische evaluatie van de tweede generatie SPVP prototypes (Hoofdstuk 3),
verrichtten we een spraakverstaanbaarheidsmeting met 12 luisteraars, werd de stem
perceptief beoordeeld door een professionele luisteraar, werd de tonus van het PE
segment bepaald, hebben de patiënten geoordeeld over hun eigen stem en werden aëro-
akoestische metingen gedaan. Bovendien werd de nieuw ontwikkelde communicatieve
geschiktheidtest (Hoofdstuk 5) toegepast met een panel van 20 luisteraars.

Figuur 3: Een SPVP prototype van de derde generatie,
bestaande uit één toelopende siliconenrubberen lip in een
roestvrijstalen huls, die gedeeltelijk in een Groningen ULR
shuntventiel is geschoven, zoals beschreven in Hoofdstuk 6
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Deze uitgebreide testserie leerde ons dat:
• dat het SPVP prototype in staat is vrouwelijke gelaryngectomeerden met een hogere

f0 te laten spreken (140 – 190 Hz in plaats van 50 – 130 Hz of hees gefluister).
• dat de lipconfiguratie voor mannen nog steeds een voor hen ongeschikt hoog f0

bereik in vivo opleverde (125 – 160 Hz), ondanks de veelbelovende resultaten in
vitro (Hoofdstuk 4).

• dat vrouwelijke gelaryngectomeerden met een atoon of ernstig hypotoon PE
segment een krachtiger stem kunnen krijgen met het derde generatie SPVP
prototype. Dit gaat echter tot onze verbazing meestal ten koste van de
verstaanbaarheid en communicatieve geschiktheid.

• dat bij 12 van de 20 proefpersonen (60%) de testserie tenminste eenmalig
onderbroken diende te worden omdat tracheaal slijm de siliconenrubberen lip
verhinderde te trillen. Zonder deze trillende lip konden de patiënten nog steeds
spreken door hun reguliere TE fistelstem te gebruiken in plaats van de artificiële
geluidsbron. De testserie kon alleen worden voortgezet nadat de SPVP verwijderd
was uit de patiënt, schoongemaakt en weer teruggeplaatst.

In Hoofdstuk 7 wordt het hinderende effect van tracheaal sputum op het
geluidproducerende mechanisme van de SPVP geanalyseerd in één vrouwelijke
gelaryngectomeerde. Dit wees uit dat tracheaal slijm ertoe leidt dat de trillende
siliconenrubberen lip van de SPVP in geopende stand vastplakt aan zijn roestvrijstalen
huls en dat de prothese niet volledig verstopt. Doordat de trillende lip zich op die
manier niet meer in de luchtstroom bevindt, wordt de SPVP gereduceerd tot een
gewoon TE shuntventiel. Langdurig gebruik van de SPVP vereist idealiter volledige
integratie van de artificiële geluidsbron in een TE shuntventiel. Dit is echter niet
haalbaar zolang het hinderende effect van tracheaal sputum op het functioneren van de
SPVP nog niet is opgelost.
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Conclusies

Geluidproducerende stemprotheses zouden gelaryngectomeerden met een relatief
slechte stemkwaliteit op basis van een atoon of ernstig hypotoon PE segment
voordelen kunnen bieden, zoals een krachtiger stem zonder dat hogere intratracheale
druk en luchtvolumestroomwaarden benodigd zijn dan voor hun reguliere TE
fistelstem. In het bijzonder vrouwelijke gelaryngectomeerden zouden gebaat zijn bij
een verhoging van hun spreektoonhoogte, omdat de onnatuurlijk lage toon van hun TE
fistelstem, sterker dan bij mannen, afwijkt van hun oorspronkelijke laryngeale stem.

De patiënten die beschreven worden in deze onderzoeken hadden slechts zeer beperkte
training of eerdere ervaring met deze nieuwe manier van spreken. Het lijkt redelijk om
aan te nemen dat patiënten na langer gebruik van een SPVP en uitgebreidere training
beter in staat zullen zijn tot prosodische accentuering, waardoor de verstaanbaarheid en
communicatieve geschiktheid verbeteren. De eerste testen waarbij een langduriger
gebruik zou worden beoordeeld, werden echter voortijdig afgebroken omdat de
prototypes door tracheaal sputum niet meer functioneerden voordat de patiënten de
polikliniek ermee verlieten. Om te kunnen profiteren van de hiervoor genoemde
voordelen, zal het geluidproducerende mechanisme van de SPVP minder kwetsbaar
dienen te zijn voor tracheaal slijm. Verder onderzoek hiernaar zou de sleutel kunnen
vormen tot klinische implementatie van de geluidproducerende stemprothese.

Voor gelaryngectomeerden met een normotoon of hypertoon PE segment zal dit
concept nooit een acceptabele alternatieve stembron vormen, vanwege de storing van de
SPVP stem door hun reguliere TE fistelstem. Gelukkig voor deze groep, is hun
reguliere TE fistelstem meestal beter dan die van gelaryngectomeerden met een atoon
of ernstig hypotoon PE segment. Pas als een SPVP ontwikkeld is die zowel een
superieure stemkwaliteit als probleemloos lange-termijn gebruik garandeert, dan
zouden operatieve maatregelen overwogen kunnen worden ten tijde van de totale
laryngectomie zoals een uitgebreidere myotomie teneinde de storende invloed van het
PE segment op de artificiële geluidsbron te beperken.

Concluderend kan gesteld worden dat alaryngeaal stemherstel door middel van de
geluidproducerende stemprothese zoals beschreven in dit proefschrift thans nog niet
een volwaardig alternatief vormt voor de reguliere TE fistelstem, hoewel deze methode
fonatie met een vrouwelijke spreektoonhoogte mogelijk maakt en patiënten met een
atoon PE segment er luider door kunnen spreken.
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