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Introduction thesis

Chapter 1

Introduction

In this chapter, a short introduction of the anatomy of the normal larynx is given.
Subsequently the situation of larynx cancer is described, which can eventually lead
to a total laryngectomy. For these laryngectomized patients, a project started called
“artificial larynx” a. The tissue connector and the valve system are parts of this
artificial larynx. These parts are the subject of this thesis and are explained further
in detail.

                                                     
a Eureka project EU 72310, Artificial Larynx

Larynx

Trachea
Thyroid gland

Figure 1: The larynx
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1.1 The larynx

The larynx (Fig.1) is an organ in the neck that plays a crucial role in speech,
breathing and swallowing. The larynx is the point at which the aerodigestive tract
splits into two separate pathways: inspired air travels through the trachea into the
lungs, and food enters the oesophagus and passes into the stomach.

Because of its location, the larynx has three important functions:

• Control of the airflow during breathing

• Protection of the airway

• Production of sound for speech.

Figure 2: Anterior (left), posterior (middle) and a cross-sectional (right) anatomical view of the larynx.1

1.1.1 The anatomy of the larynx

The larynx consists of four basic anatomic components: a cartilaginous skeleton,
intrinsic and extrinsic muscles, and a mucosal lining. The cartilaginous skeleton,
which houses the vocal folds, comprises of the thyroid, cricoid, and arytenoid
cartilages (Fig. 2). These cartilages are connected to other structures of the head
and neck through the extrinsic muscles. The intrinsic muscles of the larynx alter the
position, shape and tension of the vocal folds.

1.1.2 Cartilages of the Larynx

The thyroid cartilage (thyroid, shield-shaped) is the largest laryngeal cartilage.
Consisting of hyaline cartilage, it forms most of the anterior and lateral walls of the
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larynx. A transversal section of the thyroid cartilage has the form of a U; it is
incomplete posteriorly. The prominent anterior part of this cartilage, easily to be
seen and to feel, is commonly called the Adam’s apple. The thyroid cartilage
articulates with the cricoid cartilage. The superior rim has ligamentous attachments
to the epiglottis and the arytenoids.

The thyroid cartilage sits atop the cricoid cartilage, another hyaline cartilage. The
posterior part of the cricoid is largely expanded, providing support in the absence
of the thyroid cartilage. The cricoid and thyroid cartilages protect the glottis and the
entrance to the trachea, and their broad surfaces provide sites for the attachment
of important laryngeal muscles and ligaments. Ligaments attach the inferior surface
of the cricoid cartilage to the first cartilage of the trachea. The superior surface of
the cricoid cartilage articulates with the small arytenoid cartilages.

The shoehorn-shaped epiglottis projects above the glottis. This structure
composed of elastic cartilages has ligamentous attachments to the anterior and
superior borders of the thyroid cartilage and the hyoid bone. During swallowing, the
larynx is elevated, and the epiglottis folds back over the glottis, preventing the entry
of liquids or solid food into the respiratory passageway.

 The larynx also contains three pairs of smaller hyaline cartilages: the arytenoid,
corniculate, and cuneiform cartilages.

The arytenoid cartilages are via their vocal processes directly connected to the
vocal folds. Movements of the arytenoid cartilages by the connected muscles lead
to the breathing position and closure of the glottis. In the closing position, vocal
folds are adducted and phonation can start.

Pairs of corniculate and cuneiform cartilages are integrated in the ary-epiglottic
fold running from the epiglottis to the arytenoid region. These cartilages lie near the
apex of the arytenoid and strengthen the tissue at the dorsal part of the laryngeal
collar.

1.2 Laryngeal cancer

A cancer in the laryngeal region (Fig. 3) is a serious disease that eventually can
lead to a laryngectomy. Known risks for developing such a cancer are heavy
smoking and drinking. The symptoms of larynx cancer depend mainly on the size
and location of the cancer. In general, a chronic cough or the feeling of a lump in
the throat are warning signs of larynx cancer. Cancers on the vocal folds are
seldom painful, but they almost always cause hoarseness or other changes in the
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voice. Cancers in the area above the vocal folds can cause a lump on the neck, a
sore throat, or earache. Cancers in the area below the vocal folds are rare. They
can make breathing hard and noisy.

As the cancer grows, it can cause pain, weight loss, bad breathe, and frequent

Figure 3: Pictures from top of the normal larynx (left) and larynx with cancer (right).

Figure 4: Situation before (left) and after laryngectomy (right).
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choking of food. In some cases, a cancer in the larynx makes it hard to swallow.

Cancer of the larynx can be treated with irradiation therapy, chemotherapy,
(endoscopic) surgery or a combination of these methods.

1.3 Total Laryngectomy

A total laryngectomy is necessary when a cancer in the laryngeal area is in an
advanced stage and can not successfully be treated by other methods like
radiation therapy or chemotherapy. A total laryngectomy consists of the surgical
removal of the larynx including vocal folds and epiglottis (Fig.4). The trachea is cut
from the larynx and is led outside to the neck, where it is sutured to the skin
forming a tracheostoma. Breathing is now performed via the tracheostoma, as the
airway tract is completely separated from the alimentary tract.

Figure 5: Laryngectomee with shunt valve and tracheostoma valve.

.

Nowadays, the first step in the rehabilitation of speech after a laryngectomy is
usually performed by puncturing the tracheoesophageal wall creating a shunt
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between trachea and oesophagus. The surgeon places a shunt valve in this shunt
(Fig. 5). The shunt valve is a one-way valve allowing air to flow from trachea to
oesophagus and preventing food and liquid from oesophagus entering the trachea.
Several different shunt valves have been developed 2-10, usually indwelling devices
that remain in place for a longer period of time. Closing the tracheostoma with a
thumb or finger forces the air during expiration through the shunt valve into the
oesophagus. On top of the oesophagus the oesophageal sphincter starts to
vibrate, which functions as new vocal folds (pseudoglottis). Sometimes a
tracheostoma valve is placed on the tracheostoma.11-15 This valve makes hands-
free speaking possible, but can not be used by some patients due to fixation
problems.

A laryngectomy has drastic consequences for the patient. One of the main
problems is the loss of personal voice. The rehabilitated voice produced by the
pseudoglottis is in general low-pitched and often of bad quality. Problems with
swallowing and affected senses of smell (and taste) reflecting the inability to sniff,
often occur. The inhaling air is not filtered, not moisturised and is not heated up,
which can irritate the trachea. This leads to a higher phlegm production and makes
the patient more susceptible for a cold. The visible tracheostoma can form a
mental problem, especially when the patient cannot use a tracheostoma valve,
thus has to point at his handicap in order to speak.

1.4 Artificial Larynx

As a consequence of the mentioned problems, research in this area is still
necessary to improve the situation of laryngectomees. Therefore, a new project
called “artificial larynx“ (Eureka project EU 72310) started by Verkerke and
Herrmann in 1992 in Groningen.16,17 The project has been carried out by eleven
research institutes and four industries from the Netherlands, Italy, Germany and
the Czech Republic.b Aim of this project is to develop a totally implantable artificial
larynx for laryngectomees. The artificial larynx can be divided in four main parts:

- A valve system that makes it possible to switch between breathing and speaking.
It also should make coughing possible.

- A tissue connector to fix the artificial larynx to the body

                                                     
b Participants: BioMedical Engineering, University of Groningen, The Netherlands; Academic Hospital Free University, Amsterdam, The
Netherlands; Academic Hospital Nijmegen, Nijmegen, The Netherlands; Medin Instruments, Groningen, The Netherlands; SASA,
Thesinge, The Netherlands; Adeva Medical GmbH, Lübeck, Germany; Katharinen Hospital, ENT-department, Stuttgart, Germany;
European Hospital, ENT-department, Rome, Italy; University of La Sapienza, IV ENT Clinic, Rome, Italy; University of Padova, ENT-
department, Padova, Italy; Medical Healthcom s.r.o., Prague, Czech Republic
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- A voice producing prosthesis, which can produce a good quality voice.

- An artificial epiglottis that prevents food and liquid to enter the trachea when
swallowing.

Realising the complete implantable artificial larynx will take a long period of time,
as it is a very complex system. The philosophy of the project is to first develop the
separate parts for the benefit of the patient. Then all parts will be integrated, thus
realising an artificial larynx. This thesis focuses on the valve system and the tissue
connector. The valve system can already be used as a tracheostoma valve making
hands-free speaking possible. The tissue connector can already be used to
improve existing fixation methods of tracheostoma valves and shunt valves.

1.5 Valve system

A few valve systems have been developed for realising a tracheostoma valve.11-15

All these tracheostoma valves are based on the mechanism of exhalation. This
means that an extra spurt of exhalation air closes the valve. Three disadvantages
of this valve mechanism can be distinguished:

1 For closing the valve, an amount of exhaling air is needed that cannot be used to
speak. Consequently, air is already spoiled before speaking starts.

2. Continuous speaking is not possible. When a patient has run out of air, he has to
inhale again, which reopens the tracheostoma valve.

3. Existing tracheostoma valves do not have the possibility to cough. The
tracheostoma valve has to be taken out manually in order to make coughing
possible. Unexpected coughing creates a very oppressed situation and can lead to
shooting off the tracheostoma valve.

1.6  Tissue connector

1.6.1 Application
The tissue connector has to provide an alternative fixation method for both
tracheostoma valves and shunt valves. Currently, three methods are used for fixing
a tracheostoma valve:

1. Gluing a flange to the skin around the tracheostoma.18 This method requires a flat
skin surface and limited sweat production and is not very comfortable for the patient.
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2. Herrmann’s surgical technique, which implies the creation of a chimney on top of
the trachea.19 This requires a close fit between tracheostoma, which is often irregular,
and the shaft of the tracheostoma valve.

3. Using the Barton button that fits in the tracheostoma.20 This principle can be used in
patients with a circumferential stoma opening, which rarely exists.

All these methods are prone to fail due to air leakage.

Figure 6: Application of the tissue connector for fixation of a tracheostoma valve (left) and for fixation of
a shunt valve (right).

For the fixation of a shunt valve in the tracheoesophageal wall a close fit is
required between tracheoesophageal shunt and shaft of the shunt valve to prevent
leakage, which is one of the reasons that shunt valves sometimes fail.
Furthermore, the shunt valve has to be exchanged regularly, in some patients
every month, which is quite unpleasant for the patient, and could irritate or damage
the tracheoesophageal shunt. An improved fixation technique for both applications
could be a tissue connector, a ring that will be permanently implanted in the
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trachea. This ring can be implanted between two tracheal cartilage rings for the
application of a tracheostoma valve (Figure 6, left) and in the tracheoesophageal
wall for the application of a shunt valve (Figure 6, right).

1.6.2 Percutaneous implant

In order to fix a valve to the tissue connector, the tissue connector has to penetrate
the mucosal tissue of the trachea. This means that the tissue connector can be
considered as a permucosal (or percutaneous) implant, a device that has been
studied extensively.21 The large variety of different applications such as: an insulin
delivery device, a percutaneous device for peritoneal dialysis, fixation of artificial
limbs, and percutaneous electrical leads for functional neuromuscular stimulation,
display the huge importance of finding stable percutaneous devices. An overview
of possible applications is shown in Table 1. However, finding a good solution is
difficult, because several failure modes exist according to von Recum 22 and Hall et
al.23 One of the most important causes of failure is marsupialisation, which is the
final result of epithelial downgrowth along the implant surface (Fig. 7).

Epithelium

Percutaneous
Device

Figure 7: Epithelial downgrowth (left) can lead to marsupialisation (right).

Infection is another important failure mode caused by gaps between tissue and
skin penetrating component, which is often related to epithelial downgrowth.
Failure can also be caused by forces that cause shearing and tearing at the skin-
implant interface.

1.6.3 Percutaneous implants anchored to bone

Dental implants that replace missing teeth have been the first successful
percutaneous implants, as these implants have shown to function over ten-year
periods without adverse soft tissue effects.24,25 The implants are placed in two
stages; first a screw-shaped titanium fixture is screwed in the edentulous jawbone,
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covered by gingival mucosa and will become fixed by osseointegration. After a
healing period, the fixture is uncovered and an abutment is connected penetrating
the gingival mucosa with the covering epithelial layer.

This same titanium implant system has been used for maxillofacial prostheses like
orbital epistheses and auricle prostheses and for the bone-anchored hearing aid
(BAHA). These prostheses are anchored in the skull, penetrate the skin, and form
a stable implant-skin interface almost without adverse skin reactions.26-39

Table 1: Percutaneous device applications 22

1. Blood access devices

a. Continuous infusions or blood sampling

b. External circulation

c. Intravascular pacemaker

d. Dialysis

2. Tissue access devices

a. Windows for optical tissue studies

b. Probes for monitoring tissue parameters including pO2, pCO2, pH, temperatures, biopotentials,
and enzymes

3. Body cavities access devices

a. Prosthetic urethra

b. Peritoneal dialysis

c. Middle ear ventilating tubes

4. Power and signal conduits

a. Pneumatic, hydraulic, or electrical power for activation of internal artificial organs

b. Electrical signals for stimulation or control of natural or artificial organs

c. Recording of electrical potentials from internal natural or artificial organs

5. Internal/ external prosthetic devices

a. Urethra

b. Corneal implant

c. Artificial limb

d. Snap button for fixation of external prosthetic devices

e. Dental implants

Other experimental studies also provide evidence that a stable percutaneous
device can be realised when the device is fixated in bone.40-43 In a study of Jansen
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et al. 41, different percutaneous materials like hydroxyapatite, titanium and carbon
were used, which were all fixed in bone. No differences could be found between
the tissue reaction of these different implant materials, which gives rise to the
assumption that the method of fixation is more important than the implant material.

1.6.4 Percutaneous implants anchored to soft tissue

When percutaneous implants cannot be located near bone, they have to be
stabilised otherwise. In these cases, stabilisation in soft tissue is needed.
Numerous studies have been performed to find a stable soft-tissue anchored
percutaneous device that prevents epithelial downgrowth.44-73 In the last two
decades, pure titanium 47,63,64,68,73, hydroxyapatite 44,46,49,66,69,70, dacron 62,65, teflon
48,72 and carbon 45,67,69,71 are frequently used materials for percutaneous devices.
Generally, these materials possesses polished percutaneous surfaces except for
dacron and carbon that have porous surfaces 45,62,65,67,69 or a tightly woven porous
structure 71.

Fixation of soft tissue to the implant is sometimes improved by modifying the
surface of the implant. Percutaneous surfaces with microgrooves with appropriate
groove dimensions have the potential to enhance attachment and direction of
fibroblasts and epithelial cells 74-82. This phenomenon was used by Chehroudy et
al. 83-85, who showed that horizontal microgrooves on a percutaneous device can
prevent epithelial downgrowth. Kantrowitz et al. 54-59 cultured autologous fibroblasts
on a percutaneous nanoporous polycarbonate sleeve. The sleeve was connected
to a subcutaneous dacron flange, which was implanted in miniature swine.
Successful test periods up to 1351 days were reported.57 Okada and Ikada 60

performed immobilisation of collagen onto the percutaneous surface of a silicone
device, which was shown to enhance the prevention of epithelial downgrowth and
bacterial infection by improved microscopic adhesion of the percutaneous surface
to the contacting tissue.

To provide more stability, Uretzky et al.72 investigate the possible role of
demineralized bone matrix as a means of providing bone tissue formation around
percutaneous tubes. They implanted Gore-Tex and Dacron felt sleeves in
conjunction with demineralized bone matrix, but improvement of the acceptance of
percutaneous tubes could not be demonstrated.

Another method for more stability is performing a two or three-stage surgical
procedure.47-53,59 Usually, first a subcutaneous flange is implanted and after a
healing period the percutaneous part is connected. Branemark et al.47 used a
perforated subcutaneous titanium flange that allows soft tissue ingrowth providing
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subcutaneous stabilisation. A titanium percutaneous cylinder was screwed in the
flange. The complete system was implanted in the skin of the upper arm of humans
with good long-term results. Jansen et al.48,49,51,53 extensively studied the
histological performance of subcutaneous sintered titanium fibre mesh used as an
anchorage for percutaneous devices. The study proved that initial implantation of
the mesh favours the longevity of percutaneous devices implanted in soft tissue. A
good anchorage system seems to be of importance, as it restricts skin movements
around the implant, thus inhibiting inflammatory or other adverse tissue effects.

Depth of implantation could also be important. Heaney et al.61 used polyethylene
implants consisting of a cylindrical stem attached to a circular flange. The flange of
the implants was implanted in deep connective tissue, i.e. muscle tissue, which
was observed to prevent epithelial downgrowth.

Differences in histological responses between different animals were studied by
Gangjee et al.62 who tested percutaneous dacron velour implants in dogs, goats
and rabbits. The conclusion was that the histological processes are qualitatively
the same in these three animals.

To prevent failures, some critical design criteria has been distinguished by Grosse-
Siestrup and Affeld 86.

- the skin penetrating component should have a small diameter and a circular
cross section

- the percutaneous surface structure should enable ingrowth of skin tissue;

- a stress reduction area between skin penetrating component and skin should
be present;

- a subcutaneous anchor should be used that allows tissue ingrowth to enhance
stability of the percutaneous device.

1.7 Aim

Summarising, the aim of this thesis is the development of a new generation
tracheostoma valves and their fixation; the tissue connector. The tracheostoma
valve and tissue connector can be combined resulting in an external artificial
larynx. This is a first stage towards an implantable artificial larynx

In Chapter 2, the design and in vitro test of a tracheostoma valve consisting of a
cough valve with an integrated “speech valve” is described. This tracheostoma



Introduction 21

introduction thesis zk dtp

valve is already introduced to the market by ADEVA Medical (Lübeck, Germany)
and is called ADEVA Window®.

The design and test of a tracheostoma valve based on the mechanism of inhalation
is presented in Chapter 3. This tracheostoma valve is an improvement of finger-
free speech in laryngectomees.

Patient tests together with design and in vitro test of another tracheostoma valve
based on the mechanism of inhalation are portrayed in Chapter 4. ADEVA Medical
has patented this tracheostoma valve.

In Chapter 6, the biocompatibility of a novel tissue connector is tested by
implanting it in the back skin of rats.

The next step, testing the novel tissue connector in the trachea of goats is reported
in Chapter 7.
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