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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
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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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Chapter 2

In Vitro Measurements of Aerodynamic
Characteristics of an Improved
Tracheostoma Valve for Laryngectomees

by A.A. Geertsema, M.P. de Vries, H.K. Schutte, J. Lubbers, G.J. Verkerke*

Abstract
Tracheostoma valves are often required in the rehabilitation process of speech
after total laryngectomy. In so doing, patients are able to speak without using their
hands to close the tracheostoma. The improved Groningen tracheostoma valve
consists of a “cough” valve with an integrated (“speech”) valve, which closes for
phonation. The cough valve opens as the result of pressure produced by the lungs
during a cough. The speech valve closes by the airflow produced by the lungs,
thus directing air from the lungs into the oesophagus at a deliberately chosen
moment. An experimental setup with a computer-based acquisition program was
developed to measure the pressure at which the cough valve opened and the flow
at which the speech valve closed. In addition, the airflow resistance coefficient of
the tracheostoma valve was defined and measured with an open speech valve.
Both dry air from a cylinder and humid expired air were used. Results showed a
pressure range of 1-7 kPa to open the cough valve and a flow range of 1.2-2.7 l/s
to close the speech valve. These values were readily attained during speech, while
the flow range occurred above values reached in quiet breathing. The device
appeared to function well in physiological ranges and was optimally adjustable to
an individual setting. No significant differences were measured between air from a
cylinder and humid expired air. Findings showed that methods used to obtain
results could be employed as a reference method for comparing aerodynamic
characteristics of tracheostoma valves.

                                                     
* With permission of Springer Verlag, Germany. European Archives of Otorhinolaryngology (1998)
255:244-249.
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2.1  Introduction

Surgical treatment of a malignant tumour in the area of the larynx often requires a
total laryngectomy. To facilitate rehabilitation of voice in such patients, a shunt
valve can be placed in a tracheostoma between the trachea and the oesophagus.

Figure 1: Situation after total laryngectomy with shunt valve

If the patient wants to speak, the stoma is closed with a finger or thumb to force
expired air through the shunt valve into the oesophagus. Soft tissue at the top of
the oesophagus (or “pseudoglottis”) starts to vibrate and functions as new vocal
folds (Fig. 1).

For many patients the tracheostoma may be a severe consequence of
laryngectomy. The stoma is always visible and potentially embarrassing, especially
during speech, because the required closure with a finger or thumb can attract
extra attention. Moreover, stoma closure can be impossible for certain individuals
and is unhygienic if patients’ hands are dirty. Conversation is also hampered if both
hands are occupied during such activities as: eating, driving or sport.1,2
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The tracheostoma valve has been a great improvement for patients with shunt
speech. Once placed in the stoma, the valve closes the stoma when the patient
wants to speak and directs air coming from the lungs to the esophagus.1-6

No significant difference has been found in tracheoesophageal speech quality
when speaking with and without a tracheostoma valve.7-9 Williams et al.10 even
reported a favourable influence of tracheostoma valve occlusion: total pause time
and total reading time occupied by pauses were lower and the mean maximum
phonation time was longer when valves were occluded. The temporal measures
using valve occlusion were also more favorable than those recorded for digital
occlusion. Conversely, due to the extraneous noise associated with valve
occlusion, digital occlusion was rated better in perceptional analyses.11-13 However,
visual presentation by valve occlusion was rated better. Although, there is hardly
any difference in tracheoesophageal speech quality when speaking with or without
a tracheostoma valve, extraneous speaking noise could be a problem and should
be avoided in any new concept of a tracheostoma valve.

Any useful tracheostoma valve has to meet several important requirements. The
attachment to the skin should be reliable, so that the tracheostoma valve can stay
in place for an adequate period of time.1,14-16 Another requirement related to this is
the device’s weight. The requirement of low weight limits to a great extent the
choice of the material used in constructions. The device should also be as short as
possible: i.e., it should not protrude too much, since this may result in detachment
of the device from the skin. Additionally, since tracheal phlegm can occlude a valve
the device should easily be detached manually, cleaned and replaced.

The preferred tracheostomal valve should permit speech by closing the
tracheostoma automatically at the moment the patient wants to speak without the
need for fingers closure.  If the stoma is closed during speech, the closure must be
complete without airflow losses to avoid noise. If the stoma is not closed, the
patient should be able to breathe quietly and also not feel severely hampered
under conditions that need a higher flow rate (e.g., under any physical exercise). It
would be preferable for the patient that the device opens quickly when the patient
has to cough unexpectedly, thus preventing a very oppressive situation. This would
be an advantage compared to other tracheostoma valves, which have to be
removed first to make coughing possible.1,3-6 The device should also be designed
in such a way that the aerodynamic effort to close and then open the tracheostoma
should be adjustable to fit into the personal needs of the patient. To meet all these
requirements, we have developed a new tracheostoma valve and now report the
aerodynamic characteristics of our valve.
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2.2  Materials and methods

2.2.1 Principle of the tracheostoma valve

The newly developed tracheostoma valve (Fig. 2) is produced by ADEVA Medical
(Lübeck, Germany) and is an improvement of an earlier prototype described and
tested by Verkerke et al.2

Figure 2: The ADEVA Medical tracheostoma valve with the closed cough valve (left) and opened
speech valve (view from tracheal side, left) and the opened cough valve (right).

 It can be adapted to a valve retainer, which is a flange that can be glued to the
skin around the tracheostoma. The diameter and height of the tracheostoma valve
are 3.5 cm and 2.5 cm, respectively. The tracheostoma valve is made of plastic
and consists of a cough valve with an integrated (“speech”) valve, which closes to
phonate for speech production. The speech valve is made of soft silicon rubber
that reduces extraneous speaking noise. Normally, the cough valve is closed and
the speech valve is opened by a magnetic force through a small piece of metal
connected to a magnet. Air passes through the total device for breathing. The
cough valve is opened by the pressure produced by the lungs and the
tracheostoma valve offers a maximal opening for the air and expectorated phlegm
when the patient is coughing. The pressure is created by high air volume
displacement.

The speech valve is closed by an extra spurt of airflow from the lungs, thus
directing air into the oesophagus at a deliberately chosen moment. After speaking
is finished, the speech valve opens again by inhalation.
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The magnetic force used to keep the cough valve closed and speech valve open
can be changed, thus making both valve mechanisms adjustable. The magnetic
force for the cough valve can be changed readily by sliding a metal plate over the
magnets (Fig. 3). This changes the contact surface between the magnet and metal
plate. The same principle is used for the speech valve. This makes it possible to
optimise the pressure needed to open the cough valve and the airflow rate needed
to close the speech valve to an individual setting.

small magnets

metal plate

Figure 3: Schematic illustration of adjustments possible in opening the cough valve by sliding the metal
plate over the small magnets.

The functioning of the cough valve is triggered by the pressure exerted on the
closed valve just before the valve opens. In contrast, the functioning of the speech
valve is triggered by the flow exerted on the open valve just before the valve
closes. Pressure and airflow rates

The experimental setup to measure the pressure to open the cough valve and the
airflow rate to close the speech valve is shown in Fig. 4. This consists of a
transparent flow tube with a flow head at the end of the tube and a pressure
transducer measuring the pressure difference before and after the tracheostoma
valve. The data measured are contained in the computer through the data
acquisition program Labview for Windows 3.01 (National Instruments, Austin,
Texas, USA). Airflow was produced by cylinder air as well as by blowing directly on
the tube by mouth. Airflow was measured in a flowhead (Lilly flowhead, Mercury
Electronics, Glasgow, Scotland). Calibration of the flowhead was accomplished
with a Brooks flowmeter (model GT1357, tube type R-6-25-B, float material
Tantalum, Brooks Instrument, Veenendaal, The Netherlands). The pressure
difference was measured with a pressure transducer (model 267BC, Hewlett
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Packard, Waltham, Mass., USA). The pressure transducer was calibrated with a
water manometer.

Figure 4: Experimental setup to measure flow and pressure.

2.2.2 Methods

The flow necessary to close the speech valve and the pressure necessary to open
the cough valve were measured. The speech valve was separated into eight
positions, with equal steps between positions 1 and 8 although position 1 of the
speech valve was the most difficult position to close. The cough valve was also
divided into eight positions, with position 1 as the most difficult position to open.
Three measurements per position were performed for airflow produced by blowing
and by using the cylinder.

Additional measurements were performed to calculate the airflow resistance
coefficient of the tracheostoma valve during breathing. To determine the airflow
resistance coefficient, the theory of internal incompressible viscous flow through
pipes and sudden contractions like valves was applied.17,18. Pressure losses due to
such effects (or “head losses”) were interpreted physically as a loss in mechanical
energy. The total head loss was regarded as the sum of losses due to frictional
effects in fully developed flow in a constant-area tube as well as geometric losses
due to such factors as entrances, fittings and area changes. Geometric losses
were determined by airflow through the tracheostoma valve in the flow tube as
forced to pass through a variety of abrupt changes in area. These geometric losses
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are encountered primarily as a result of flow separation after an abrupt change in
area (with energy eventually dissipated by violent mixing in the separated zones).
The geometric head loss (hl) was expressed as

2

2v
Khl = (1)

with v = velocity [m⋅ s-1] and K = loss coefficient [-] as determined experimentally for
each situation.

By using the energy balance, head losses were expressed as energy per unit of
mass of flowing fluid [m2⋅ s-2]:

pp
hl

21 −
= (2)

In this equation p1
 – p2 = pressure loss [kg⋅ m-1⋅ s-2] and ρ = density [kg⋅ m-3]. The

combination of equations (1) and (2) gives:

2

2
21 v

K
pp

=
−
ρ

(3)

Thus, pressure loss was described as:

2
21 2

v
K

pp ⋅⋅=− ρ
(4)

As such, pressure loss was proportional to the squared velocity and thus also
proportional to the squared flow

2
21 FRpp C ⋅=− (5)

RC was defined as the airflow resistance coefficient with SI dimensions [kg⋅ m-7] or

expressed in dimensions [Pa⋅ s2⋅ l-2].

Measurements were obtained by generating an increasing flow through the
flowtube, whereas the pressure difference p1

 – p2 (before and after the
tracheostoma valve) and the flow F were recorded simultaneously. To determine
the airflow resistance coefficient of the tracheostoma valve, pressure was plotted
against the squared flow. With linear regression, a straight line was calculated. The
slope of this straight line represented the airflow resistance coefficient. The airflow
resistance coefficient of the tracheostoma valve was established for a flow range of
0-1.4 l/s.
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2.3  Results

The airflow values necessary to close the speech valve produced both by blowing
and from a gas cylinder are shown in Fig. 5.

Speech valve position
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Figure 5: Mean flow values (and standard deviation) necessary to close the speech valve with airflow
produced by blowing or by cylinder air

The flow values measured were reproducible for all the positions of the speech
valve. The airflow required to close the speech valve decreased almost linearly
with the valve positions. The airflow values to close the speech valve by blowing
were virtually equal to the airflow produced by the gas cylinder for different speech
valve positions. Since a very smooth flow tube was used, frictional losses could be
neglected.

The pressures measured to open the cough valve with air produced by a cylinder
are depicted in Fig. 6. The pressures measured show reproducible results for all of
the valve positions. The adjustability of the cough valve was not ideal for positions
2 and 3. In positions 1 and 2 the pressures to open the cough valve were equal,
while the pressure step between positions 2 and 3 was larger than the next steps.
Fig. 6 also shows the pressure produced by blowing to open the cough valve. The
mean curve from blowing air shows the same trend as the mean cylinder air curve.
Thus, no distinct differences were found between opening the cough valve by
blowing or by cylinder air.
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Cough valve position
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Figure 6: Mean pressure values (and standard deviation) necessary to open the cough valve with
airflow produced by blowing or cylinder air.

Figure 7: Pressure values against squared flow values plotted with 4900 dots. The straight line
represents linear regression; while the slope of this line is the airflow resistance coefficient of the

tracheostoma valve.
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The airflow resistance coefficient of the tracheostoma valve is shown in Fig. 7. This
graph shows the pressure difference as a function of the squared flow. The value
of the airflow resistance coefficient RC was RC = 1.2⋅102 [Pa⋅ s2⋅ l-2].

2.4  Discussion

The value of our newly developed tracheostoma valve allows speaking without
requiring the use of a finger or thumb to close the stoma. It also permits coughing
and thus permits the ready clearance of tracheal secretions.

It is possible to adjust the speech valve to an individual setting, as the flow range to
close the speech valve decreases nearly linearly from 2.7 to 1.2 l/s. This can be
easily attained by patients, allowing the patient to set the speech valve to an
individual setting and reduce extraneous speaking noise. As shown in Fig. 5, the
values for the closing force of the speech valve were reliable and reproducible and
demonstrated standard deviations of flow measurements to be very low.

The presence of the cough valve is an improvement with respect to other
frequently used devices.1,3-6 The range of the pressure to open the cough valve
was 1-7 kPa, thus allowing adjustment of the valve to an individual setting. In
healthy persons coughing begins with a deep inspiration followed by forced
expiration against a closed glottis. This increases intrapleural pressure up to 13
kPa or more.19 When laryngectomees use a tracheostoma valve, a similar process
occurs and requires forced expiration against a closed valve. With the intrapleural
pressure required for coughing, there has been no problem to open the cough
valve. The decrease in opening pressure for valve positions 1 - 4 of the cough
valve was not ideal and could perhaps be improved by adjusting the shape of the
area of the metal plate (Fig. 3).

The intra-tracheal pressure needed for speech for such voice prostheses as the
Groningen low-resistance button, the Blom-Singer duckbill prosthesis and the
Provox low-resistance prosthesis has varied from 3.3 to 1.36 kPa, respectively.
This means that it is possible to adjust the cough valve to such a position that it will
not open during speech when using different voice prostheses.20,21

No significant difference was found between airflow produced by a cylinder and
airflow produced by blowing in spite of differences in temperature and moisture
between both kinds of air. The calculated airflow resistance coefficient was

comparable to that of other tracheostoma valves and ranged from 0.8⋅102 to

3.2⋅102 [Pa⋅ s2⋅ l-2] in calculations provided by Verkerke et al.2 When compared to
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the entire airway resistance (i.e., alveolar pressure/flow), the coefficient in a
healthy person ranged from 1.2⋅102 to 4.7⋅102 [Pa⋅ s2⋅ l-2].22

In general, we prefer not to use the term airflow “resistance”, as the relationship
between pressure and flow is not linear.23 The term resistance suggests Ohm’s
law, which states that the resistance increases in a linear way when flow increases.
Our findings have shown that the airflow resistance of the tracheostoma valve
demonstrates a non-linear behaviour due to turbulent flow. Accordingly, it is better
to use the term “airflow resistance coefficient” instead of airflow (or airway)
resistance, which is a term employed by a number of authors.2,20,21,24-27

The methods used by us to obtain our results can be used as a reference method
for comparing the aerodynamic characteristics of various tracheostoma valves. Our
method described gives reproducible results and can also be used for all kinds of
flow-regulating devices, such as shunt valves, voice producing prostheses and
tracheostoma valves. The breathing properties of the tracheostoma valve can then
be determined with a given definition of the airflow resistance coefficient to provide
a basis for comparison with other (different) tracheostoma valves.

At present further tests are planned in vivo for our tracheostoma valve.
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Chapter 3

Design and Test of a New Tracheostoma
Valve Based on Inhalation

by A.A. Geertsema, C.W. Boonstra, H.K. Schutte, G.J. Verkerke*

Abstract
Tracheostoma valves are used to make hand-free speaking possible for persons
who have undergone a laryngectomy. To design and test a new tracheostoma
valve to improve existing tracheostoma valves. The tracheostoma valve closes by
means of strong inhalation so that all the air that is exhaled is available for
phonation. The device automatically stays in the “speak-position” until the patient
deliberately changes the device to the “breathing position” by a fast expiration. If all
the air that has been exhaled has been consumed during phonation, the patient
can inhale again, without changing the device, because a small valve automatically
opens, thus allowing phonation without time limits. An experimental setup with a
computer-based acquisition program was used to measure the pressure at which
the valve opened and the flow at which the valve closed. The pressure and flow
needed to open and close the magnetic adjustable valve were measured for
different positions and contained in the computer through a data acquisition
program. Also, the airflow resistance coefficients for inhaling and exhaling were
measured. The airflow necessary to close the tracheostoma valve ranges from 1.6
to 3.8 l/s. The opening pressure of the valve ranges from 1 to 7 kPa. The airflow
resistance coefficient is 2.9⋅102  [Pa⋅ s2⋅ l-2] for inhalation and 4.3⋅102  [Pa⋅ s2⋅ l-2] for
exhalation. The device appears to function well in physiological ranges and is
optimally adjustable. The airflow resistance coefficient lies in the range of the entire
airway resistance (1.2⋅102 - 4.7⋅102 [Pa⋅ s2⋅ l-2]) in quiet breathing.

                                                     
* With permission of American Medical Association. Archives of Otolaryngology, Head & Neck Surgery
(1999) 125:622-626.
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3.1 Introduction

Severe cancer in the laryngeal or hypopharyngeal region often requires a total
laryngectomy. After this operation, voice restoration usually takes place by
tracheoesophageal puncture and the insertion of a shunt valve in the puncture. By
closing the tracheostoma manually, air flows through the shunt valve to an air
chamber enclosed by soft tissue at the top of the oesophagus (pseudoglottis),
which starts to vibrate and acts as new “vocal folds”.

One of the major problems for the patient who has undergone a laryngectomy and
voice rehabilitation concerns the tracheostoma. The stoma attracts attention,
especially when the patient has to close it with a thumb or finger in order to speak.
Also, stoma closure can be unhygienic and impractical when the patient’s hands
are dirty. Stoma closure is also impossible during certain activities, eg, while driving
a car, eating, or participating and sports. Several tracheostoma valves (TSVs) have
been developed in an attempt to overcome this problem.

The Blom-Singer TSV was the first TSV described in the literature.1 It consists of a
valve diaphragm that closes when the expiratory flow is stronger than in normal
breathing. Decreasing expiratory flow reopens the diaphragm. The valve
diaphragm is available in 4 thicknesses, therefore, the flow to close the TSV can be
adjusted to the individual patient. The TSV is fixed in a convex flexible housing that
is glued around the stoma with special adhesives.

Herrmann and Koss 2 described their experience with the ESKA-Herrmann TSV
(ESKA Implants, Lübeck, Germany). This device has a metal plate in it that
contacts a magnet in the housing. An increase of expiratory flow closes the valve
to allow speech. By rotating the valve, the contact area between magnet and plate
can be changed to make the moment of valve closure adjustable during use. The
TSV is fixed by a surgical technique that requires the creation of a chimney on top
of the trachea. A close fit between the trachea and the TSV is necessary to prevent
leakage.

In 1987, Singh 3 described a rectangular TSV that can be fixed in a stoma button. A
movable flap in the TSV closes when the patient wants to speak. The flap has an
angle of inclination, which can be adjusted with a screw, thus regulating the flow
needed to close the valve.

In 1992, a new, adjustable Blom-Singer TSV 4;5 with a silicon diaphragm became
available. The opening of the diaphragm can be adjusted and with it the flow
needed to close the valve. This valve is connected in the same way as the first-
generation TSV.
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Verkerke et al 6 published a report on the design and test of a TSV that makes
coughing possible. This device consists of 2 valves: a speech valve that makes
speech possible, using the same mechanism as the ESKA-Herrmann TSV, and a
cough valve. Both valves can be adjusted individually according to the patient’s
wishes. Geertsema et al 7 described an improved version of this valve. The Blom-
Singer flexible housing was used to connect the TSV to the stoma.

All these existing TSVs have to be closed by an extra spurt of expiratory air. They
would be improved by a valve that can be closed by an extra spurt of inspiratory air
instead of by and exhalation. The advantage of such a device is that all expiratory
air is available for speech. Moreover, inhalation precedes speaking, which makes
speech more natural.

The ability to inhale during phonation has a further advantage. The TSV can stay
automatically in the “speak-position”, until the patient deliberately changes it to the
“breathing position” by a fast expiration. Inhalation during speaking allows the
patient to extend the duration of speech indefinitely. This article provides
information on the design and in vitro test of a new TSV, based on the above-
mentioned improvements.

3.2 Materials and methods

3.2.1 TSV design

The TSV, which is shown in Figure 1, is 2 cm high and 2.5 cm wide. It is made of
polycarbonate, a very strong but very light, size- and form-fixed material that resists
weak acids very well and does not absorb liquid. The TSV can be attached to the
stoma by housing it in a fixation ring, which is attached to the skin with adhesives,
double-sided foam or tape disks, and glue 5. It consists of a large valve that can be
moved in a housing (Figure 2). The large valve comprises an integrated small
valve and a ring with magnets around the lower side of the large valve. The large
valve can be put in 2 positions: the breathing position and the speaking position.
When the patient wants to speak, he or she has to inhale strongly while the TSV is
in breathing position and the large valve will close (speaking position). When the
stoma is closed, air will flow through the shunt valve between the trachea and the
oesophagus to the pseudoglottis, thereby enabling the patient to speak. After all
the air for speaking has been consumed, the patient can inhale again, which opens
the small valve. This inhalation makes it possible for the patient to speak as long
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as he or she wants to without the necessity of changing the valve system. To stop
speaking, the patient can reopen the large valve again by a strong exhalation.

Figure 1: Tracheostoma valve with open valve (breathing position, left) and with closed valve (speaking
position, right).

The flow for closing the large valve and the pressure for opening it are adjustable.
A ring around the large valve has magnets at its upper and lower side. The housing
incorporates metal plates at the top and bottom. The metal plates are formed in
such a way that the area of the plates is shaped from small to large. The contact
area between metal plate and magnet determines the closing and opening force of
the large valve. Rotating the metal plate by rotating the outside of the housing can
change these forces.

Metal
plates

Housing

Speaking position

Large valve

Breathing position Inhaling-during-speaking
position

Small valve

Ring
with
magnets

Figure 2: Drawings of the tracheostoma valve in the breathing, speaking and inhaling-during-speech
positions.
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3.2.2 Setup

The in vitro setup to measure the flow values necessary to close the large valve
and the pressure values necessary to open the valve after speaking is illustrated in
Figure 3. The apparatus consists of 2 different flow tube setups: flow tube setup 1
measures the flow and pressure values necessary to respectively open and close
the large valve; flow tube setup 2 measures the airflow resistance coefficient
(ARC). This term will be explained below. Both setups have a flow head to
measure the flow and a pressure transducer to measure the pressure. The
measured data were imported in the computer with a data acquisition program
(Labview for Windows 3.01, National Instruments, Austin, U.S.A.). The airflow,
which is produced by blowing directly in the tube by mouth, was measured with a
flow head (Lilly flow head, Mercury Electronics, Glasgow, Scotland); the flow head
was calibrated with a flow meter (Tube type R-8M-25-4F, Float No. 8-RS-14,
Brooks Instrument, Veenendaal, The Netherlands) and the pressure was
measured with a pressure transducer (Model 267BC, Hewlett Packard, Waltham,
U.S.A), which was calibrated against a water manometer.

Pressure 
Transducer

Flow 
Transducer

Pressure Flow

Flow 
TransducerPressure 

Transducer

PC

TSV

Flow tube setup 2 Flow tube setup 1

Flow headFlow head

Figure 3: Two setup to measure flow and pressure. PC indicates personal computer; TSV,
tracheostoma valve.
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3.2.3 Measuring method

The flow necessary to close the large valve and the pressure necessary to open
the large valve were measured. The flow range to close the large valve was
subdivided in 8 positions with equal steps between positions 1 and 8. Position 1 of
the valve was the most difficult position to close. The pressure range to reopen the
large valve was subdivided in 7 positions, with position 1 being the most difficult
position to open. Five measurements per position were performed. Additional
measurements were performed to calculate the ARC of the TSV during breathing.
The ARC was previously calculated as follows by Geertsema et al.7

p1 - p2 = ARC ⋅ F 2,

where p1 - p2 is the pressure difference (before and after placement of the TSV), RC

is the ARC with dimensions [Pa⋅ s2⋅ l-2]; and F 2 is the squared flow.

Measurements were executed by generating an increasing flow through the flow
tube, whereas the pressure difference (before and after placement of the TSV) and
the flow were registered simultaneously. To determine the ARC of the TSV, the
pressure was plotted against the squared flow. A straight line was calculated with
linear regression approach, and the slope of the straight line represents the ARC.
The ARC of the TSV was established for a flow range of –2.3 to 2.4 L/s. The value
of the ARC for inhaling will differ from that for exhaling, as the small silicon valve
will only open during inhalation, which reduces the ARC. Accordingly, the ARC is
calculated separately for inhaling and for exhaling.

3.3 Results

The flow values necessary to close the large valve are shown in Figure 4. The
range of these flow values is about 1.7 to 3.8 L/s. The flow values decrease in
nearly linear fashion, except for positions 3 and 4. The standard deviation (SD)
appears to be low for position 3 through 8, which means that these measurements
are reproducible. This low SD is in contrast to the higher SD of the values
correlating to positions 1 and 2.

The pressure values necessary for opening the large valve are shown in Figure 5.
These values also decrease nearly linearly and have a range of approximately 0.8
to 7.2 kPa. All the positions display low SD values, indicating that the pressure
needed to open the valve is quite reproducible.
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Figure 4: Flow required for closing the large valve, obtained for different valve positions (mean values
and SDs [error bars], based on 5 measurements per position).

The results of the ARC, measured in flow tube setup 2 (Fig. 3), are presented for
inhaling and exhaling respectively in Figure 6 and Figure 7, where the pressure
difference measured is plotted against the squared flow. The value of ARC when
inhaling, ARCinhaling, is:

ARCinhaling = 2.9⋅102 [Pa⋅ s2⋅ l-2]

The value of ARC when exhaling, ARCexhaling, is:

ARCexhaling = 4.3⋅102 [Pa⋅ s2⋅ l-2]

3.4 Discussion

In contrast to existing TSVs, the new TSV closes the stoma by an extra spurt of
inhaled air, which probably enables the patient to speak longer on 1 inhalation.
Another improvement, in comparison with existing devices, is that air can be
inhaled very easily during phonation. The new TSV also allows a more
physiological way of speaking, as an inhalation is necessary to initiate phonation.
In general, all these improvements make it easier for the patient to speak.

The flow necessary to close the large valve of the TSV ranges nearly linearly from
1.7 to 3.8 L/s, but position 4 shows a sudden increase of the flow, indicating that
the interaction between magnet and metal plate is not yet ideal. The measured flow
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range is comparable to that of other devices measured in the past 6;7, but those
devices are controlled by a spurt of exhaled air, which is attained more easily.
Nevertheless, healthy persons were able to attain the flow values necessary to
close this new TSV, although it was difficult to close the large valve in positions 1
and 2. Patient tests have to prove if this range is appropriate.
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Figure 5: Pressure values required for opening the large valve, obtained for different valve positions
(mean values and SDs [error bars], based on 5 measurements per position).

The pressure to reopen the large valve ranges from 0.8 to 7.2 kPa. The TSVs that
have a cough valve that opens by the generation of air pressure, show a similar
range 6;7. This range means that it is possible to adjust the large valve to such a
position that it will not open during phonation when different voice prostheses, such
as the Groningen low-resistance button, the Blom-Singer duckbill prosthesis, or the
Provox low-resistance prosthesis, are being used 8;9.

In general, the use of magnets and shaped metal plates makes it possible to
generate ranges for linear flow and pressure. Experiences of patients using this
TSV can optimise ranges for flow and pressure. Also, the ARC for inhaling and
exhaling makes low-resistance breathing possible, as the ARC lies in the range of
the entire ARC of a healthy person, which is 1.2⋅102 to 4.7⋅102 [Pa⋅ s2⋅ l-2]. On the
other hand, the ARC of the new TSV is rather high compared to existing TSVs,
which have lower ARCs. The ARC for exhaling is especially high. Again, patient
tests should be conducted to see if ARCs for inhaling and exhaling are suitable.
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Finite element method studies could suggest ways for optimise the design for the
ARC.
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Figure 6: Pressure values plotted against the squared flow values during inhalation. The straight line is
obtained by linear regression. The slope of this line represents the airflow resistance coefficient.
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Figure 7: Pressure values plotted against the squared flow values during exhalation. The straight line is
obtained by linear regression. The slope of this line represents the airflow resistance coefficient.
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The new TSV is much smaller than other TSVs and does not protrude from the
skin surface as much; accordingly, it will attract less attention, especially when the
patient is wearing clothes over it, and is less likely to disconnect from the
tracheostoma. In contrast to other TSVs that are often used, the TSV does not
have to be removed from the stoma during coughing. It is adapted in such a way
that it fits in a fixation ring that is also used for the Blom-Singer TSVs 5. The fixation
ring is less loaded, because the valve can be closed by a strong inhalation. The
closing of other TSVs is achieved by a spurt of exhalation, which can accelerate
the fixation to disconnect from the skin around the tracheostoma. Also, the
reopening action will occur less frequently than the closing action of TSVs that are
based on the mechanism of exhalation. Thus, the inhalation principle is likely to
extend the useful life of attachment (such as doublesided foam, tapedisks, and
glue) of the fixation ring to the skin.
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Chapter 4

In Vivo Measurements of an Improved
Tracheostoma Valve Based on Inhalation

by A.A. Geertsema, H.K. Schutte, G.J. Verkerke*

Abstract
An improved Inhalation TracheoStoma Valve (TSV) is designed to facilitate finger-
free tracheoesophageal speech. In contrast to existing models, the TSV closes by
means of strong inhalation (instead of exhalation) to reach the “speaking position”.
Inhaling air in this position is possible through a small one-way valve, thus allowing
unlimited phonation time. The device can be deliberately changed to the “breathing
position” by a fast expiration. Experimental setups are used to measure in vitro and
in vivo the performance of the Inhalation TSV. In patients, the Inhalation TSV is
compared with existing TSVs for the parameters; air volume to close TSVs,
speaking time of the TSVs and speaking volume of the TSVs. The device functions
well in physiological ranges, is optimally adjustable and is an improvement
regarding to existing devices. The Inhalation TSV makes inhalation in the
“speaking position” possible and saves up to 22% of the total exhalation volume for
speaking compared to existing TSVs.

                                                     
* Submitted to Annals of Otology, Rhinology and Laryngology.
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4.1 Introduction

As part of the rehabilitation treatment after laryngectomy, several laryngectomees
use a tracheostoma valve (TSV), which is placed on their tracheostoma (Fig.1).

These TSVs make finger-free speech possible; the tracheostoma can deliberately
be closed with this device, thus guiding air into the oesophagus through a shunt
valve between trachea and oesophagus. Soft tissue at the entrance of the
oesophagus (pseudoglottis) starts to vibrate and functions as new ’vocal folds’.

Since the introduction of the Blom-Singer TSV 1, several other TSVs have been
reported.2-7 All these TSVs are based on the mechanism of exhalation, which has
some disadvantages. Some air is already spent before phonation starts, as this
mechanism needs a strong exhalation for closure of the tracheostoma valve.
Furthermore, speaking position of the valve cannot be remained since inhalation
reopens the TSV again. To solve these problems, a new TSV was designed based
on Geertsema et al.8 In contrast to existing TSVs, this device was based on closing

tracheo-
stoma valve

Figure 1: Rehabilitation after laryngectomy with shunt valve and tracheostoma valve.
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by inhalation, thus saving air for phonation. An integrated one-way valve was
present, which makes inhalation in the speaking position possible. Although the
TSV functioned well, its round valve moving in a round housing was susceptible to
slant. Furthermore, the breathing resistance was rather high compared with
existing TSVs. The construction of the TSV was complicated causing difficulties in
reproducibility and making the TSV expensive to produce.

Consequently, this inhalation concept had to be optimised by designing an
improved Inhalation TSV. The most important requirements that this improved
Inhalation TSV had to meet were its valve construction, which should be simple
and reliable and should have a low breathing resistance. In this paper, design and
test of the improved Inhalation TSV are presented, but it concentrates on in vivo
measurements. The improved Inhalation TSV and two existing TSVs based on
exhalation are tested in 3 patients to investigate the effect of the improved TSV on
maximum speaking time and air volume left for speaking.

4.2 Materials and Methods

4.2.1 Design

The Inhalation TSV is depicted in Figure 2.

    

Figure 2: Inhalation TSV from top, with open valve (left, breathing position) and closed valve (right,
speaking position).
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It consists of a housing with an eccentric axis and a large valve, which revolves on
this axis (Fig.3). A small half-moon shaped silicon one-way (inhalation) valve is
integrated in the large valve. The TSV is made of polycarbonate, a very strong but
very light, size- and form-fixed material that resists weak acids very well and does
not absorb liquid. The TSV can be attached to the stoma by housing it in a fixation
ring, which is attached to the skin with adhesives, double-sided foam or tape disks,
and glue.5

The TSV is controlled by breath air and can be put in two positions, the breathing
position and the speaking position. Normally, the large valve is in breathing
position and kept open by a magnetic force between a metal plate on the housing
and a magnet on the large valve. The large valve can be put in speaking position
by closing it through inhaling strongly. During exhalation, air now is directed to the
mouth through the shunt valve between trachea and oesophagus. In this speaking
position, inhalation of air is possible through the small one-way valve. The one-way
valve enables the device to remain in speaking position during speaking. The TSV
can be put back in breathing position by a strong exhalation, which reopens the
large valve.

Coughing in both positions is possible. In breathing position, the TSV stays open,
as a consequence of the inhalation mechanism. In speaking position, the large
valve will open by the pressure produced by the lungs when coughing.

Closing of the TSV can be adjusted by changing the magnetic force that keeps the
TSV in breathing position. The contact area between metal plate and magnet can

Inhaling-During-
Speaking Position

Breathing Position Speaking Position

large valve

one-way
valve

housing

axis

magnetsmetal
plate

metal
plate

Figure 3: Cross-sectional drawings of the Inhalation tracheostoma valve in the breathing, speaking,
and inhaling-during-speaking position.
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be changed by a slider thus controlling the magnetic force. Another slider can
adjust the opening of the TSV in the same way.

4.2.2 In vitro setup

To determine the flow values necessary to close the large valve and the pressure
values to reopen the valve, an in-vitro setup was developed by Geertsema et al.8

Figure 4: Setup to measure flow from stoma and mouth, pressure from stoma and sound pressure
level about 30 cm from mouth.
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Flow and pressure are measured for respectively opening and closing the large
valve. The resistance of the TSV is determined by measuring the airflow resistance
coefficient (ARC).7,9

The flow range for closing the large valve and the opening pressure were
subdivided in 4 positions and 5 positions, respectively, with equal steps between
these positions. Three measurements per position were performed.

Additional measurements were performed to calculate the ARC of the TSV during
breathing.

The ARC with dimensions [Pa⋅ s2⋅ l-2] is calculated as follows:

p1 - p2 = ARC ⋅ F 2,

where p1 - p2 is the pressure difference (over the TSV), and F 2 is the squared flow
value. Measurements were executed by breathing, while the pressure difference
over the TSV and the flow were registered simultaneously. To determine the ARC
of the TSV, the pressure was plotted against the squared flow. A straight line was
calculated with the linear regression approach, and the slope of the straight line
represents the ARC. The value of the ARC for the breathing position will differ from
that for the speaking position, as inhalation air in speaking position can only flow
through the small one-way valve, which will increase ARC. Accordingly, the ARC is
calculated separately for the breathing position and for the speaking position. The
ARC of the TSV was established for a flow range of -1.2 to 1.2 L/s and - 0.6 to 0
L/s for respectively breathing position and speaking position. A negative flow
indicates inhalation and a positive flow expiration.

4.2.3 In vivo setup

In a pilot study, three patient tests a have been performed to compare the
performance of the improved Inhalation TSV with commercial available TSVs. The
following three different TSVs are tested;

- ADEVA Window® TSV (ADEVA Medical, Lübeck, Germany)

The Window is tested in three positions with position 1 the easiest position,
position 2 the middle position and position 3 the heaviest position to close the
valve.

                                                     
a The patient tests were carried out at the department of BioMedical Engineering (University of Groningen). Patients informed consent
were obtained for the experiments
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- Blom-Singer ATSV (Inhealth, USA)

The ATSV is tested in two positions with position 1 the easiest position and
position 2 the heaviest position to close the valve

- Inhalation TSV

The Inhalation TSV is also tested in two positions, position 1 is an easier
position than position 2.

All three patients possessed the ATSV, with which they could speak well. The in
vivo setup used is illustrated in Figure 4. Flow from the mouth, FM, is registered by
a flowhead connected to a mask, which is held against the face of the patient. A
thin catheter leading to a pressure transducer measures the pressure in the
trachea, PT. The flow from the stoma, FS, is measured by a flowhead connected to
an adapter that is held over the tracheostoma.

Patients were asked to successively breath with the TSV, close the TSV and
phonate as long as possible. This results in an example graphic as shown in Figure
5.

Figure 5: Measured flow from the mouth, FM, flow from the stoma, FS, and pressure in the trachea, PT,
during breathing and speaking plotted in one graphic. Breathing starts at point a. At point b a quick
exhalation starts, which closes the TSV at point d. At point c, PT increases quickly, as the TSV is

closing. Sustained /Y/ phonation starts at point e, as FM  becomes higher than zero. FM becomes zero

again at point f indicating that speaking has ended. At point g, the TSV opens again and breathing
starts.
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Three parameters have been defined to analyse the performance of the three
TSVs.

1) Speaking time,

tspeaking = te - tf, (1)

to determine the speaking time after closing the TSV. tspeaking is defined as the
time that PT is above 1 kPa and FM is higher than zero.

2) Total air volume, Vtotal, which is defined as

Vtotal = Vclosing + Vspeaking + Vleakage, (2)

with

- Vclosing = necessary volume from the stoma to close the TSV calculated as

∫ ⋅=
 d

 b
Sclosing dtF  V . (3)

This determines the air that is already spent before speaking starts. In
contrast to the commercial available TSVs, Vclosing is negative for the
Inhalation TSV and therefore not included in Vtotal.

- Vspeaking = volume from the mouth during speaking calculated as

∫ ⋅=
 f

 e
Mspeaking  dtF  V (4)

- Vleakage = volume leaking out of the TSV during speaking calculated as

∫ ⋅=
       g

  d

leakage dtFsV (5)

(These air leakages were due to unexpected leakages out of the TSVs and
not due to the TSV fixations, which were airtight.)

3) The percentage of volume that is spent to close the TSV; the Vclosing / Vtotal ratio.

4.2.4 Statistics
Student’s t-test was used for statistical analysis (P<0.05).
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4.3 Results

4.3.1 In vitro results

The airflow necessary to close the Inhalation TSV is shown in Figure 6. The airflow
ranges from 3.8 to 1.2 L/s and decreases linearly from position 1 to 4.
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Figure 6: Flow required for closing the valve, obtained for different valve positions (mean values based
on three measurements per position).
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 Figure 7: Pressure required for opening the valve, obtained for different valve positions (mean values
based on three measurements per position).
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Figure 7 shows the opening pressure of the TSV, which ranges from 7.1 to 1.2
kPa. These pressure values also decrease linearly from position 1 to 5.
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Figure 8: Pressure values plotted against squared flow values during in- en exhalation in the breathing
position. The straight line is obtained by linear regression. The slope of this line represents the airflow

resistance coefficient.
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Figure 9: Absolute pressure values plotted against squared flow values during inhalation in the speaking
position. The straight line is obtained by linear regression. The slope of this line represents the airflow

resistance coefficient.
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The ARC values of the TSV in breathing position and speaking position are
displayed, respectively, in Figure 8 and Figure 9. The value of ARC during
breathing is ARCbreathing = 0.6 ⋅102 [Pa⋅ s2⋅ l-2]. The value of ARC of inhalation in

speaking position is ARCspeaking = 22.7 ⋅102 [Pa⋅ s2⋅ l-2].

4.3.2 In vivo results

Two of the three patients were able to speak with the improved Inhalation TSV very
quickly. Their first opinion about the inhalation valve was positive, but they
expected that it would take more time (a few days) to become completely used to
the new mechanism. One patient was hardly able to speak with the Inhalation TSV,
as he could not control his breathing with this device very well. These results of the
Inhalation TSV were excluded from the study. All patients could breathe easily with
the Inhalation TSV. The patients were able to close the Inhalation TSV on
command. The Inhalation TSV reopened also on command, when the correct
adjustment is found. Position to reopen is adjusted at 4.4 kPa, which is above the
tracheal pressure during speaking. The biggest advantage according to the
patients is the possibility of inhaling when the TSV is in speaking position. Another
mentioned advantage is the possibility to cough without TSV closure. A
disadvantage is the size of the one-way valve. Although the patients were able to
inhale sufficient air with the TSV in speaking position, one patient rated inhaling to
be difficult.

Table 1 shows the values of the three parameters, tspeaking, Vtotal and Vclosing / Vtotal

ratio, which determine the performance of the TSVs in vivo. Also, the parameters
determining Vtotal; namely Vclosing, Vspeaking and Vleakage are presented.

A statistically significant difference in tspeaking was only found between Window
(position 1) and ATSV (position 2). The absolute value of Vclosing is 0.2 L for both the
ATSV and the Inhalation TSV in both positions. The value of Vclosing  of the Window
increases from 0.2 in position 1 to 0.4 L in position 3 with equal steps of 0.1 L, but
the differences in Vclosing values are not statistically significant.

The value of Vspeaking varies from 1.2 L for the Window to 1.6 L for the ATSV. The
differences in Vspeaking are only statistically significant between the ATSV (position 2)
and the Window (position 1, 2 and 3).

The value of Vleakage is the highest in the Inhalation TSV (0.5 L) and the lowest in the
ATSV (0.1 L). The differences in Vleakage between ATSV and the Inhalation TSV are
statistically significant for all positions, between the Window and the Inhalation TSV
the differences are not statistically significant.
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The value of totalV  varies between 1.6 L (ATSV, position 1) and 2.0 L (Inhalation

TSV, position 2). The only difference in Vtotal that is statistically significant, is the
difference between the ATSV (position 1) and ATSV (position 2) .

The proportion of the total volume that is spent to close the TSV, the Vclosing / Vtotal

ratio, varies from 11 % (ATSV in position 2 and Window in position 1) to 22 %
(Window in position 3). The Vclosing / Vtotal ratio is, for obvious reasons, zero for the
Inhalation TSV.

Table 1: Means and standard deviation of three parameters for evaluation of the in vivo performance of
the TSVs.

TSV
in

Position

tspeaking

(s)

Vclosing

(L)

Vspeaking

(L)

Vleakage

(L)

Vtotal

(L)

Vclosing /
Vtotal

(-)

n

ADEVA Window®
Position 1 6.1 ± 1.7 0.2 ± 0.1 1.3 ± 0.2 0.3 ± 0.4 1.8 ± 0.5 0.11 11

Position 2 6.9 ± 3.7 0.3 ± 0.1 1.2 ± 0.4 0.3 ± 0.3 1.8 ± 0.3 0.17 10

Position 3 6.6 ± 3.8 0.4 ± 0.2 1.2 ± 0.5 0.2 ± 0.3 1.8 ± 0.3 0.22 13
Blom-Singer ATSV

Position 1 7.6 ± 2.0 0.2 ± 0.1 1.4 ± 0.3 0.1 ± 0.1 1.6 ± 0.3 0.13 15

Position 2 9.5 ± 4.5 0.2 ± 0.1 1.6 ± 0.3 0.1 ± 0.2 1.9 ± 0.4 0.11 11
Inhalation TSV

Position 1 7.0 ± 4.2 - 0.2 ± 0.1 1.3 ± 0.3 0.5 ± 0.2 1.8 ± 0.5 0.00 6

Position 2 7.7 ± 3.5 - 0.2 ± 0.1 1.5 ± 0.5 0.5 ± 0.4 2.0 ± 0.8 0.00 10

4.4 Discussion

A tracheostoma is a severe consequence for patients who underwent a
laryngectomy. The visible tracheostoma is embarrassing, especially when the
patient wants to speak, because he has to point at his handicap. A TSV can be
great improvement, as it makes finger-free speech possible.

In comparison with commercial available TSVs, three improvements of the
Inhalation TSV can be distinguished. The first is the possibility of inhalation in the
speaking position, which is said by the patients to be the biggest improvement
compared to commercially available TSVs. The second improvement, which was
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mentioned by patients, is that coughing is always possible. In commercially
available devices (except for the ADEVA Window ®) coughing closes the valve,
which sometimes leads to the very undesirable situation of shooting the device out
of the stoma. The third improvement is the property of the Inhalation TSV that no
exhalation air is spent to close the valve. The in vivo measurements show that the
value of the total exhalation volume, Vtotal, is nearly the same in the three different
TSVs. Commercially available TSVs spent till 22% of Vtotal to close the valve (Table
1). Consequently, the main conclusion of the in vivo measurements is that the
Inhalation TSV saves up to 22% of Vtotal for speaking.

This Inhalation TSV is also an improvement in comparison with the former
Inhalation TSV.8 The new TSV is more reliable, because of its simple construction
of a valve revolving on an axis, which makes the TSV also cheaper to produce. Its
low weights and small sizes make comfortable wearing for the patient possible.

The flow to close the inhalation TSV and the opening pressure are optimally
adjustable for the individual patient (Fig. 6 and 7). For the opening pressure, it is
important to adjust it just above the speech pressure to make opening after
speaking not to difficult. Although adjusting this pressure requires some time, the
patients were able to find their individual opening pressure.

The ARC of the improved Inhalation TSV in breathing position is lower than former
TSVs 4,7,8 making low resistance breathing possible. The ARC in speaking position,
when inhaling through the small one-way valve, is much higher. However, it is still
5 times lower than the resistance of the VoiceMaster prosthesis 9, which is
currently the shunt valve with the lowest resistance. Nevertheless, according to the
patients’ experience this ARC value should be made lower. This can be done by
resizing the one-way valve.

It is remarkable that, except between Window (position 1) and ATSV (position 2),
there is no statistically significant difference in speaking time, tspeaking, between the
different TSVs for different positions. One might have expected a longer tspeaking in
position 1 than in position 2 (and position 3). On the other hand, there is also no
statistically significant difference in volume necessary to close a TSV (Vclosing) for
different positions, which is in accordance with this phenomenon. The high
standard deviations of Vclosing (standard deviation up to 50 % of the mean) are the
result of the fact that the value of Vclosing depends on the value of the produced
airflow before closure. For example, when the airflow to close the TSV is build up
slowly, Vclosing can be become very high.
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The value of Vtotal representing the total exhalation volume available after inhalation
should be the same for the different TSVs, but there is a statistically significant
difference in Vtotal for the ATSV in position 1 and 2. Apparently, the patient inhales
deeper in position 2 before speaking, possibly as a result of the expected higher
effort to close the ATSV in this position. The standard deviation of Vtotal is rather
high for the Inhalation TSV. The reason could be the fact that patients are not used
to the new mechanism causing differences in measurements. According to the
Vspeaking values, the ATSV (position 2) has more volume for speech than the Window
(position 1, 2 and 3). This could be caused by the air that the Window looses
during speaking, Vleakage, which is higher than the ATSV. The value of Vleakage is the
highest for the Inhalation TSV. Consequently, it is important for further
development of the Inhalation TSV to minimise this leakage. The very high
standard deviations of Vleakage are caused by large difference in Vleakage per patient.

A special characteristic of the ATSV is that the valve already opens before all
exhalation air is spent. The reason is that the ATSV needs a certain pressure to
stay closed and therefore opens before all air is spent, which is in contrast to the
ADEVA Window that only opens when inhaling.

The effect of TSV experience should not be underestimated. The tested patients
were used to the ATSV. They used the Window and the Inhalation TSV for the first
time. So, longer exercising time might improve the results, especially for the
Inhalation TSV, because of its new principle.

Fixation of TSVs is still a major problem for a lot of patients. Gluing a flange to the
skin around the tracheostoma or using a Barton Mayo button that fits in the
tracheostoma are the most often used methods for fixation of TSVs. However,
these methods often fail due to air leakage. Research has been started to develop
a new fixation method.10 This fixation is an implantable permucosal device, the so-
called tissue-connector, which can used to fix a tracheostoma valve to the trachea.

The next step should be testing the Inhalation TSV in larger series of patients for a
longer period of time. An important addition to this Inhalation TSV is a Heat and
Moisture Exchanger, which moistures and heats the inhalation air thus reducing
respiratory symptoms.11,12

ADEVA Medical (Lübeck, Germany) that patented this improved Inhalation TSV will
perform further development of the Inhalation TSV to be able to bring the device on
the market.
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Chapter 5

Biocompatibility of a Novel Tissue
Connector for Fixation of Tracheostoma
Valves and Shunt Valves

by A.A. Geertsema, H.K. Schutte, M.B.M. van Leeuwen, G. Rakhorst, J.M. Scha-
kenraad, M.J.A. van Luyn, G.J. Verkerke*

Abstract
Rehabilitation after laryngectomy often includes the use of a shunt valve and a
tracheostoma valve to restore voice. To improve the fixation method of these
valves, a new tissue connector has been developed, basically consisting of a ring
that will be integrated into surrounding tracheal soft tissue. The valves can be
placed in the ring. To test the principle of the tissue connector a prototype
consisting of a subcutaneous polypropylene mesh and a percutaneous titanium
stylus was implanted into the backskin of 10 rats by a two-stage surgical
procedure. We reasoned that if a firm connection can be realised with the skin, a
firm connection with the trachea will also be possible. The subcutaneous part was
implanted first, followed by the percutaneous part after 6 weeks. The complete
tissue connector with surrounding tissue was removed 8 weeks later and examined
histologically. The principle of the new tissue connector proved to be effective:
hardly any epithelial downgrowth appeared, and adhesion of soft tissue was
demonstrated. No infection or severe inflammation reaction was detected. The
tissue connector seems appropriate for its intended use.

                                                     
* With permission of Elsevier Science. Biomaterials (1999) 20:1997-2005.
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5.1 Introduction

The surgical treatment of a malignancy in the larynx sometimes leads to a total
laryngectomy. This is often seen as a life-saving operation, as the malignancy is
taken away by removing the larynx surgically, including vocal folds and epiglottis.
The trachea is directed to a tracheostoma in the neck. To restore voice, the
surgeon inserts a shunt valve in the tracheoesophageal wall, and sometimes a
tracheostoma valve 1,2 is glued on the skin around the tracheostoma (Fig. 1).

Voice becomes possible by producing a rapid airflow, which closes the
tracheostoma valve; expired air then flows via the shunt valve through the upper
oesophageal sphincter (pseudoglottis), which starts to vibrate (comparable to
belching) and creates voice to make speech possible. The functioning of these
valves is often hampered due to air leakage as a result of poor fixation. To
overcome these fixation problems, a new tissue connector was developed to
establish an adequate fixation of these valves to the tracheal mucosa. The tissue
connector basically consists of a ring intended to be integrated into surrounding
soft tissue. Thereafter the valves can be placed in the ring (Fig. 2).

tracheo-
stoma valve

Figure 1: Rehabilitation after laryngectomy with shunt valve and tracheostoma valve.
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Fig. 2. Application of the tissue connector for fixation of a tracheostoma valve (left) and a shunt valve
(right).

This concept can also be used for the fixation of a total artificial larynx, which is
being developed at the University of Groningen.3

The new tissue connector is considered to be a permucosal implant, as the tissue
connector pierces the tracheal mucosa. Permucosal implants anchored by
osseointegration, which are applied in the field of dental surgery to replace teeth,
are commonly made of titanium.4 The same implant system is used for
percutaneous implants such as the bone anchored hearing aid (BAHA) 5-7, orbital
epistheses and auricle prostheses.8-10 The resemblance between skin and mucosa
can explain the success of this implant system for both percutaneous and
permucosal implants.

However, our tissue connector is not located near bone, but in soft tissue making
stabilisation by osseointegration impossible. To find a solution for the permucosal
tissue connector, percutaneous devices stabilised in soft tissue must be
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considered. One of the main failing mechanisms of these implants is epithelial
downgrowth along the implant, which finally results in extrusion by
marsupialization.11 Formation of an effective epidermal seal at the implant-skin
interface could prevent epithelial downgrowth. Several soft-tissue-anchored
percutaneous implants made of different kinds of material have been developed to
form such an epidermal seal.12-18 These soft-tissue-anchored percutaneous
implants can be applied for a permanent access to the body, such as left
ventricular assist devices (LVAD) 15, continuous ambulatory peritoneal devices
(CAPD) 19-21 percutaneous devices to deliver insulin into the abdominal cavity of
patients with diabetes 22 and percutaneous devices for enteral feeding and
drainage.23

Jansen et al 24,25 developed a new two-stage technique. As a first-stage operation a
titanium fiber mesh was implanted in subcutaneous tissue. A five-week healing
period was applied to ensure a sufficient stabilisation, so that a second stage
installation of a percutaneous implant would be successful.26 This technique
favours the functionality of percutaneous implants in soft tissue.

A good alternative for the titanium mesh might be polypropylene (Marlex®) mesh
for initial fixation. Polypropylene mesh is used clinically for repair of the abdominal
wall 27,28 and for tracheobronchomalacia 29,30 as well as experimentally for tracheal
defects.31,32

Application of horizontal microgrooves for percutaneous implants might be effective
for preventing epithelial downgrowth. Several studies have shown that surfaces
with uniform multiple parallel grooves can enhance cell adhesion by confining cells
in grooves and by mechanically interlocking them.33 Chehroudi et al. showed that
percutaneous dental implants with parallel grooved surfaces resulted in an
inhibition of epithelial downgrowth.34,35

For our application we developed a new tissue connector constructed from a new
material combination, consisting of a polypropylene mesh for a subcutaneous
anchorage and a titanium part for the percutaneous implantation. The aim of this
study is to test the biocompatibility of this novel tissue connector. These parts are
implanted by a two-stage surgical procedure. For simplicity we did not use a
tracheal model, but the new tissue connector was implanted into the backskin of
rats. We reasoned that if a firm connection can be realised with the skin, a firm
connection with the trachea will also be possible.
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5.2 Materials and methods

5.2.1 Implants

The configuration of the Tissue Connector (TC) is shown in Figure 3. It consists of a
subcutaneous polypropylene mesh (Bard® Marlex® mesh, Bard Benelux N.V.,
Leuven, Belgium) with a centrally fixed titanium ring and a percutaneous part (stylus).

Figure 3: The two-stage Tissue Connector consisting of a subcutaneous polypropylene mesh with a
fixed titanium ring and titanium stylus.

The titanium used is an alloy, TiAl6V4. The ring and the stylus are attached to each
other by a screw thread fixation. Three different combinations of TC’s are produced
with the characteristics listed in Table 1.

Table 1: Configuration of the three different two-stage TCs

Implant Subcutaneous

(1st stage)

Percutaneous

(2nd stage)

Roughness profile RA

(mean ± SD)

TC 1 Polypropylene

Mesh

Titanium stylus

(smooth)

RA = 0.42 ± 0.06 µm

TC 2 Polypropylene

Mesh

Titanium stylus

(microgrooves)

RA = 2.91 ± 0.14 µm

TC 3 Polypropylene mesh Teflon stylus

(smooth)

RA = 0.69 ± 0.05 µm
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The microgrooves are defined by RA, which is the arithmetical average value of all
absolute distances of the roughness profile from the centre line within the
measuring length lm:

∫ ⋅⋅=
ml

m
A dxy

l
R

0

1

TC 2 stylus is provided with microgrooves using a special chisel. TC 3 serves as a
control implant.

The implants were thoroughly cleaned, followed by gas-sterilisation according to
standard operation procedures.

5.2.2 Surgical procedure

Ten Sprague Dawley rats were used in this experiment, which was approved by
the faculty animal ethical committee. The two-stage surgical procedure implies the
subcutaneous implantation of the polypropylene mesh plus ring as the first stage,
and the addition of the percutaneous stylus fixed to the first part as the second
stage. In each rat 3 implants were placed; one on the left side, and two on the right

side of the spinal column (Fig. 4).
Anaesthesia was performed with
halothane as an introduction and
isoflurane for maintenance. After shaving,
subcutaneous pockets were created by
blunt dissection with scissors. A teflon
screw-cap was screwed in the fixed titanium
ring of the polypropylene mesh to prevent
tissue ingrowth. The polypropylene mesh
with fixed titanium ring was gently placed in
the pocket, and the wound was closed with
sutures (polysorb 4-0, USSC sutures,
United States).

The second stage was performed 6 weeks
after the first stage. The subcutaneous
implant was found by palpation of the skin.
The skin was incised over the teflon screw-
cap, which than was removed from the
titanium ring and replaced by the stylus. The

TC 3

Head

TC 1 TC 2

Tail

Figure 4: Schematic representation
of the position of the TC 1, TC 2 and
TC 3 on the back of the rat.
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skin was sutured in close approximation to the stylus.

The rats were housed separately in special cages in which they could not damage
their implants on their backs. The implants of the rats were checked daily for
mechanical damage and infection. The general health condition of the rats was
checked by monitoring their eating pattern and by weight control. Fourteen weeks
after the first operative stage, the rats were sacrificed by injection with Nembutal and
the TC’s with surrounding tissue were surgically removed.

5.2.3 Histological procedures

Immediately after explantation, the TCs with surrounding tissue were fixed in 4%
paraformaldehyde (PFA) in 0.1 M phosphate buffer. Subsequently, the implants
were trimmed to remove surplus tissue followed by a graded series of ethanol
dehydration and embedded in methylmethacrylate. Thin sections (20-30 µm) were cut
on a sawing blade microtome (Leica 1600, Rijswijk, Holland). Sections were stained
with basic fuchsine and toluidine blue for examination by light microscopy.

5.2.4 Histological Assessment

Three evaluation criteria were employed to assess each implant 36:

1) Epithelial downgrowth along the implant

2) Morphology of soft tissue around the titanium ring

3) Morphology of soft tissue around the polypropylene fibres

A histologic grading scale (Table 2) was developed to evaluate these categories
semi-quantitatively. The downgrowth of epithelium is subdivided in 5 areas (Fig.5).
No downgrowth scores 4 points, downgrowth up to or beyond the edge of the ring
scores 0 points. The other categories (2 and 3) consist of two subcategories;
occurrence of inflammatory cells (like granulocytes, macrophages, giant cells) and
the development of connective tissue (stage of fibroblasts). Soft tissue in category
2 and 3 scores 4 points, when connective tissue is mature (2 points) without
inflammatory cells (2 points). Zero points means no connective tissue (0 points)
and many inflammatory cells (0 points).

5.2.5 Statistics
Student’s t-test was used for statistical analysis (p < 0.05).
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Table 2: Histologic grading scale consisting of three evaluation criteria; epihelial downgrowth, soft tissue at
the titanium ring and soft tissue around the polypropylene fibers.

Outcome Score

Epithelial downgrowth no downgrowth 4

(Fig. 5) Along stylus 3
Along stylus-1st half of ring 2
Along stylus-2nd half of ring 1
Along stylus-ring-polypropylene 0

Soft tissue at titanium ring Mature connective tissue 2
Immature connective tissue 1
No connective tissue 0

No inflammatory cells 2
Few inflammatory cells 1
Many inflammatory cells 0

Soft tissue around Mature connective tissue 2
Polypropylene fibers Immature connective tissue 1

No connective tissue 0

No inflammatory cells 2
Few inflammatory cells 1
Many inflammatory cells 0

4

21
3

0

Stylus

Ring

Polypropylene
Mesh

Figure 5: Cross-section of the TC; grade of epithelial downgrowth: from minimal epithelial
downgrowth (4) to maximal epithelial downgrowth (0).
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5.3 Results

5.3.1 Implant failures

Table 3 shows the number of implants that were explanted completely and the
parts of the implants that were lost during the postoperative period. Three causes
can be distinguished for the loss of these implant parts:

1. The screw-thread fixation of the stylus to the ring failed in some cases.
This phenomenon caused loss of the stylus from the titanium ring. In these
cases, only the subcutaneous implanted polypropylene mesh and titanium
ring remained in place.

2. The connection between the polypropylene mesh and the titanium ring was
not always strong enough. This led to the loss of some styluses including
the titanium ring. Only polypropylene mesh was left in the subcutaneous
tissue.

3. The place chosen for TC 3 was not ideal for these implants; the rats were
able to assault and gnaw them.

Table 3: Overview of implanted and explanted tissue connectors.

Tissue
connector

Implanted Explanted
Complete TC

Lost styluses Lost styluses
and ring

TC 1 10 6 3 1
TC 2 10 7 2 1
TC 3 9 * 4 4 2

* One teflon stylus was not implanted due to a failing mesh ring connection

5.3.2 Macroscopic results

All animals remained in good general health during the entire experiment. They
took normal amounts of food and they did not lose weight. Throughout the
postoperative period, no infection or severe inflammatory reaction was observed.
The styluses (when present) were always in close contact with the skin tissue,
which showed no tendency to retract, so no epithelial downgrowth was detected
macroscopically.

Recovery of operation sites after the first stage procedure went well; a fibrous
capsule surrounded all implants at subcutaneous level of the implant
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(polypropylene mesh with titanium ring) when reopening the wounds in the second
stage.

At the moment of explantation all intact implants (17 out of 30) were judged as
successful, as no adverse tissue reaction and no clear skin retraction appeared.

5.3.3 Microscopic results

The implants were evaluated microscopically by applying a histologic grading
scale. The implants of which only the mesh remained were excluded from the
study. Table 4 gives the results of the microscopic assessment of epithelial
downgrowth of the three different TC’s.  Serious epithelial downgrowth, which is
the formation of a keratinized fibrous capsule parallel to the surface of the stylus
via the titanium ring to the mesh, was not observed. Epithelial downgrowth was
assessed zero for 10 of the 17 implants (Fig. 6 and 7).

Six of the 17 implants were scored 3 points, indicating a slight epithelium
downgrowth. Only one implantation was graded with a 2 for epithelium
downgrowth. TC 3 showed statistically significant less downgrowth than TC 1 and
TC 2. No statistical significant difference in epithelial downgrowth was noted
between TC 1 and TC 2.

The results of the soft tissue assessment around the titanium ring are also
presented in Table 4. In all TC’s a fibrous capsule surrounded the subcutaneous

S

4

E

D

Figure 6: Picture of soft tissue near the titanium stylus (S). Epithelium (E) shows no tendency to
grow down along the stylus. (D = dermis).
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implanted titanium ring in close contact. The scores for these capsules of the three
TC’s do not differ significantly (Table 4).

Table 4: Means and standard deviation of assessment of epithelial downgrowth, soft tissue at titanium
ring and polypropylene mesh for the TC 1, TC 2 and TC 3.

Tissue Connector TC 1 n TC 2 n TC 3 n

Epithelial downgrowth 3.3 ± 0.7 6 3.4 ± 0.5 7 4 ± 0.0 4

Soft tissue at titanium ring:

Bottom

Top

3.4 ± 0.6

3.1 ± 1.0

8

6

3.3 ± 0.9

3.3 ± 0.8

9

6

3.4 ± 0.9

3.1 ± 1.2

8

6

Soft tissue at polypropylene fibres 2.8 ± 0.5 8 2.4 ± 0.6 9 2.6 ± 0.4 8

Bundles of mature connective tissue fibres were observed parallel to the surface.
The capsule contained fibroblasts and collagen and was generally free from
inflammatory cells. The thickness of the fibrous capsule differed as shown in Figure
8 and 9.

Some differences could be noticed between the top and the bottom of the titanium
ring. At the top of the ring the capsule is often looser than at the bottom. The

D

E S

4

Figure 7: No epithelial downgrowth along the titanium stylus. (D = dermis, E = epithelium, S =
stylus).
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capsule at the top is denser and therefore very darkly stained, which made
histological evaluation more difficult (Fig. 10).

T

F

Figure 9: Picture of subcutaneous bottom of a titanium ring (T = titanium, F = fibrous tissue). A thick
fibrous capsule has formed around the ring.

F

T

Figure 8: Picture of subcutaneous bottom of a titanium ring (T = titanium, F = fibrous tissue). A thin
fibrous capsule has formed around the ring.
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The spaces between the fibres of the polypropylene mesh were filled with blood
vessels and immature connective tissue. Also fatty tissue was seen. Only
occasionally, scattered foci of macrophage or granulocyte accumulations were
detected. Generally, a fibrous capsule surrounded the polypropylene fibres (Fig. 11
and 12).

F

T

D

Figure 10: Picture of subcutaneous top of a titanium ring. Fibrous (F) capsule surrounds the top of
the titanium (T) ring (D=dermis).

T
P

P

P
P

P

C

Figure 11: Picture of polypropylene fibers (P) and part of titanium (T) ring (right). Polypropylene
fibers are surrounded by connective tissue (C).



82 Chapter 5

Chapter 5 zk dtp

The scores of soft tissue around the polypropylene fibres are lower than the soft
tissue around the titanium ring, as the connective tissue is immature (Table 4). No
statistical difference for the assessment of soft tissue around the polypropylene
fibres was seen among the different TC’s.

5.4 Discussion

At the moment several problems exist in the fixing of shunt valves and
tracheostoma valves. The tracheostoma valve that is glued on the skin around the
stoma has a limited lifetime of not more than a few hours, and for this reason
tracheostoma valves are not frequently used. The only alternative is closure of the
tracheostoma by a finger, which has the disadvantage of calling attention to one’s
handicap. In addition, one hand always needs to be available. The fixation of shunt
valves strongly depends on the condition of the tissue around the fistula. Irritation
or damage of this tissue during exchange of shunt valves sometimes leads to
leakage around the prosthesis, which will cause aspiration. Consequently, there is
a great need for a reliable permucosal tissue connector to fix laryngeal prostheses,
like shunt valves and tracheostoma valves, to soft tissue.

A two-stage surgical procedure has been applied to test a prototype of our novel
TC, which consisted of a polypropylene mesh with a titanium ring for subcutaneous
implantation and a percutaneous stylus. This concept proved to be successful for

C

F

P

P

P

P

F
C

Figure 12: Picture of polypropylene fibers (P); fibers are surrounded by connective tissue (C) and
fatty tissue (F).
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the TC’s that were present at the end of the implantation period. Major epithelial
downgrowth along the styluses was not observed except for one case. Since no
bacteria reached the deeper tissues surrounding the implant, infection did not
occur. The TC apparently provides an effective epidermal seal.

The transverse microgrooves on stylus of TC 2 did not show a significant
difference with TC 1. This observation does not correspond with the suggestion of
Brunette et al. 37 that microgrooves could prevent epithelial downgrowth in-vivo. On

the other hand the stylus of TC 1, although considered smooth (RA = 0.42 ± 0.06
µm) has micro roughness as well, since it is manufactured using a chisel. More in-
vivo studies should be performed with different types of well-defined microgrooves
to study this phenomenon in more detail.

TC 3 showed no epithelial downgrowth at all; nevertheless, the evaluated series for
TC 3 is to small (n = 4) to establish that teflon would inhibit epithelial downgrowth
better than titanium. The general results provide the assumption that good initial
fixation is a more important factor than the choice of material for the stylus. This is
confirmed by various other studies in which epithelial downgrowth could be
prevented by different kind of materials.12-16

After histological procedures soft tissue was found to be not always in close
contact to the stylus, contrary to initial macroscopic observation. The reason for
this could be found in the fact that dehydration and embedding procedures caused
shrinkage of the soft tissue surrounding the stylus. Loosening of the fibrous
capsule around the top of the subcutaneous titanium ring (Fig. 10) can be similarly
explained.

A fibrous capsule, with hardly any inflammation cells, always surrounded the
subcutaneous ring and was in close contact to the surface of the bottom of the ring.
The absence of infectious or inflammatory reactions indicated that the
polypropylene mesh was effectively inert. Furthermore, connective and fatty tissue
ingrowth occurred. This behaviour is in accordance with findings in literature.27-32

These soft tissue reactions showed that the subcutaneous part is firmly anchored,
which stabilises the percutaneous stylus. It reduced mechanical stress between
percutaneous stylus and surrounding tissue, protecting the bond between the cells
and implant surface.

The implant failures, which did occur, were not due to bioincompatibility. To reduce
these implant failures, the implant design should be improved. The screw-thread
fixation should be better controlled to prevent loosening of the stylus. Also attention
should be paid to a stronger connection between the polypropylene mesh and the
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titanium ring. Subsequently, the location of implantation should be chosen for the
TC’s in such a way that the animal can cause no interference. All these
improvements will result in a reduction of implant failures.

This TC could also contribute to a solution towards applications that need a
permanent access to the body, such as left ventricular assist devices, continuous
ambulatory peritoneal devices, percutaneous devices for diabetes and enteral
feeding.15,19-23,38

The TC should function without infection or inflammation for a very long time.
Periods of more than ten years are required. Since the percutaneous styluses in
this experiment were implanted for only 8 weeks, a long-term follow-up experiment
must be set up to determine whether the percutaneous TC is stable for a longer
period of time.

The TC was tested in the skin of mammals in this study, but finally the TC should
function in the mucosa tissue of the trachea. This seems to be a reasonable
continuation, as implants like the bone-anchored hearing aid (BAHA) 5 and dental
implants 4 are also based on corresponding principles: BAHA’s as well as dental
implants are anchored in bone for a successful stabilisation of skin penetration and
gingival mucosa penetration respectively.

Research will be continued by two new versions of the TC that will be implanted
permucosally in the trachea, one for the fixation of the shunt valve, and one for the
fixation of the tracheostoma valve (Fig. 2). For the shunt valve, a polypropylene
mesh fixed to a titanium ring will be implanted around and through the shunt in the
tracheoesophageal wall. For the tracheostoma valve, a polypropylene mesh will be
implanted around the trachea. A titanium ring will be fixed to this mesh and will
pierce the tracheal wall. The ring will be placed between two tracheal rings, which
offers extra anchorage and stabilises this TC even more.
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Chapter 6

A Novel Tracheal Tissue Connector for
Fixation of Laryngeal Prostheses

by A.A. Geertsema, H.K. Schutte, G. Rakhorst, M.J.A. van Luyn, H.F. Mahieu, G.J.
Verkerke*

Abstract
A tissue connector (TC), basically consisting of a ring that will be integrated into the
trachea, is under development to study the fixation of laryngeal prostheses.
Two experiments have been performed to test the TC in goats. In experiment 1, a
polypropylene mesh was implanted around the trachea. The meshes were
explanted after 6 and 12 weeks. In experiment 2, the actual TC consisted of 2
titanium rings (inner ring and outer ring) executed as quarter rings, fixed on each
other, and a polypropylene mesh like a sandwich in between. The titanium inner
ring was implanted between two tracheal rings thus penetrating the trachea with
the mesh around the trachea and the fixed titanium outer ring on the outside of the
trachea. The TCs were removed after 12 weeks.

Experiment 1 showed that the mesh was entirely infiltrated by host tissue.
Inflammatory cells and high vascularisation were observed in 3 of 4 implants.
However, in experiment 2, the mesh was completely incorporated by mature
connective tissue without inflammation reaction. At some areas, deposition of
cartilage tissue was observed.

In conclusion, the TC was firmly embedded in the trachea thus being appropriate
for its intended use.

                                                     
* submitted to Biomaterials.
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6.1 Introduction

Alternative fixation methods for laryngeal prostheses like tracheostoma valves
(TSVs) and shunt valves are necessary.1 The most-used method to fix TSVs is
gluing the valve on the skin around the tracheostoma. However, this fixation is only
suitable for a selected group of patients. For this reason, TSVs are not often
applied. Shunt valves are fixed by a form-closed connection; a fistula is created in
the tracheoesophageal wall and a shunt valve with a suitable diameter is inserted.
Sometimes, the diameter of the fistula increases after insertion, causing air
leakage along the shunt valve. Another disadvantage of the form-closed
connection is the replacement of the shunt valve, which is difficult to perform and
uncomfortable for the patient.

The so-called tissue connector (TC) is an alternative fixation device that was
developed to solve these problems. The TC basically consists of a titanium ring
penetrating the tracheal epithelium. Thereafter, the valves can be placed in the ring
(Fig. 1).

 

Figure 1: The implanted tissue connector and its intended use; the fixation of a tracheostoma valve (left)
and the fixation of a shunt valve (right).
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The titanium ring is fixed to a polypropylene (Marlex®) mesh, which is used
clinically, for repair of abdominal wall defects 2,3 for tracheobronchomalacia 4,5,5 and
experimentally for tracheal defects.6,7,7 The polypropylene mesh allows the
ingrowth of soft tissue, thus anchoring the titanium rings to the trachea. The
biocompatibility of the TC has been tested by implanting the TC percutaneously in
the backskin of rats and proved to be appropriate for its intended use, as
previously reported.1

This paper describes the next two steps in the development of the TC penetrating
the trachea:

1) Testing the polypropylene mesh, meant as the anchorage part of the TC, by
implanting the polypropylene mesh around the trachea of goats.

2) Testing the TC in situ in the trachea of goats by implanting the polypropylene
mesh with fixed titanium rings, that penetrates the tracheal epithelium.

6.2 Materials and Methods

6.2.1 Implants

The TC was tested in two experiments; in each experiment a different implant was
used. The implant used in the first experiment was the base of the tissue connector
(TC); a polypropylene mesh (Bard® Marlex® mesh, Bard Benelux N.V., Leuven,
Belgium) with dimensions 2.5 * 10 cm (Fig. 2).

Polypropylene 
mesh

Trachea

Figure 2: Drawing of the polypropylene mesh around the trachea.
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In the second experiment, the complete TC was implanted (Fig. 3). It consists of
two titanium (TiAl6V4) rings, a titanium inner ring and a titanium outer ring both
enclosing a polypropylene mesh (Fig. 4). The inner ring penetrates the tracheal

epithelium when placed in situ. The
titanium rings consisted of only a
quarter of the ring to limit
complications during the
experiments. The titanium rings were
connected to each other by means of
3 titanium screws. The polypropylene
mesh was sterilised by the
manufacturer. The titanium rings of
the implants were thoroughly
cleaned, followed by autoclave
sterilisation.

6.2.2 Surgical procedure
The two experiments described in this section were approved by the faculty animal
ethical committee.

Polypropylene

mesh

Titanium inner ring

Figure 3: Photo of complete Tissue Connector
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Figure 4: Tissue Connector implanted in the trachea; (a) anterior view, (b) top view and  (c) cross-
section of the rings of the tissue connector; grade of epithelium downgrowth: from minimal epithelium

downgrowth (4) to maximal epithelium downgrowth (0).
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Experiment 1

Four goats were used in this experiment. The ventral side of the neck of the goat
was shaved, cleaned, and disinfected. The skin was incised at the midline between
mandible and sternum. The pre-tracheal muscles were dissected and the upper
tracheal rings of the cervical trachea exposed. The polypropylene mesh was cut
thus fitting around 50% to 75 % of the circumference of a 2.5-cm segment of the
anterior trachea. The polypropylene mesh was bonded to the external surface of
the trachea with fibrin glue (Tissucol Kit, Immuno N.V., Brussel). The pre-tracheal
muscles and the skin were closed by sutures. All surgeries were done under full
sterile conditions.

Experiment 2

In this experiment again, four goats were used undergoing almost the same
surgical procedure as in the first experiment. In this experiment, however, the TC
was implanted. After cutting to fit the polypropylene mesh like in experiment 1, the
titanium outer ring was screwed on the titanium inner ring with the polypropylene
mesh in between (Fig. 4).

An incision was made between 2 tracheal cartilage rings in such a way that the
titanium inner ring fitted between these 2 tracheal rings. The tissue connector was
placed in the trachea. The edges of the polypropylene mesh were sutured to the
trachea. A mattress suture over the titanium outer ring was used to close the trachea
under mild tension. Finally, the polypropylene mesh and titanium rings were bonded
to the trachea with fibrin glue. Tracheoscopic examination was performed periodically
by a flexible endoscope (model 7220 Wolf 181155, Richard Wolf GMBH, Knittlingen,
Germany) under general anaesthesia.

The characteristics of the implants are listed in Table 1.

 Table 1: Characteristics of the 8 implants.

Implant Material Implantation time

(weeks)

Experi-
ment

TC 1, TC 3 Polypropylene mesh 6 1

TC 2, TC 4 Polypropylene mesh 12 1

TC 5, TC 6, TC 7, TC 8 Polypropylene mesh and
titanium rings

12 2
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The general health condition of the goats was checked by monitoring their eating
pattern and weight control. In experiment 1, two goats were sacrificed six weeks after
the operation and the other two goats twelve weeks after the operation. In experiment
2, all the goats were sacrificed after twelve weeks. The goats were sacrificed by
injection with Nembutal and the TCs with surrounding tracheal tissue were surgically
removed.

6.2.3 Histological procedures

Immediately after explantation, the TCs with their surrounding tissue were fixed in 4%
P-formaldehyde buffer (PFA) in 0.1 M phosphate buffer. Successively, the implants
were trimmed to remove superfluous tissue followed by ethanol dehydration and
embedded in methylmethacrylate. Thin sections (20-30 µm) were cut on a sawing
blade machine (Leica 1600, Rijswijk, Holland) in the longitudinal direction for
experiment 1, in both longitudinal and transversal direction for experiment 2. Sections
were stained with basic fuchsine and toluidine blue for examination by light
microscopy.

6.2.4 Histological Assessment

Three evaluation criteria were defined to assess the implants:

1) Quantification of epithelium downgrowth along the titanium inner ring;

2) Morphology of soft tissue around the titanium outer ring;

3) Morphology of soft tissue around the polypropylene fibers.

A histologic grading scale (Table 2) was used to quantify these categories. The
downgrowth of epithelium is subdivided in 5 areas (Fig. 4c).

No downgrowth scores 4 points, downgrowth till or further than the edge of the ring
scores 0 points. The other categories (2 and 3) consist of two subcategories;
occurrence of inflammatory cells (like granulocytes, macrophages, giant cells) and
the development of fibrous tissue (stage of fibroblasts). Soft tissue in category 2
and 3 scores 4 points, when connective tissue is mature (2 points) without
inflammatory cells (2 points). Zero points means no connective tissue (0 points)
and many inflammatory cells (0 points). For obvious reasons, the implants of the
first experiment were only quantified for category 3. The implants of the second
experiment were quantified for all categories.
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Table 2: Histologic Grading Scale

Evaluation Criteria Outcome Score
Epithelial downgrowth (Fig. 4c) no downgrowth 4

along 1/3 titanium part 3
along 2/3 titanium part 2
along complete titanium part 1
along polypropylene mesh 0

Soft tissue at surface outer ring Mature connective tissue 2
Immature connective tissue 1
No connective tissue 0

No inflammatory cells 2
Few inflammatory cells 1
Many inflammatory cells 0

Soft tissue around polypropylene fibers Mature connective tissue 2
Immature connective tissue 1
No connective tissue 0

No inflammatory cells 2
Few inflammatory cells 1
Many inflammatory cells 0

6.3 Results

6.3.1 Macroscopic results

The animals of both experiments remained in good general health during the entire
experiment. They took normal amounts of food and did not lose weight. The
recovery of the operation sites after the surgical procedure went well. When the
implants of experiment 1 and 2 were explanted, the polypropylene mesh was
surrounded by a fibrous capsule and was well attached to the trachea. No
infection, redness, or swelling of the tracheal tissue was observed macroscopically.

The tracheoscopic examination of experiment 2 showed the development of white-
coloured tissue with clinical aspects of granulation tissue of about 3-mm high
around the inner ring of TC 5. After one week this tissue had almost disappeared.
The titanium inner ring was observed to be in close contact with the tracheal tissue
during the rest of the implantation period. After explantation, TC 5 appeared to be
in close contact with the mucosal tracheal tissue in the transversal direction, but
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was retracted in the longitudinal direction. In contrast to TC 5, the inner ring of TC
6, TC 7, and TC 8 was overgrown with tracheal epithelium in less than three
weeks. Tracheoscopic examination of these TCs showed also development of
granulation tissue near and over the inner ring, which also disappeared after some
weeks.

6.3.2 Microscopic results

The implants were evaluated microscopically by applying the histologic grading
scale (Table 1). Histological examination of experiment 1 showed that the meshes
were entirely infiltrated by host tissue and completely incorporated by the body. In
TC 1, TC 2, and TC 3, inflammation cells like macrophages, giant cells,
granulocytes and occasionally plasma cells indicating tissue remodelling were
observed in combination with many blood vessels in TC 2 and TC 3 (Fig. 5). In TC
4, regression of blood vessels was observed without inflammatory cells, but in
combination with mature connective tissue (Fig. 6). The scores of soft tissue
around and in between the polypropylene fibers are shown in Table 3.  Expected
higher scores for 12 weeks versus 6 weeks does occur for 12-weeks implant TC 4
compared to 6-weeks implants TC 1 and TC 3, but not for 12-weeks implant TC 2
which scores lower than TC 1 and TC 3.

Figure 5: Longitudinal section of soft tissue with polypropylene fibers (P) of TC 2. A high vascularization
(V) in the surrounding tissue (S) is observed. Furthermore, some inflammatory cells (I) and connective

tissue (C) surrounded the fibers.
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Figure 6: Longitudinal section of soft tissue with polypropylene fibers (P) of TC 4. Polypropylene fibers
are surrounded by connective tissue (C).

Table 3: Histologic grading of experiment 1.

Tissue Connector TC 1 TC 2 TC 3 TC 4

Implantation time 6 12 6 12

Soft tissue at polypropylene fibres 1.5 0.9 1.0 1.9

Table 4: Histologic grading of experiment 2.

Tissue Connector TC 5 TC 6 TC 7 TC 8

Epithelial downgrowth 2.4 4 4 4

Soft tissue at titanium outer ring 1.9 2.5 3.1 2.6

Soft tissue at polypropylene fibres 3.4 3.7 3.6 3.5

Table 4 gives the results of the microscopic assessment of experiment 2.
Epithelium downgrowth only occurred in the longitudinal section of TC 5 (Fig. 7). In
the transversal section the mucosa is in close contact with titanium (Fig. 8).
Epithelium had grown over the titanium inner ring of TC 6, TC 7 and TC 8 (Fig.9),
thus scoring 4 points. In the longitudinal section mucosal tissue is not connected to
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the titanium inner ring in contrast to the transversal section, where mucosal tissue
is always in close contact to the titanium inner ring.

 
Figure 7: Picture of the gap between soft tissue and the titanium inner ring (T) of TC 5 in a longitudinal

section. Downgrowth of epithelium (E) along the titanium is shown (C = connective tissue).

Figure 8: Soft tissue near the titanium inner ring (T) of TC 5 in a transversal section. Fibrous tissue (F)
has formed near the titanium, epithelium (E) shows no tendency to grow down (C = connective tissue; A

= artefact).
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Figure 9: Soft tissue on top of the titanium inner ring (T) of TC 8 in a transversal section. Epithelium (E)
with connective tissue (C) has completely overgrown the titanium inner ring. A fibrous capsule (F) has

formed around the titanium.

The results of the soft tissue assessment at the titanium outer ring of experiment 2
are also presented in Table 4. In all TCs a thick fibrous capsule mainly containing
fibroblasts and collagen-like structures surrounded the titanium outer ring. Bundles
of mature connective tissue were observed parallel to the surface (Fig. 10a).
Regularly, a layer of fibrous tissue with cells like fibroblasts and macrophages were
detected near the titanium ring (Figure 10b). The layer sometimes also contained a
few granulocytes, but never granuloma. The scores of the soft tissue of the TC at
the titanium outer ring of experiment 2 vary from 1.9 to 3.1 indicating the
differences in maturity and the infiltration of inflammatory cells in the fibrous
capsules.

The space between the fibers of the polypropylene meshes of experiment 2 was
filled with mature connective tissue (Fig. 11) and deposition of new cartilage tissue
was observed as well (Fig 12) in all TCs. Only occasionally, scattered foci of
macrophages and granulocytes were detected. The scores of soft tissue formed
around the polypropylene fibers were higher compared to the scores of soft tissue
around the titanium outer ring, as the connective tissue is mature and nearly free
from inflammatory cells.

Between the titanium inner ring and outer ring and on the place where
polypropylene is fixed to the titanium, cell debris and some inflammatory cells were
observed without vascularisation.
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Figure 10 a: Soft tissue near the titanium outer ring (T) of TC 6 in a longitudinal section. A thick fibrous
capsule (F) has formed around the titanium outer ring; b: TC 8 in longitudinal section with a thick

capsule around the titanium outer ring with inflammatory cells in the layer (L) near the titanium outer ring
and fibrous tissue (F) at some distance from the titanium outer ring.

6.4 Discussion

The developed TC was previously implanted in the backskin of rats by a 2-stage
surgical procedure: first the subcutaneous implantation of the mesh and 6 weeks
later the percutaneous implantation of the titanium stylus. The TC was found to be
biocompatible.1 In this article, the next step, the function of the TC was tested in
the trachea of goats.

One of the most apparent phenomena are the much higher scores of soft tissue at
the polypropylene fibers in experiment 2 compared to experiment 1 (Table 3, 4).
These scores are also higher compared to the scores of soft tissue at the
polypropylene fibers in the backskin of rats, which ranged from 2.4 to 2.8. A
possible explanation for these differences is the mechanic forces on the
polypropylene mesh caused by the relative movement of the trachea to the
surrounding skin. In experiment 1 the polypropylene mesh was only fixed by fibrin
glue, whereas in experiment 2 also sutures have been used and the titanium inner
ring was fixed between two tracheal rings offering extra anchorage and
stabilisation. This leads to a milder inflammatory body response resulting in high
scores for the soft tissue reaction; even higher than the scores of soft tissue at
polypropylene fibers in the backskin of rats.

The goat was chosen as experimental animal because the anatomy and size of its
trachea is comparable to humans. However, one should realize that the goat is a
difficult laboratory animal, as the goat is a ruminant. This means increased tracheal

a b
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movements compared to humans thus providing a very sensitive model. These
movements are probably also a reason for the gap between tissue and titanium
inner ring. This gap is only observed in the longitudinal sections (Fig. 7), as these
movements mainly causes tension in the longitudinal direction of the trachea. Extra
mattress sutures over the titanium outer ring could possibly prevent this gap
formation.

Figure 11: Mature connective tissue (C) near polypropylene fibers (P) of TC 6 in longitudinal section (A
= artefact).

One of the major problems in this experiment is the epithelium overgrowth of the
TC, which could probably be prevented by redesigning the titanium inner ring. A
suggestion for a new design is using appropriate microgrooves 8-10 to prevent
epithelium overgrowth. Another approach of this problem could be the surgical
removal of the inner ring covering tissue during implantation.

The most positive outcome of these experiments is the finding of cartilage in the
neighbourhood of polypropylene in experiment 2. This cartilage tissue could
provide an excellent anchorage of the tissue connector to the trachea. Longer
implantation periods should be used to make clear if the deposition of cartilage
tissue will continue. This deposition of cartilage tissue was not observed by
Okumura et al 6,7,11,12, who studied trachea reconstruction by a new tracheal
prosthesis made from polypropylene mesh and coated with collagen. It was
completely incorporated by connective tissue, but deposition of cartilage tissue was
not observed.
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Between the titanium rings (Fig. 4) and on the place where polypropylene mesh is
fixed to the titanium cell debris and some inflammatory cells appeared. This can be
explained by the limited space between the titanium rings making vascularisation
impossible. Possible solutions are increasing this space or sealing this space.

Figure 12 Cartilage tissue (CT) and connective tissue (C) near polypropylene fibers (P) of TC 5; inlay:
detail of cartilage tissue.

The endoscopy was performed with a flexible endoscope, but it was rather difficult
to see the tissue near the inner ring of the TC. In the future, endoscopy performed
by a 90° endoscope with short-distance focus could make it easier to get more
distinct pictures from that area.

In contrast to the implantation of the TC in the backskin of rats, which was
performed by a 2-stage surgical procedure1, experiment 2 is performed by a 1-
stage surgical procedure. This experiment proves that a 2-stage operation
procedure is not necessary for gaining good histological and functional results.

The intended use of the novel TC is the fixation of laryngeal prostheses like
tracheostoma valves and shunt valves to the trachea. These valves are exposed to
forces due to the present tracheal pressure during speaking and forces due to
opening and closing the tracheostoma valve.  This experiment showed that this TC
appeared to be firmly embedded in the trachea, which seems to make the TC
appropriate for its intended use and a potential improvement of existing fixation
methods. So, application of the TC in humans is promising, and the fact that the
goat is a very sensitive model contributes to this. In the future, the next step will be
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the implantation of a complete ring, as the implantation of a quarter of a ring has
been proven successful.

Acknowledgements

We would like to thank Dr. D. Mihaylov for performing the experimental surgery.
We would also like to express our gratitude to Ir. A. van der Plaats and to the co-
workers of the Central Animal Laboratory for their assistance.

References

1. Geertsema AA, Schutte HK, van Leeuwen MBM, Rakhorst G, Schakenraad JM, van Luyn MJA,
Verkerke GJ. Biocompatibility of a novel tissue connector for fixation of tracheostoma valves and
shunt valves. Biomaterials 1999; 20: 1997-2005.

2. Law NW, Ellis H. A comparison of polypropylene mesh and expanded polytetrafluoroethylene
patch for the repair of contaminated abdominal wall defects - An experimental study. Surgery 1991;
109: 652-655.

3. Barnes JP. Inguinal repair with routine use of Marlex mesh. Surg Gyn Obst 1987; 165: 33-37.

4. Hanawa T, Ikeda S, Funatsu T, Matsubara Y, Hatakenaka R, Mitsuoka A et al. Development of a
new surgical procedure for repairing tracheobronchomalacia. J Thorac Cardiovasc Surg 1990; 100:
587-594.

5. Vinograd I, Filler RM, Bahoric A. Long-Term Functional Results of Prosthetic Airway Splinting in
Tracheomalacia and Bronchomalacia. J Pedriatr Surg 1987; 22: 38-41.

6. Okumura N, Nakamura T, Takimoto Y, Natsume T, Teramachi M, Tomihata K et al. A New
Tracheal Prosthesis Made from Collagen Grafted Mesh. ASAIO J 1993; 39: M475-M479.

7. Okumura N, Nakamura T, Natsume T, Tomihata K, Ikada Y, Shimizu Y. Experimental study on a
new tracheal prosthesis made from collagen-conjugated mesh. J Thorac Cardiovasc Surg 1994;
108: 337-345.

8. Singhvi R, Stephanopoulos G, Wang DIC. Review: effects of substratum morphology on cell
physiology. Biotechnol Bioeng 1994; 43: 764-771.

9. Chehroudi B, Gould TRL, Brunette DM. Titanium-coated micromachined grooves of different
dimensions affect epithelial and connective-tissue cells differently in vivo. J Biomed Mater Res
1990; 24: 1203-1219.

10. Chehroudi B, Gould TRL, Brunette DM. The role of connective tissue in inhibiting epithelial
downgrowth on titanium-coated percutaneous implants. J Biomed Mater Res 1992; 26: 493-515.

11. Okumura N, Teramachi M, Takimoto Y, Nakamura T, Ikada Y, Shimizu Y. Experimental
Reconstruction of the Intrathoracic Trachea Using a New Prosthesis Made from Collagen Grafted
Mesh. ASAIO J 1994; 40: M834-M839.



104 Chapter 6

Chapter 6 zk dtp

12. Okumura N, Nakamura T, Shimizu Y, Natsume T, Ikada Y. Experimental Study of a New Tracheal
Prosthesis Made from Collagen-grafted Mesh. ASAIO Trans 1991; 37: M317-M319.



Chapter 7 zk dtp

Chapter 7

Summary and conclusions

The larynx plays a crucial role in speech, breathing and swallowing. It has three
important functions: control of the airflow during breathing, protection of the airway
and production of sound for speech.

When a cancer in the laryngeal region is in an advanced stage and cannot
successfully be treated by other methods like irradiation therapy, surgical treatment
is necessary. This sometimes leads to a total laryngectomy. This life-saving
operation consists of the surgical removal of the larynx including vocal folds and
epiglottis. 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.
To restore voice, the surgeon usually creates a shunt between trachea and
esophagus. A silicone rubber valve is then placed in this shunt. Closing the
tracheostoma with a thumb or finger forces the air through the shunt valve into the
oesophagus. On top of the oesophagus the oesophageal sphincter starts to vibrate
thus functioning as new vocal folds (pseudoglottis). Hands-free speaking can be
realised by placing a tracheostoma valve (TSV) on the tracheostoma.

For these laryngectomized patients, a project called “Artificial Larynx” (Eureka
project EU 72310) started in 1992 in Groningen. The subject of this thesis is to
study parts of this artificial larynx: a valve system to switch between breathing and
speaking and a new fixation method, the tissue connector (TC). The valve system
can already be applied as a TSV. The TC can be used to improve existing fixation
methods of TSVs and shunt valves.

In chapter 2 the design and in vitro test of an improved Groningen TSV, better
known as the Adeva Window®, is described. The Window® consists of a “cough”
valve with an integrated (“speech”) valve, which closes for phonation. The cough
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valve opens as the result of pressure produced by the lungs during a cough. The
speech valve closes by the airflow produced by the lungs, thus directing air from
the lungs into the esophagus at a deliberately chosen moment.

An experimental set-up with a computer-based acquisition program (Labview for
Windows) was developed to measure the pressure at which the cough valve
opened and the flow at which the speech valve closed. In addition, the airflow
resistance coefficient (ARC) of the TSV was defined and measured with an open
speech valve. Both dry air from a cylinder and humid expired air were used.

Results showed a pressure range of 1-7 kPa to open the cough valve and a flow
range of 1.2-2.7 L/s to close the speech valve. These values were readily attained
during speech, while the flow range occurred above values reached in quiet
breathing. The ARC is 1.2⋅102 [Pa⋅s2⋅l-2], which lies in the range of the entire airway

resistance (1.2⋅102 - 4.7⋅102 [Pa⋅s2⋅l-2]) in quiet breathing.

The device appeared to function well in physiological ranges and was optimally
adjustable to an individual setting. No significant differences were measured
between air from a cylinder and humid expired air.

The ADEVA Window® has already been brought to the market by ADEVA Medical
(Lübeck, Germany) and is now being tested in a series of patients in the ENT
clinics of Würzburg and Stuttgart.

The methods used to obtain the aerodynamic characteristics of the designed TSVs
can be used as a reference method for comparing aerodynamic characteristics of
various TSVs. This method can also be used for shunt valves, voice-producing
prostheses and Heat and Moisture Exchangers.

The design and test of a new TSV is presented in chapter 3. The TSV is made of
polycarbonate and consists of a large round valve with a small integrated one-way
valve. The large round valve can be moved in a round housing. This new TSV is
based on the mechanism of inhalation to improve existing TSVs. The TSV closes
by inhaling strongly (instead of exhaling), so all exhaling air is available to speak.
The device stays in “speak-position” automatically, until the patient deliberately
changes the device to “breathing position” by a strong expiration. If the patient has
consumed all exhaling air for speech, he can inhale again, without changing the
device, because the small valve automatically opens, thus allowing him to speak
as long as he wants.
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The experimental set-up described in chapter 2 was used to measure the pressure
at which the valve opened and the flow at which the valve closed. Pressure and
flow needed to open and close the adjustable valve were measured for different
positions.  Also, the ARCs for inhaling and exhaling were measured.

The airflow necessary to close the TSV ranges from 1.6-3.8 L/s. The opening
pressure of the valve ranges from 1-7 kPa. The ARC for inhaling is 2.9⋅102 [Pa⋅s2⋅l-2]

and for exhaling is 4.3⋅102 [Pa⋅s2⋅l-2]. The device appears to function well in
physiological ranges and is optimally adjustable. The ARC lie in the range of the
entire airway resistance (1.2⋅102 - 4.7⋅102 [Pa⋅s2⋅l-2]) in quiet breathing.

To decrease the ARC value and prevent slanting, an improved TSV (the Inhalation
TSV) based on the inhalation mechanism is portrayed in chapter 4. The Inhalation
TSV is made of polycarbonate. The TSV consists of a housing with an eccentric
axis and a large valve, which revolves on this axis. A small half-moon shaped
silicon one-way (inhalation) valve is integrated in the large valve making inhalation
during speaking possible.

The experimental set-up described in chapter 2 was used to measure the pressure
at which the valve opened and the flow at which the valve closed and to measure
the ARC value. A new in vivo set-up was developed to measure the performance
of the Inhalation TSV in patients. The Inhalation TSV was compared in vivo with
existing TSVs for the parameters; air volume to close TSVs, speaking time of the
TSVs and speaking volume of the TSVs.

The device is optimally adjustable, as the airflow to close the valve ranges from 1.2
to 3.8 L/s and the opening pressure ranges from 1.2 to 7.1 kPa. The ARC value of

the Inhalation TSV during breathing is 0.6 ⋅102 [Pa⋅s2⋅l-2] and the ARC value for

inhaling in speaking position is 22.7 ⋅102 [Pa⋅s2⋅l-2]. The Inhalation TSV is an
improvement regarding to existing devices. The Inhalation TSV makes inhalation in
the “speaking position” possible and saves up to 22% of the total exhalation
volume for speaking compared to existing TSVs.

This Inhalation TSV has been patented by ADEVA Medical and will be brought to
the market.

In chapter 5, the biocompatibility of a novel tissue connector (TC) is tested. This
new TC has been developed to improve the fixation method of tracheostoma
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valves and shuntvalves. It basically consists of a ring that will be integrated into
surrounding tracheal soft tissue. The valves can be placed in the ring.

To test the principle of the TC a prototype consisting of a subcutaneous
polypropylene mesh and a percutaneous titanium stylus was implanted into the
backskin of 10 rats by a two-stage surgical procedure. We reasoned that if a firm
connection can be realized with the skin, a firm connection with the trachea will
also be possible. The subcutaneous part was implanted first, followed by the
percutaneous part after 6 weeks. The complete TC with surrounding tissue was
removed 8 weeks later and examined histologically.

The principle of the new TC proved to be effective: hardly any epithelial
downgrowth appeared, and adhesion of soft tissue was demonstrated. No infection
or severe inflammation reaction was detected. The TC seems appropriate for its
intended use.

The next step, testing the novel TC in the trachea is reported in chapter 6. Two
experiments were performed.

In experiment 1, a polypropylene mesh was implanted around the trachea of 4
goats. The mesh was removed after 6 and 12 weeks.

In experiment 2, the actual TC consisted of 2 titanium rings (inner ring and outer
ring) that were both executed as a quarter ring, fixed on each other, and clamp a
polypropylene mesh like a sandwich in between. The titanium inner ring was
placed in an incision between 2 tracheal rings thus penetrating the trachea with the
mesh around the trachea and the fixed titanium outer ring on the outside of the
trachea. The TCs were removed after 12 weeks.

Histological examination of experiment 1 showed that the mesh was entirely
infiltrated by host tissue. Inflammatory cells and high vascularity were observed in
3 of 4 implants.

In experiment 2, the mesh was completely incorporated by mature connective
tissue. At some areas cartilage tissue had been developed. In 3 of 4 implants the
titanium inner ring is overgrown by epithelial tissue. Some cell debris and
inflammatory cells were detected between the titanium rings.

In conclusion, the TC was firmly embedded in the trachea thus being appropriate
for its intended use. Overgrowth of epithelium and inflammatory cells can probably
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be prevented by redesigning the titanium rings and by sealing up the space
between them.

Consequently, this new TC seems appropriate for its intended use. To apply this
TC clinically a couple of steps must be taken. The next step is the implantation of a
TC consisting of a complete titanium ring. The TC should also be tested in long-
term experiments. Another recommended experiment is radiation of the laryngeal
area preceding implantation of the TC. This latter step is necessary, as
laryngectomees usually have been radiated.

Finally, both applications of a tissue connector and the developed tracheostoma
valves will form an external artificial larynx, which will improve quality of life of
laryngectomees. The external artificial larynx is a first stage in the development of
the ultimate goal: a totally implantable artificial larynx.
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Samenvatting en conclusies

De larynx (strottenhoofd) speelt een belangrijke rol in het spreken, slikken en
ademen. Ze heeft 3 belangrijke functies: regulatie van de luchtstroom tijdens
ademen, bescherming van de luchtweg en stembron voor spreken.

Een kankergezwel dat zich in een vergevorderd stadium in de larynx bevindt en
niet meer behandeld kan worden met behulp van bestraling of chemotherapie,
dient chirurgisch verwijderd te worden. Soms moet de meest drastische methode,
een totale laryngectomie, toegepast worden. Dit houdt de verwijdering in van de
larynx inclusief epiglottis (strottenklepje) en stemplooien. De trachea (luchtpijp)
wordt losgemaakt van de larynx en naar de hals geleid, waar het aan de huid
gehecht wordt. Aldus ontstaat een opening in de hals, tracheostoma genoemd.
Ademen geschiedt nu door de tracheostoma, aangezien de luchtweg volledig is
gescheiden van het spijsverteringskanaal. Om toch weer stem mogelijk te maken,
maakt de chirurg een opening (shunt) tussen trachea en oesophagus (slokdarm).
In deze opening wordt een siliconen shuntventiel geplaatst. Door de tracheostoma
met de vinger of duim te sluiten wordt uitgeademde lucht gedwongen door het
shuntventiel te stromen naar de eosophagus. Boven in de eosophagus begint dan
de sluitspier te trillen, wat dan fungeert als nieuwe stembron (pseudoglottis).
Spreken zonder handen te gebruiken is mogelijk door het gebruik van een
tracheostoma ventiel (TSV), dat op de tracheostoma bevestigd kan worden.

Ten behoeve van deze patiënten zonder larynx, de zogenaamde
gelaryngectomeerden, is in 1992 in Groningen een project onder de naam
“Artificial Larynx”  (Eureka project EU 72310) gestart. Dit proefschrift bestudeert
onderdelen van deze kunstmatige larynx: een klepsysteem om te kunnen
schakelen tussen ademen en spreken en een nieuwe fixatiemethode, de
weefselconnector. Het klepsysteem kan toegepast worden als TSV. De
weefselconnector wordt toegepast als een nieuwe fixatiemethode voor zowel TSVs
als shuntventielen.
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In hoofdstuk 2 wordt het ontwerp en de in vitro test van een verbeterde Groningen
TSV, beter bekend als de ADEVA Window®, beschreven. De Window heeft een
hoestklep met een geïntegreerde spreekklep, die gesloten kan worden om fonatie
mogelijk te maken. De spreekklep wordt gesloten door een snelle uitademing met
de longen te produceren. Hierdoor kan op een willekeurig moment lucht door het
shuntventiel naar de oesophagus gestuurd worden. De hoestklep opent als gevolg
van de druk die in de longen wordt ontwikkeld bij het hoesten.

Een experimentele opstelling met een computerprogramma voor data acquisitie
(LabView for Windows) werd ontwikkeld om de druk te kunnen meten waarbij de
hoestklep opent en de flow (luchtstroom) waarbij de spreekklep sluit. Een nieuwe
parameter, de luchtflow-weerstandscoëfficiënt (ARC), werd gedefinieerd en
gemeten om de ademweerstand van een TSV te kunnen bepalen. Deze parameter
houdt rekening met de kwadratische relatie tussen flow door het TSV en druk over
het TSV. Met de ARC is het mogelijk de weerstand in één getal uit te drukken. De
term ARC heeft de voorkeur boven luchtflowweerstand, omdat weerstand een
lineaire relatie tussen druk en flow veronderstelt. Deze relatie komt niet voor in
TSVs. Voor de metingen werd zowel droge lucht uit een cilinder als vochtige
ademlucht gebruikt.

De resultaten geven weer dat de flow om de spreekklep te sluiten een bereik heeft
van 1.2 tot 2.7 L/s en de druk om de hoestklep te openen een bereik heeft van 1
tot 7 kPa. De flowwaarden kunnen gemakkelijk gerealiseerd worden door een
patiënt tijdens spreken, maar liggen boven de flowwaarden die in normaal ademen
voorkomen. De gemeten ARC is 1.2⋅102 [Pa⋅s2⋅l-2] en ligt daarmee in het bereik van

de  ARC van de totale luchtweg (1.2⋅102 - 4.7⋅102 [Pa⋅s2⋅l-2]) bij normaal ademen.

Het TSV blijkt goed te functioneren in het fysiologische bereik en is optimaal
instelbaar voor de individuele patiënt. Er werden geen significante verschillen
gemeten tussen lucht uit een cilinder en vochtige uitademingslucht.

De ADEVA Window® is reeds op de markt gebracht door ADEVA Medical (Lübeck,
Duitsland) en wordt nu getest in een serie patiënten in de KNO klinieken van
Würzburg en Stuttgart.

De ontwikkelde methoden, die zijn gebruikt om de aërodynamische eigenschappen
van TSVs te bepalen, kunnen als een standaardmethode worden gebruikt om
aërodynamische eigenschappen van verschillende TSVs te vergelijken. Deze
methode kan ook gebruikt worden voor shuntventielen, stemvormende prothesen
en HME filters (filters voor gelaryngectomeerden om ingeademde lucht te filteren,
te bevochtigen en te verwarmen).
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Het ontwerp en testen van een nieuw TSV is het onderwerp van hoofdstuk 3. Het
TSV is gemaakt van polycarbonaat en bestaat uit een grote ronde klep met een
klein geïntegreerd eenrichtingsklepje. De ronde klep kan transleren in een rond
huis. De nieuwe TSV is gebaseerd op het “inademingsmechanisme“, waarmee
bedoeld wordt dat het TSV sluit door snel in te ademen. Hierdoor is alle
uitademinglucht beschikbaar voor spreken, wat een verbetering is ten opzichte van
bestaande TSVs, die sluiten door snel uit te ademen. Door een snelle inademing
wordt de TSV in de spreekpositie gebracht. Als de patiënt al zijn of haar
uitademingslucht heeft gebruikt voor het spreken, is inademing mogelijk door het
kleine klepje, dat automatisch opent gaat tijdens inademen. De patiënt kan op een
willekeurig moment het ventiel in de adempositie schakelen door een snelle
uitademing. Hierdoor kan de patiënt zo lang spreken als gewenst zonder de positie
van het ventiel te veranderen.

De in hoofdstuk 2 beschreven testopstelling werd gebruikt om de flow te bepalen
om de klep te sluiten en de druk om de klep te heropenen. De benodigde flow en
druk voor het respectievelijk sluiten en heropenen van de instelbare klep werd
gemeten voor verschillende standen. Ook werden de ARC-waarden apart voor
inademen en uitademen gemeten.

De benodigde flow om het TSV te sluiten heeft een bereik van 1.6 tot 3.8 L/s. De
druk om de klep te openen heeft een bereik van 1 tot 7 kPa. De ARC voor
inademen bedraagt 2.9⋅102 [Pa⋅s2⋅l-2] en voor uitademen 4.3⋅102 [Pa⋅s2⋅l-2]. Het TSV
bleek goed te functioneren in het fysiologische bereik en is optimaal instelbaar voor
de individuele patiënt. De ARC waarde ligt in het bereik van de  ARC van de totale

luchtweg (1.2⋅102 - 4.7⋅102 [Pa⋅s2⋅l-2]) bij normaal ademen.

Een verbeterd TSV (Inhalatie TSV), gebaseerd op het “inademingsmechanisme”,
wordt gepresenteerd in hoofdstuk 4. Dit ventiel, dat gemaakt is van
polycarbonaat, is ontworpen om de ARC-waarde te verlagen en schranken van het
TSV te voorkomen. Het TSV bestaat uit grote klep draaiende om een excentrische
as, die in een rond huis gemonteerd is. Een klein siliconen, eenrichting (inhalatie),
klepje is geïntegreerd in de grote klep om inademing tijdens spreken mogelijk te
maken.

De in hoofdstuk 2 beschreven testopstelling werd gebruikt om de benodigde flow
en druk voor het respectievelijk sluiten en openen van de klep te meten. Tevens
werd de ARC-waarde voor ademen en inademen tijdens spreken bepaald. Een
nieuwe in vivo opstelling werd ontwikkeld om de eigenschappen van het Inhalatie
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TSV  in patiënten te testen. Het Inhalatie TSV werd vergeleken met bestaande
TSVs met betrekking tot de volgende eigenschappen: benodigd luchtvolume om de
TSVs te sluiten, spreektijd van de TSVs en spreekvolume van de TSVs.

Het TSV is goed instelbaar: de flow om de klep te sluiten heeft een bereik van 1.2
tot 3.8 L/s en de openingsdruk een bereik van 1.2 tot 7.1 kPa. De waarde van de
ARC tijdens ademen van het Inhalatie TSV is laag, namelijk 0.6 ⋅102 [Pa⋅s2⋅l-2] en de

ARC voor inademen tijdens spreken is met 22.7 ⋅102 [Pa⋅s2⋅l-2] hoog. Het Inhalatie
TSV is een verbetering ten opzichte van bestaande ventielen. Het Inhalatie TSV
maakt inademing in de “spreekstand” mogelijk en bespaart een aanzienlijk deel (tot
22%) van het totale uitademingsvolume vergeleken met bestaande TSVs. Dit
Inhalatie TSV is inmiddels gepatenteerd door ADEVA Medical en zal te zijner tijd
op de markt gebracht worden.

In hoofdstuk 5 wordt verslag gedaan van het testen van de biocompatibiliteit van
een nieuwe weefselconnector. Deze nieuwe weefselconnector wordt ontwikkeld
om de fixatiemethoden van TSVs en shuntventielen te verbeteren. Ze bestaat uit
een ring die in het omringende tracheaweefsel wordt geïntegreerd. Hierna kunnen
de ventielen in de ring geplaatst worden.

Het principe van de weefselconnector is getest door een prototype bestaande uit
een subcutane polypropyleen mesh en een percutane titaniumstift in de rug van 10
ratten te implanteren door middel van een 2-traps operatie. De titaniumstift is door
middel van een schroefverbinding aan de mesh verbonden. De verwachting is dat
als een goede verbinding met de huid gerealiseerd wordt, ook een goede
verbinding met de trachea mogelijk is. De eerste stap is de implantatie van het
subcutane deel, na 6 weken gevolgd door het percutane deel. De complete
weefselconnector met omringend weefsel is 8 weken later verwijderd en
histologisch onderzocht.

Het principe van de weefselconnector bleek effectief: er is nauwelijks of geen
huidepitheel dat langs de stift naar beneden groeit en er werd inkapseling van
bindweefsel aan titanium en mesh geconstateerd. Infectie of heftige
ontstekingsreacties kwamen niet voor. De weefselconnector lijkt hiermee geschikt
te zijn voor het beoogde doel.

De volgende stap, het testen van de nieuwe weefselconnector in de trachea wordt
gerapporteerd in hoofdstuk 6. Hiertoe worden 2 experimenten uitgevoerd.
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In experiment 1 wordt een polypropyleen mesh geïmplanteerd rond de trachea van
4 geiten. De mesh wordt na 6 en 12 weken verwijderd.

In experiment 2 wordt de weefselconnector geïmplanteerd in 4 geiten. Deze
bestaat uit polypropyleen mesh en 2 titaniumringen die beide uitgevoerd zijn als
een kwart ring en op elkaar passen. De titaniumringen worden op elkaar bevestigd
door 3 schroeven met de mesh ertussen. Na implantatatie bevindt de ene
titaniumring zich dwars door de trachea heen tussen twee kraakbeenringen, de
mesh bevindt zich rond de trachea en de andere titaniumring bevindt zich aan de
buitenzijde van de trachea. De weefselconnectoren werden na 12 weken
verwijderd.

Histologisch onderzoek van experiment 1 laat zien dat de mesh volledig is
ingekapseld met bindweefsel. In dit kapsel bevinden zich veel bloedvaten. Veel
ontstekingscellen werden waargenomen in 3 van de 4 implantaten.

In experiment 2 blijkt de mesh volledig ingekapseld met volgroeid bindweefsel en
op sommige plaatsen werd nieuw gevormd kraakbeenweefsel waargenomen. In 3
van de 4 implantaten werd de titaniumring tussen de kraakbeenringen overgroeid
door tracheaal epitheelweefsel. Ontstekingscellen en celoverblijfselen werden
gevonden tussen de titaniumringen.

Concluderend kan gesteld worden dat de mesh de weefselconnector een goede
verankering geeft, zeker als het vormen van kraakbeenweefsel zich doorzet. De
overgroei van epitheel en de ontstekingscellen zullen voorkomen moeten worden
door de vorm van de titaniumringen te veranderen en de ruimte ertussen af te
sluiten.

De algehele conclusie is dat de weefselconnector geschikt lijkt voor het beoogde
doel. Maar om klinische toepassing mogelijk te maken, dienen nog een aantal
stappen uitgevoerd te worden. De volgende stap is de implantatie van de
weefselconnector, bestaande uit een complete ring. Ook dient de
weefselconnector getest te worden in lange-duur experimenten. Een ander aan te
bevelen experiment, is bestraling van het larynxgebied voordat tot de implantatie
van de weefselconnector wordt overgegaan. Dit experiment is nodig, omdat
gelaryngectomeerden ook vaak een bestraling hebben ondergaan.

Tot slot kan geconcludeerd worden dat de toepassing van de weefselconnector en
de ontwikkelde TSVs leidt tot een externe kunstmatige larynx, die het  leven van
gelaryngectomeerden zal verbeteren. De externe kunstmatige larynx is een
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tussenstap in de ontwikkeling van het einddoel: een compleet implanteerbare
kunstmatige larynx.
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