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The larynx plays a crucial role in phonation, respiration and deglutition. Of all

malignant head and neck tumours, cancer of the larynx is the most common one in

the western world. General practitioners in the Netherlands use guidelines that

encourage referral of suspected patients to an otorhinolaryngologist to detect

laryngeal cancer in an early stage. This results in detection rates for larynx

carcinoma of about 60% in stage I and 20% in stage II1,2. In these patients laser

surgery or radiotherapy can be applied aming at curation and organ preservation.

Still in many patients with advanced laryngeal or hypopharyngeal cancer or with a

local recurrence after radiotherapy, a total laryngectomy is indicated. A

laryngectomy consists of a surgical removal of the larynx including vocal folds and

epiglottis. The proximal trachea is therefore divided from the larynx and led outside

anteriorly to the neck where it is sutured to the skin, forming a permanent

tracheostoma (see figure 1).

Figure 1. Schematic drawing of physiological situation before total laryngectomy (A) and after total
laryngectomy (B). 1= Nose, 2= Tongue, 3= Oropharynx, 4= Trachea, 5= Larynx, 6= Pseudoglottis
(pharyngo-esophageal segment).

This procedure has drastic consequences for the patient e.g. the loss of the

physiological glottic voice, loss of the ability to build-up sub-glottal pressure for

coughing and loss of the possibility to swallow tracheal secretions physiologically.

Also important functions of the nose are reduced such as: smell, filtration, heating

and moistening of the inhaled air3, 4.

Dr. Th. Billroth was the first known surgeon who performed a laryngectomy in

18735-9.

Thereafter many other surgeons improved the outcome by creating alternatives for

the original laryngeal functions10-23.

A B
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The most disabling consequences of a laryngectomy is generally considered the

loss of normal vocal function and the social impact of a tracheal stoma.

Normal speech is composed by a power source (airflow and air pressure from the

lungs), a sound source (vocal folds) and a sound modifier (vocal tract; pharynx,

oral and nasal cavity, tongue and lips). To create speech after laryngectomy

(alaryngeal speech), at least an alternative sound source is needed.

The pharyngo-esophageal (PE) segment was regognized as a voice producing

element based on mucosal vibration due to airflow. This airflow was made

possible by creating a fistula to the PE-segment. At first an external, pharyngo-

cutaneous, fistula was created10-12, however, this technique has been abandoned

due to complexity of both the technique and the equipment needed and was

replaced by techniques creating an internal (TE or tracheo-pharyngeal) fistula by

using skin and/or mucosal flaps or creating a direct TE puncture with installation of

a shunt valve13-19, 24, 25.

Nowadays voice rehabilitation in Europe and the USA is usually performed by

placing a one-way shunt valve in a shunt fistula that has been created in the

tracheo-esophageal (TE) wall. This puncture can be performed primary, during

laryngectomy surgery, or secondary, after a healing period. A shunt valve prevents

aspiration of food and liquid and allows airflow from the trachea to the esophagus.

Closing the tracheostoma (with a finger, button or valve) forces air during

expiration through the shunt valve into the esophagus where soft tissues (the

pseudoglottis or pharyngo-esophageal segment) start to vibrate, creating a

substitute voice (figure 2).

The use of these indwelling shunt valves has been a subsequent development of

the non-prosthetic introduction of TE voice rehabilitation and the non-indwelling

shunt valve types that can be removed and cleaned by the patient such as the

Staffieri prosthesis17.

Besides TE speech, three other options in producing an alaryngeal voice are

available which are well known in post-laryngectomy care. Esophageal speech is

produced by regurgitating entrapped air from the lower esophagus and/ or

stomach to the upper esophagus and neo-pharynx. This causes vibrations of the

mucosa in the esophagus. Because of this vibrating airflow, speech is possible.

Unfortunately it produces a belch-like sound with limited loudness and limited

speech duration of only a few words. Not many people are able to learn this

method of speech. The advantages are that no (additional) surgical procedure or

prosthesis is necessary resulting in a reduction of financial cost and circumvents

the problems associated with a TE fistula.
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Figure 2. Schematic drawing of the situation after total laryngectomy and TE fistula 1= Nose,
2= Tongue, 3= Oropharynx, 4= Trachea, 5= TE shunt valve in the party wall, 6= Pseudoglottis
(pharyngo-esophageal segment). For TE speech the tracheostoma (dashed line) needs to be
occluded during expiration with a finger, HME button or tracheostoma valve.

Electrolarynges are electromechanical devices that are driven by a battery. A tone

is generated by a moving polymer or metal head. When the vibrating part of the

device is pushed against the tissues of the neck or cheek, the tone is transmitted

into the oropharynx, where sound is converted into speech. Also tubes are

available to use it as an intra-oral device. This may improve results in case of neck

oedema or fibrosis for example. It produces a unnatural, mechanical voice but the

device is easy to use and requires less dexterity than all other voice rehabilitation

methods. Nowadays, also devices with manual pitch and loudness control are

available (see figure 3).

A pneumatic sound source, such as the “Tokyo artificial larynx”20 and the “Taiwan

tube”21,22, is designed to use the expiratory air from the lungs as power source. It

consists of a cup-like shape with a hole at the “bottom” and a tube connected to it

(see figure 4). While covering the tracheostoma during the expiratory airflow, the

air is conducted to a sound source (rubber diaphragm or a reed) ending via a tube

in the oral cavity (see figure 5). The simple design, low financial device cost,

durability and easy maintenance makes it an attractive device for many

laryngectomised patients, especially in Asia. This non-TE voice rehabilitation26 is

not further addressed in this thesis.
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Figure 3. Example of an electrolarynx with volume and pitch control options.

Figure 4. Tokyo artificial larynx. 1= cup to cover the tracheostoma, 2= sound source, 3= tube,
4= mouth piece.

Figure 5. A patient using a pneumatic artificial larynx.
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1. Drawbacks of the TE voice rehabilitation

The TE voice produced by the pseudoglottis is, especially for women, low-pitched

often of poor quality and unpredictable. The local environment with food and fluids

passing the shunt valve stimulate the formation of a biofilm on the shunt valve27,28.

This biofilm causes the shunt valve to malfunction, either by leakage or permanent

valve closure, resulting in the necessity to replace the shunt valve frequently, on

average every 3-5 months29,30. Leakage also occurs around the shunt valve due to

a mismatch between the TE-fistula and the valve; this is often difficult to solve and

causes an increase of medical interventions31.

Only some patients are able to use a tracheostoma valve (TSV) to allow hands-

free speech. However, it can only be used by a minority of the patients because a

reliable fixation to the skin around the stoma is difficult. This results in

unpredictable loosening of the device and leakage of air and mucus along the

TSV.

Because the inhaled air does not pass the nose any more, this leads to higher

phlegm production and increased respiratory symptoms3,32. An HME (heat and

moisture exchange) filter that partly serves as an artificial nose could overcome

these problems, but again, fixation to the skin around the stoma is difficult. Moist,

mucus and pressure of the exhaled air during breathing or coughing promotes

early loosening. However, HME filter application is an important part of the

pulmonary rehabilitation for the patient.

Fixation of both devices on the peristomal skin can also result in serious irritation,

allergic reactions, skin maceration and in infection.

2. Eureka project “Newvoice”

The research presented in this thesis is based on the Eureka project (EU 2614)

“Newvoice” succeeding the previous Eureka project “Artificial larynx” (EU 723,

1994-1999)33 and focuses on improving the results of prosthetic TE voice

rehabilitation.

The New voice project is focussing on the following four main subjects.

(1) To improve the plight of laryngectomees, this project aims to produce a voice-

producing shunt prosthesis, consisting of an element that is able to produce a

voice with sufficient loudness, adjustable fundamental frequency and natural

intonation.

(2) The voice-producing element is integrated into a newly designed shunt valve

made of new developed biofilm-resistant material.

(3) The shunt valve is fixed to soft tissue structures via a tissue connector (TC),

an interface between soft tissue structures and the shunt valve.



General introduction

16

(4) By applying the same tissue connector principle, a tracheostoma valve with

an HME filter can be fixed to the trachea, thus enabling hands-free control of

the voice-producing prosthesis and prevention of trachea irritation.

The first concept of a tissue connector for these purposes was developed by

Geertsema et al.34,35, and based on the results of percutaneous devices,

developed by Jansen36-44.

In this thesis the design and test of two tissue connectors is described. These

tissue connectors must overcome the problems, related to the fixation of shunt-

respectively tracheostoma valves.

This first concept was composed of a subcutaneous ring with mesh and

percutaneous titanium (Ti) pins. It was tested in a two-stage procedure; first the

ring and mesh were implanted, after 6 weeks the percutaneous pins were placed

in the ring. It was concluded that the principle of this concept 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 seemed appropriate for its intended use34.

In a subsequent study, a polypropylene mesh was implanted around the trachea.

The meshes were explanted after 6 and 12 weeks. In the final experiment, a TC,

consisting of two titanium quarter rings (inner ring and outer ring) was tested. The

quarter rings were fixed to each other with a polypropylene mesh like a sandwich

in between (figure 6). 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. Mesh around the trachea demonstrated complete infiltration by host tissue.

Inflammatory cells and high vascularisation were observed in 3 of 4 implants. In

the TC implantation, 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.

Therefore it was considered being appropriate for its intended use35.

Jansen and co-workers showed in several experiments that percutaneous

implants can prevail for a long time40. Titanium fibre mesh structures were

demonstrated to be suitable for effective soft-tissue anchorage of percutaneous

access devices. A sufficient ingrowth of connective tissue was obtained in

superficial as well as in deeper soft-tissue layers37.
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Figure 6. Example of a quarter of a titanium ring that was implanted in the tracheal wall
(permucosal) by Geertsema et al. It consisted of a titanium outer ring with screws (not visible),
polypropylene mesh and a titanium inner ring.

Also implantation of percutaneous devices implanted in one procedure was

compared with an implantation procedure in two phases. Phase one consists of a

brief time of subcutaneous device stabilisation of part of the implant and phase two

consists of the situation that a percutaneous part is added. It was shown that the

two stage surgical procedure for implantation of a percutaneous device worked

better than the one-stage surgical technique43 and was therefore also the intended

strategy in our project.

First the fixation related problems that exist in prosthetic TE voice rehabilitation will

be presented (chapter 2). To improve fixation of tracheostoma devices an

approach with a percutaneous connection was chosen. To test the feasibility of the

new concepts, the use of an animal model has been necessary. Orientation on

several animal models used for tracheal research is reported in chapter 3. Finally

the Saanen goat was chosen as the best animal model.

The tracheostoma tissue connector (TS-TC) consists of a large ring made of

titanium or silicone rubber with a mesh attached to it. The ring is implanted under

the skin around the tracheostoma. Four pins will be placed in the ring. They

penetrate the skin to serve as an anchor for tracheostoma valves. Design, animal

experiments and histological assessment is described in chapter 4.

The TE tissue connector (TE-TC) consists of a small titanium ring with a circular

mesh attached to it. The titanium ring will be implanted in the fistula, partly

penetrating the TE wall. The hypothesis was that firm fixation of tracheal and

esophageal tissues to a mesh and a ring will provide a leakage proof interface for

a shunt valve and/or a voice producing element. Design, animal experiments and

histological assessment is described in chapter 5.
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Both TCs are during implantation initially fixated by means of sutures and/or tissue

glue. Long-term fixation will be achieved by soft tissue ingrowth in the mesh. In

chapter 6 experiments are reported to see if addition of fibrin glue during

implantation of mesh structures is histologically valuable or not.

The effects of a tracheostomy and the implanted prototypes in the goat with

detailed post-operative care and interventions are described in chapter 7.

In the final part the perspectives concerning future prosthetic voice rehabilitation

are considered (chapter 8) flowed by a summary and conclusions (chapter 9).
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Abstract

In most patients with advanced or recurrent laryngeal or hypopharyngeal cancer,

total laryngectomy is indicated. This means the loss of three main functions:

phonation; respiration; and the prevention of aspiration during deglutition.

Laryngectomy patients have various options to restore phonation: an oesophageal

voice; an electrolaryngeal voice; or a tracheo-oesophageal voice. In the last case

a silicone rubber shunt valve is placed in the tracheo-oesophageal wall and

phonation is generated when exhaled air is forced through the oesophagus and

neopharynx. This method is widely applied in Western Europe. In this paper we

review the literature on fixation problems with shunt valves, tracheostoma valves

and heat and moisture exchange (HME) filters. Tracheo-oesophageal speech

without a valve is not considered. Despite 22 years of experience with the

implantation of tracheo-esophageal shunt valves and many improvements in the

design, problems still remain, such as biofilm formation with subsequent leakage

through the valve, the need for frequent and inconvenient replacements, fistula

enlargement leading to leakage around the device and reduced fixation, and

infections. The high cost of shunt valves is a drawback to their use worldwide. To

enable hands-free speech, different types of tracheostoma valve have been

developed. These valves are fixed to the skin or to the tracheostoma by means of

an intra-tracheal device. An HME filter is used to protect the airway and maintain

physiological balance. Such devices are only suitable for a selected group of

patients as fixation to the skin or trachea can be a major problem. Speaking and

coughing cause pressure increases, which often result in mucous leakage and

disconnection of the valve and/or HME filter. Recommendations are made for

future improvements in fixation techniques.
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1. Introduction

Total laryngectomy is indicated when cancer of the larynx or hypopharynx is

locally advanced, or as salvage therapy for tumour recurrence after surgery,

radiotherapy or chemo-radiation treatment1,2. Billroth3,4 in 1873 was the first

surgeon to perform this procedure for carcinoma recurrence. Total laryngectomy

has drastic consequences on respiration, phonation and smell5,6.

The respiratory tract is modified by the construction of a tracheostoma which

bypasses the upper airway and therefore severely reduces the patient's sense of

smell and his/her ability to filter, heat and humidify the inhaled air6. The pharynx is

primarily reconstructed with remnants of pharyngeal mucosa and deglutition

depends on the quality of the mucosa and the width of the neopharynx. In patients

with hypopharyngeal cancer, reconstruction of the neopharynx with a

myocutaneous flap or a free tissue transfer is often needed.

At present, the three most accepted methods of voice rehabilitation after total

laryngectomy are the oesophageal voice, the electrolaryngeal voice and the

tracheo-oesophageal voice by means of a shunt valve. At some specialized

centres, a voice shunt is constructed surgically, which enables tracheo-pharyngeal

or tracheo-oesophageal voice without the need for devices. The tracheo-

oesophageal voice is well known at most clinics in the Western world and many

centres consider it to be superior to the oesophageal and electrolaryngeal voices.

In this review we concentrate solely on tracheo-oesophageal voice rehabilitation

using shunt valves. The principle of tracheo-oesophageal speech using a fistula to

the neopharynx has been applied and described by many surgeons, such as

Conley et al.7 in 1958, Staffieri8 in 1972 and Komorn9 in 1974. Singer and Blom10

introduced a shunt valve into the tracheo-esophageal fistula in 1980.

The mechanism of producing alaryngeal speech is based on insufflating air

through a shunt valve seated in the tracheo-oesophageal puncture (TEP). During

expiration with simultaneous closure of the tracheostoma [either manually or by

means of a hands-free tracheostoma valve (TSV)], the pseudoglottis [pharyngo-

oesophageal (PE) segment] starts to vibrate, creating sound that can be used for

speech11. In many series, this method of voice rehabilitation has been successful

in up to 90% of patients after laryngectomy12-14. However, many post-

laryngectomy patients, especially those with a hypotonic PE segment and/or

women, have problems accepting their low-pitched voice15,16.

The two types of shunt valve that can be distinguished are the non-indwelling type,

which can be removed, cleaned and replaced by the patient, and the indwelling

type, which cannot be removed by the patient for maintenance or replacement. In
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most cases, replacement is performed by an otorhinolaryngologist in an outpatient

clinical setting12,13.

Fixation of shunt valves, TSVs and heat and moisture exchange (HME) filters is

often a major problem. In this paper we review the literature to give an overview of

the fixation-related problems with the presently available devices for prosthetic

voice rehabilitation after total laryngectomy. Also, new insights are put forward to

improve fixation.

1.1 Tracheo-oesophageal shunt valves

Different types of shunt valve have been developed, such as the Blom–Singer®

(InHealth Technologies, Carpinteria, CA), Panje prosthesis, ESKA–

Herrmann®17,18, Singh Va lve—Button, duckbill Bivona®, Provox® 1, 2 and

ActiValve (Atos Medical AB, Hörby, Sweden)19, Groningen® LR and ULR (Medin,

Groningen, The Netherlands)13 Nijdam20,21, Adeva® High Flow, VoiceMaster®,

VoiceMaster® Primo (Entermed International, Woerden, The Netherlands)22 and

Staffieri23. Some devices are more widely applied than others after primary

placement. They can be changed in a retrograde way, or in a more patient-friendly

anterograde way. Table 1 lists the majority of shunt valves that are currently

commercially available.

1.2 Fixation of shunt valves

The common fixation method for shunt valves is based on two types of form fitting:

(i) a “form fit” that involves two flanges, one in the trachea and one in the

oesophagus that press against the party wall; and (ii) a “force fit” in which the shaft

is somewhat larger than the fistula, so that the valve is held by friction. To realize

an air- and watertight fit, it is necessary to use a shunt valve whose dimensions

match the size of the fistula. Good fixation cannot always be guaranteed, because

the interaction between the party wall and shunt valve is a dynamic and delicate

balance. Thinning of the party wall due to pressure exerted by the flanges or

atrophy leads to piston movements of the shunt valve and subsequent leakage.

This can also be the result of size mismatch (at the time of implantation or

subsequently) or local infection. Soft tissue reactions will follow, which also result

in loss of fixation. Leakage along the prosthesis was a persistent complication in

up to 27% of the cases described by Laccourreye et al.34. For small size

mismatches a shunt valve can be used with different dimensions, but the range of

sizes available is limited.

Another fixation strategy is employed by the Blom–Singer indwelling low-pressure

shunt valve, which has an enlarged thin oesophageal flange.
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Table 1. Current commercially available shunt valves.

Device
(type of placement)

Country of
development

Photograph
Diamete
r (mm)

Length
(mm)

Reference

A = anterograde; R = retrograde.

Groningen LR (R) The Netherlands 7 and 8
5, 7, 8, 9,
11, 13

24

Groningen ULR (R) The Netherlands 7 and 8
5, 7, 8, 9,
11, 13

25

VoiceMaster (A)
The
Netherlands/France

8
6, 8, 10,
12

26

VoiceMaster Primo
(R)

The
Netherlands/France

8
6, 8, 10,
12

26

Provox-1 (R)
The
Netherlands/Swede
n

7
4.5, 6, 8,
10

27

Provox-2 (A)
The
Netherlands/Swede
n

7
4.5, 6, 8,
10, 12.5

28
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Provox Acti-Valve
(Light, Strong and
XtraStrong) (A)

The
Netherlands/Swede
n

7
4.5, 6, 8,
10, 12.5

19

ESKA-Herrmann
(R)

Germany 6

Short and
long with
different
angles

29

Bivona Ultra-Low
resistance voice
prosthesis (A)

USA
5.3 and
6.8

6, 8, 10,
12, 14,
18, 22, 25

Bivona duckbill (A) USA
5.3 and
6.8

6, 8, 10,
12, 14,
18, 22, 25

Blom-Singer
duckbill voice
prosthesis (A)

USA
5.3 and
6.8

6, 8, 10,
12, 14,
18, 22,
25, 28

30

Blom-Singer low
pressure voice
prosthesis (A)

USA
5.3 and
6.8

6, 8, 10,
12, 14,
18, 22,
25, 28 (for
5.3-mm
diameter
only)

31

Blom-Singer
indwelling voice
prosthesis with or
without enlarged
oesophageal flange
(A)

USA 6.3

4, 5, 6, 7,
9, 10, 11,
13, 14,
16, 18,
22, 25

32
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Blom-Singer
indwelling
Advantage™ (A)

USA 6.3
4, 6, 8,
10, 12,
14, 18, 22

Adeva high flow (A) Germany 6

For party
wall
thickness
5.5–7.0,
7.0–8.5,
8.5–10

33

Another mechanism of leakage is through the shunt valve. Nowadays, most shunt

valves are made of silicone rubber, sometimes in combination with other materials,

such as PTFE (Teflon) or metal. Silicone rubber is prone to biofilm adhesion and

ingrowth by yeasts (e.g. Candida species) and bacteria. This leads to valve

dysfunction, leakage and/or an increase in airflow resistance. These processes

mean that more effort is required to speak, which results in frequent valve

changes35-37.

Different suggestions have been made to increase the survival of the shunt valves,

e.g. cleaning by means of a flushing device or brush or removal of the shunt valve

for inspection and cleaning on a regular basis, using probiotic strains in food

supplements35,38, using other materials, e.g. titanium and PTFE (in the Voice-

Master)26, fluoroplastic19, silver oxide and thermoplastics39, to make the shunt

valves resistant to biofilm formation and prescribing antifungal agents12,22,32,40.

Attempts have also been made to coat shunt valves with titanium and gold but it

was not possible to produce a homogeneous coating40. In the case of the Provox

ActiValve, the silicon rubber valve has been replaced by a fluoroplastic valve with

magnets19, and this has already improved device survival compared with the

Provox 2. However, no long-term solution is currently available for all patients.

On average, shunt valves have to be replaced every 3-4 months12,41. The

indications for valve replacement are mainly leakage through the prosthesis,

increased pressure (device-related), leakage around the prosthesis, inaccurate

size, hypertrophy or infection, and spontaneous loss (fistula-related). Op de Coul

et al.12 reported that 73% of replacements were device-related, while 13% were

fistula-related. The replacement procedure is uncomfortable for the patient and

can increase the risk of stoma stenosis, scar tissue formation and a dysfunctional

TEP35. Since the introduction of a front-loading system, replacement has become
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less uncomfortable and damaging12,22. Nevertheless, this frequent need for

replacement is expensive and exerts an extra burden on the healthcare system. In

The Netherlands, the average annual cost of shunt valves was 1200 per

patient in 2004.

More serious complications include aspiration, pneumonia and ingestion followed

by a mechanical ileus42, which can be regarded as (at least partially) fixation-

related. Fortunately, these complications are rare.

Different solutions have been put forward to correct TEP dysfunction. A small TEP

diameter can be enlarged with a dilatator, whereas an enlarged TEP can be

treated conservatively by removing the shunt valve temporarily. More

sophisticated solutions include the injection of microspheres (made of solid

silicone rubber, polymethylmethacrylate, etc.), Bioplastique® collagen solution

(Bioplasty, Geleen, The Netherlands)11,43, Hylaform®, a colourless viscoelastic gel

(cross-linked hyaluronan)44, or autogenous fat45, suturing the surrounding soft

tissue12 or cautery with silver nitrate in the case of granulation tissue46. Surgical

closure and a second puncture may be necessary in persistent cases.

Occasionally, even interposing of the pectoralis major flap or another form of

myocutaneous flap is needed to close the fistula46. In many cases, local infection

can be treated with antibiotics or antifungal drugs.

1.3 Tracheostoma valves and filter systems

Closing the tracheostoma manually to produce tracheo-oesophageal speech is

inconvenient and non-hygienic. To enable hands-free speech, a tracheostoma

valve was introduced by Blom et al.47 in 1982.

In the past, many TSVs have been produced, such as the ESKA–Herrmann®

(ESKA, Lübeck, Germany)48, Blom–Singer TSV (Bivona, Gary, IN)5, Blom–Singer

adjustable TSV (InHealth)49,50, Adeva® Window® TSV (Adeva Medical, Lübeck,

Germany)51,52 and the Provox® Free Hands TSV (Atos Medical AB, Hörby,

Sweden)53. Geertsema et al.54 designed a TSV based on inhalation. An inhalation

spurt sets the valve in the “speaking position”, in contrast to all other TSVs. This

TSV is not yet commercially available. A number of currently available TSVs are

listed in Table 2.
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Table 2. Overview of current commercially available tracheostoma valves.

Device
name

Country of
development

Photograph
Combina-
tion with

HME filter?
Fixation Reference

Adeva
Window

The Netherlands Optional

Cannula
(Baclesse); flange
and glue;
intraluminal
(chimney)

51

Provox
Free
Hands
HME

The
Netherlands/Sw
eden

Necessary

Provox
Stomafilterpflaster;
OptiDerm;
FlexiDerm;
XtraBase and
Regular; Provox
Lary Tube; Barton-
-Mayo stoma
button

53

ESKA–
Hermann

Germany No
Intraluminal
(chimney)

62

Blom–
Singer
ATSV and
ATSV II

USA Optional

Valve housing;
tape discs; foam
discs; true seal;
Barton--Mayo
stoma button; glue

47

Extravent Germany Optional

Provox
Stomafilterpflaster;
OptiDerm;
FlexiDerm;
XtraBase and
Regular; Provox
Lary Tube; Blom–
Singer

®
base plate;

Barton–Mayo
stoma button

55
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Intravent Germany No Button 56

Intravent-
2

Germany No

Cannula with
inflatable cuff
between cannula
and tracheal wall

56

There are different options for closing the tracheostoma, namely manual,

pneumatic or automatic. The pneumatic devices (e.g. the Intravent® stoma button,

Intravent®-2 tracheal cannula and Extravent® speech valve) are operated by a

small balloon connected to the valve by a thin tube55,56. The advantages are that

there are no mechanical parts that make noise, the patient does not need to point

to his/her handicap when he/she wants to speak and the control of the device is

totally in the hands of the patient. Obvious disadvantages are that one hand is still

needed to squeeze the balloon and there is a small risk of unwanted closure in

certain situations, e.g. during fainting or falling, when being pushed in a crowd.

Hands-free or automatic closure of the tracheostoma can only be accomplished

with a tracheostoma valve. Ideally, the TSV should have a great many features. It

must close when the patient wants to speak and must be open during normal

breathing or coughing and/or expectoration of phlegm. It must also have low, but

not zero, airflow resistance (to allow physical exercise)57, a low noise level (i.e.

turbulence and clicking sounds) and should be small, light and easy to connect

and disconnect for cleaning, maintenance or in emergency situations whilst also

providing firm fixation. Many patients suffer from respiratory symptoms, such as

excessive mucus production and coughing. Most of the early TSVs on the market

have to be removed during coughing because they have a valve that closes on

strong expiration. The Adeva Window and Provox Free Hands TSVs are

exceptions due to the incorporation of a “coughing lid”. Nowadays, TSVs can or

must be combined with filters.

HME filters perform three important functions of the nose that are bypassed after

laryngectomy: the inhaled air is warmed, moisturized and filtered. Tracheostoma

filters can reduce tracheal irritation and phlegm production and, if they are used

starting on the first postoperative day, patients can become accustomed to

breathing with the increased airflow resistance at an early stage and there is an

increased chance of success54,58,59. Filters with different airflow resistance, such

as the Aqua +® T Trachinaze®, Bivona, Provox®, Tracoe® humid assist, Portex®,
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Stom-Vent®, Trachemex®, Humidus Type 301, Humidifilter Blom–Singer®,

Humidotrach®, Trachvent, Thermovent T, Tracheolife, Tracheofix® tracheostoma

cover, Stom-Vent® HME filter, Stom-Vent® 257, Provox® HME cassette HiFlow™60

and Cyranose®61 with speech button, are now available so that patients can switch

devices depending on their activity level6. Several filters have been studied in

terms of moisture output, pressure drop, voicing and intelligibility (using

questionnaires).

Whether a patient can or will use the TSV and/or filter depends on many factors,

such as the size (not too much protrusion) and weight of the device, stoma shape,

phonation pressure, noise level, ease of connection, phlegm production, physical

activity, agility and comorbidity. The Provox Free Hands cannot be used without

attaching an HME filter to the back of the valve. This has the advantage that the

delicate mechanism of the valve is not hampered by mucus. However, mucus

easily collects at the back of the valve or in the filter, which increases the airflow

resistance and means that the filter has to be replaced. The Adeva Window can be

used with and without an HME filter. The filter can be placed on the front of the

coughing lid of the valve. During coughing, the mucus passes the valve and does

not become trapped in the HME filter.

Increased airflow resistance makes it impossible for some patients with a TSV to

perform strenuous physical activities.

1.4 Fixation of tracheostoma valves and HME filters

There are two common fixation methods for TSVs and/or HME filters. Firstly, the

device can be attached to the skin by means of self-adhesive strips or tape,

sticking plaster (such as FlexiDerm™, OptiDerm™, tape disc, foam disc)53 and/or

glue, and secondly by intra-luminal devices, such as a cannula, stoma button or

housing with flanges (ESKA–Herrmann and option for Adeva Window)6,48-52,59,63.

Fixation of the cannula is accomplished by means of a piece of string around the

neck, a pneumatically controlled cuff or adhesive discs (Lary Tube™). Silicon

rubber devices with flanges are fixed by the form of the housing.

Fixation of the Intravent-2 is different as it has an inflatable cuff just dorsal to the

cannula flange in the opening of the tracheostoma. Fixation is enhanced when

strong fixation is needed (during speech), and thus it would seem to be superior to

other cannulas.

The most common fixation-related problems are leakage of air and mucus. The

size and shape of the stoma and the peristomal skin play an important role. Other

disadvantages of the current fixation methods are painful skin irritation or even

skin and/or soft tissue infection caused by skin maceration and traction, tracheal
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irritation, time-consuming cleaning and re-attaching, noise, dislodgment and high

cost.

Many patients find it difficult to achieve airtight, firm fixation of TSVs and HME

filters and therefore need to be instructed carefully by stoma care practitioners. For

example, to fix the ESKA–Herrmann TSV and the Adeva Window fitted with the

intra-tracheal T-type silicone rubber, a surgically formed envelope (chimney

procedure) is required. This technique to create a tracheostoma is rather

uncommon in some countries. However, if the patient can become accustomed to

this intra-tracheal device, it can lead to satisfactory long-term airtight fixation64. To

install most other types of extra-tracheal device, the patients need a flat,

thoroughly cleaned area of skin around the tracheostoma48,59,65. Sometimes an

incision in the front border of the sternocleidomastoid muscles helps to flatten

peristomal contours1,50. Giacomarra et al.66 described a promising new solution for

tracheostoma stenosis. This so called star plastic, consists of a surgical technique

that combines radial incisions, V-shaped flaps and interposing flaps. In this way a

circumferential strip of peri-stomal cutis and sub-cutis is removed and when the

margins are sutured together with little traction, the stoma is widened.

For the adequate fixation of HME filters and TSVs, other solutions have been

suggested. For example, the low success rates achieved with the Barton stoma

button (Bivona) are due to the lack of a circumferential stoma lip, an irregular

stoma contour or inappropriate device size. Success rates can be increased, for

example by having a maxillofacial prosthodontist modify the button to the

geometry of the tracheostoma49,50. A technique was also published67 to adapt the

standard housing device of the Blom–Singer TSV: polyvinysiloxane impression

material was used to make a tight fit. Despite these solutions, long-term fixation of

a TSV or an HME filter is still a problem in a large number of patients.

Consequently, only 25–30% of patients use TSV devices on a regular basis53.

2. Discussion

After total laryngectomy, the fixation of prosthetic devices to enable speech is a

problem for many patients. In recent years, many prostheses and fixation aids

have been developed. For most patients in developed countries, the shunt valve is

available as a tool for successful voice rehabilitation. Patients who use this device

are bothered by leakage through and around the valve due to material and fixation

discrepancies, respectively. Sooner or later these problems will necessitate valve

replacement. The malfunctioning device can be replaced relatively easily, but

correction of the TEP generally involves various risks to the patient. These vary



Difficulties in the fixation of prostheses

34

from administration of antifungal drugs and injections in the party wall to rigorous

surgical corrections.

In contrast to the shunt valve, long-term use of the tracheostoma valve is only

feasible in a minority of patients. Many factors, such as pre- and post-

laryngectomy treatments, comorbidity, motivation, ability/skills and cooperation of

the patient, determine success. Also, higher success rates can be expected when

more attention is paid to the shape of the tracheostoma during the surgical

procedure itself2.

HME filters equipped with a manual speech valve stay attached more easily. Every

time the patient talks, the housing/adhesive base plate is pressed against the

peristomal skin again.

Two of the goals of the new Eureka-funded research project “Newvoice”

(www.eureka.be) are to develop improved fixation techniques for the TSV and

shunt valve and to develop an improved voice-producing shunt valve.

Improvements in the fixation of these prostheses imply better chances of

successful speech rehabilitation.

A deep lying stoma complicates proper attachment of tracheostoma valves (and/or

HME filters). A possible solution to improve the shape of the stoma and peristomal

skin, besides incision of the front borders of the sternocleidomastoid muscles, is to

use a circle shaped silicone rubber implant for tissue augmentation.This may help

to create a large flat area for device attachment. Another approach, analogous to

the success of the percutaneous bone-anchored hearing aid (BAHA)68,69, is the

tracheostoma tissue connector70, which may offer a solution for long-term

attachment of the TSV. In contrast to the BAHA, this is a soft tissue-anchored

device. A titanium ring will be used as a bone substitute because subcutaneous

anchoring is necessary.

Concerning the shunt valve, the tracheo-oesophageal tissue connector will have to

bridge the gap between the two mucosal tracts of the trachea and oesophagus.

This tissue connector is not based on bone anchoring but has to attach the device

to the walls and surrounding fibrous tissue of the dorsal trachea and anterior

oesophagus.

With both concepts, the mesh is the most important structure for soft tissue fixation

because it allows ingrowth of capillaries and fibrous tissue for firm implant fixation.

At present, these two prototypes are being designed and tested in animals71.
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3. Conclusions

Fixation problems frequently occur with shunt valves and cause device

malfunction. As fixation of TSVs is difficult, only a minority of patients use the

devices and benefit from hands-free speech. HME filters are easier to attach than

TSVs and are acceptable to the majority of patients.
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Abstract

Tracheal research covers two main areas of interest: tracheal reconstruction and

tracheal fixation. Tracheal reconstructions are aimed at rearranging or replacing

parts of the tracheal tissue using implantation and transplantation techniques. The

indications for tracheal reconstruction are numerous: obstructing tracheal tumors,

trauma, post-intubation tissue reactions, etc. Although in the past years much

progress has been made, none of the new developed techniques have resulted in

clinical application at large scale. Tissue engineering is believed to be the

technique to provide a solution for reconstruction of tracheal defects. Although

developing functional tracheal tissue from different cultured cell types is still a

challenge. Tracheal fixation research is relatively new in the field and concentrates

on solving fixation-related problems for laryngectomized patients. In prosthetic

voice rehabilitation tracheo-esophageal silicon rubber speech valves and

tracheostoma valves are used. This is often accompanied by many complications.

The animal models used for tracheal research vary widely and in most publications

proper scientific arguments for animal selection are never mentioned. It showed

that the choice on animal models is a multi-factorial process in which non-scientific

arguments tend to play a key role. The aim of this study is to provide biomaterials

scientists with information about tracheal research and the animal models used.
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1. Introduction

The trachea can be regarded as a large bore, thin walled cartilage reinforced tube

that connects the larynx with the main bronchi (see figure 1). The lumen of the

tube is covered with ciliated respiratory epithelium (see figure 2). Like other

epithelial tissue the tracheal epithelium is highly reactive to lesions, inducing

proliferation of the underlying cells to initiate wound healing1-3. When this process

is not stopped in time or when scar formation occurs, the tracheal lumen will be

narrowed and the passage of air might be hampered. In case the trachea is

affected by obstructing malacia or stenosis4 caused by perichondritis, chondritis,

tumor, burns, trauma and post-intubation injury, congenital hypoplasia or complete

tracheal rings3,5, a segmental resection of the affected trachea has to be

performed to prevent a patient from suffocation.

After small resections, an anastomosis can restore continuity. However, tracheal

resection disrupts the continuity of the epithelium, which may lead to an

interrupted transport of microparticles and mucous from the bronchi to the mouth,

as well as to the complicated wound healing as mentioned before. When large

resections are needed (e.g. more than 50%) primary anastomosis can hardly be

accomplished because the distance between both ends is too long to close with

sutures. In those cases, the gap has to be closed with an implant or reconstruction

method. When this is not possible the inferior end of the trachea has to be led

outside and fixed to the skin of the neck, a so-called tracheostoma. Due to the fact

that the trachea is partially located outside the thoracic cavity the clinical aspects

are mostly studied by ear, nose and throat and thoracic surgeons. Although many

different reconstructions have been described like slide tracheoplasty,

prosthetics/implants, autografts (tissue transplanted from one part of the body to

another part of the same body), allografts (tissue transplanted from one individual

to another individual of the same species) and tissue engineered constructs, none

of them have yet resulted in a clinical application on a large scale1-32. Tissue

engineering combines the principles of engineering with life sciences for the

development of biological substitutes and restore, maintain or improve tissue

function33.

Another field of research on the trachea concerns laryngectomized patients: the

larynx and surrounding tissues are excised and a tracheostoma has to be created.

Valve systems used for voice rehabilitation are fixed to the skin and the trachea.

This fixation, however, is troublesome and inconvenient. Consequently, there is

still an apparent need for tracheal reconstruction and tracheal fixation research.

Most of this research needs animal studies to validate its possible clinical

applicability.
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Figure 1. Larynx, trachea and bronchii. Henry Gray (1825–1861); Anatomy of the Human Body
1918 (Fig. 961).

Figure 2. Cross-section of tracheal wall. Henry Gray (1825–1861); Anatomy of the Human Body
1918 (Fig. 964).
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The animal models that have been used in this research field vary widely. The

aim of this article is to give a review of tracheal research with regard to the animal

models that were applied, focussing on the animal species used and the purpose

of the experiments.

2. Tracheal (re)construction research

Tracheal reconstructions encompass several surgical techniques aiming at

rearranging or replacing of the tracheal tissue using incisions, excisions or

extirpations, implantation, transplantation, or combinations of these. Small

excisions can be covered by patches, varying from biomaterial grafts to soft tissue

and cartilage patches. Larger reconstructions concern circumferential conduit

excisions followed by implantation of artificial conduits, tracheal transplants or

hybrid autograft techniques. Hybrid autograft techniques contain tissue of the

same individual combined with non-biological materials such as silicone

rubber1,23,27,28,34. This surgery has to result in an airtight tube, avoiding leakage of

air during in- and expiration, thus preventing emphysema and serious infections.

Furthermore, the trachea has to become laterally rigid to prevent collapse during

inspiration and longitudinally flexible to allow neck movements35. Also its lumen

should be lined with a surface of functional ciliated respiratory epithelium (figure

2)3,14-16.20,22,35. Depending on the length of the implant an adequate vascularization

has to be guaranteed1,2,13,24,28. An extended overview of (re)constructions is given

by Grillo13. He categorized the following reconstruction techniques: implantation of

solid and porous foreign materials, non-viable tissues (allografts), vascularized

autogenous tissues (autografts) whether or not combined with artificial materials,

different kinds of non-vascularized tracheal transplantations and tissue

engineering. Also, others concentrated on one of the categories described by

Grillo like circumferential rat tracheal allografts34, stent-assisted laryngotracheal

reconstruction36 and tissue engineering of respiratory epithelial cells37.

2.1 Reconstruction methods and difficulties

Transplantation seems to be the most logic step to reconstruct or replace the

trachea. However, immediate orthotopic reimplantation of an animal's own trachea

after excision (a fresh autograft) was hardly successful13; cryopreserved, irradiated

human donor tracheas showed a relative low immunologic reaction. The treatment

consisted of heating at 57°C for 20 min, preserving at 70°C for 48–72 h, gamma-

radiation for 5 h (25 kGy) and storing until use at 70°C. Nevertheless, cartilage

and perichondrium still can exert a mild antigenicity due to antigenic sites from the
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collagen matrix and in the protein core of proteoglycan molecules29. The authors

claim that these grafts do not require microvascular anastomosis nor

immunosuppressant medication. Strome et al.38 reported one case of a laryngeal

and partial tracheal transplantation with an HLA matching donor graft that

remained viable after 40 months in a 40 year old man. Mitomycin-C, a fibroblast

inhibitor on laryngotracheal wound healing seemed to prevent liquefactive necrosis

of autografts36. Different tracheal transplantations and implant reconstruction

techniques were studied extensively: slide tracheoplasty12,13,32, muscular flaps6,11,

different (T )stents4, thyroid, auricular and costal cartilage graft8, allo- and

xenograft25. In general, it appeared that the longer the graft, the lower the success

rates3,12,13,28.

Reconstruction of the trachea is accompanied by complications such as

(re)stenosis, malacia, foreign body and immune rejection, ischaemic necrosis,

infection, material failure and hemorrhage2,3,10,20,21,25,29.

Different strategies are known to circumvent the problem of ischaemia of a tissue

implant. The first is to use a (micro)porous structure, that allows ingrowth of small

vessels. These structures are hybrid constructs, e.g. composed of a polymer

scaffold or mesh in combination with tissue from another individual but of the same

species. Secondly, there are pedicled tissue transfers of different origin like

omentum majus28, pericardium32, skeletal muscles6 and skin1. The requirements

for using pedicled tissue transfers are that either the source of the transferred

tissue has to be located close to the tracheal defect or that the vessels of the graft

must be long enough to bridge the gap between its origin and the trachea. In this

technique, no reanastomoses of vessels are necessary. The third option is to

excise tissue like skin, including their supply and drainage vessels and reconnect

them at the site of the trachea13.

Solid-type implants such as silicone rubber, glass, silastic or stainless steel

tubes17,24, Dacron, polyurethane, polytetrafluoroethylene (PTFE), polypropylene

(Marlex©) mesh, titanium, porous polyethylene (Medpor®)6 have been tested as

functional and sustainable conduits13. As support, combined with other techniques

like tissue engineering they may function but not as full thickness tracheal

replacement. Because of the low success rates of long solid non-porous tubes

these implants has become obsolete now. Schultz et al.2 suggested a porous

titanium structure for laryngotracheal reconstruction. The integration with tissues

seems to be good with this rather small implant.
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2.2 Tissue engineering

In the field of tracheal research, tissue engineered (assisted) solutions have

gained a lot of interest3,20-22,39-42. In order to maintain the viability of all tissues

within a three-dimensional matrix, the engineered product needs a micro-

vasculature to supply the tissues with all relevant nutrients and oxygen and to

discharge it of waste products14,16,24. The combination of different tissues

(respiratory epithelium, cartilage, blood vessels, etc.) for consequently in vitro and

in vivo culturing is currently one of the biggest challenges in tissue engineering

science. So far combinations of tissue engineered cells (such as chondrocytes of

epithelial cells) with tissue engineered blood vessels are not yet available.

Tracheal tissue is complex. It is composed of chondrocytes, respiratory epithelial

cells, collagen matrix and blood vessels. Chondrocytes can be harvested from the

cartilage of the ear, nasal septum or bone joints and epithelial cells can be

harvested from the nasal mucosa. Cells to use for culturing blood vessels like

endothelial cells and smooth muscle cells can be harvested from arteries or veins.

Expertise increases on tissue engineered one-cell-type constructs. The results of

culturing respiratory epithelium on collagen15,19,22, hyaluronic acid derivative15 and

hydrogel20 look promising. After culturing chondrocytes and ciliated epithelial cells,

the ciliated epithelial cells can be injected into the cylindrical cartilage tubes24 or

mixed and clotted to a capsule surface16. A confluent epithelial layer can be

constructed in this way. Doolin et al.14 managed to glue respiratory epithelial cells

to chondrocyte constructs. The epithelium remained in its original morphology. The

results of in vivo research are poor. Most of the time constructions of chondrocytes

show problems in maintaining viability and early stenosis with respiratory distress.

No results of combined constructs of chondrocytes and ciliated epithelial cells

have been reported suitable for clinical application.

Successful tissue engineering of cartilage tubes or other 3D structures has been

achieved on scaffolds like polyglycolic acid (PGA)23,43, combined with silastic

tubes24, monofilament polypropylene mesh14, polymer fleeces of poly L-lactic acid

coated with poly L-lysin40, demineralized trabecular bovine bone and polyglactin (a

polyglycolic–polylactic-copolymer or (PLGA))18. Also, other combinations were

tested like expanded PTFE, glass-ionomer cement and pHDPE (porous high-

density polyethylene)27. The type of scaffold used is important for the

differentiation of cells. Polymeric gels such as hyaluronic acid, collagen, alginate

and chitosan are not sufficient to control the direction of growth but immobilize the

chondrocytes and permit the maintenance of their phenotype42. Smart scaffolds

could allow properties like controlled release of incorporated inflammatory
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inhibitors, antibiotics, growth factors to modulate growth, differentiation and

angioneogenesis44,45. They might offer a good basis for tracheal reconstructions.

3. Tracheal fixation research

3.1 Laryngectomy

In many patients with advanced or recurrent laryngeal or hypopharyngeal cancer a

total laryngectomy is indicated. During laryngectomy the larynx is removed

completely. This surgical intervention interferes with functions of the larynx:

phonation, respiration and deglutition. The respiratory tract is modified by the

construction of a tracheostoma in the anterior part of the lower neck that bypasses

the upper airway thus making it impossible for patients to speak, smell, filtrate,

heat and humidificate the inhaled air46.

3.2 Rehabilitation

Tracheostoma heat and moisture exchange (HME) filters have been developed

that warm and moisturize the inhaled air artificially. Tracheostoma filters can

reduce tracheal irritation and mucus production47-49. When applied directly after

the first post-operative day, patients stay used to breathing against the normal air

flow resistance (before laryngectomy) at a very early stage. This increases the

success rates substantially49.

In many cases, speech is restored by placing a valve in the wall between trachea

and esophagus. Laryngectomees phonate by closing the tracheostoma manually

and guiding the expirated air through the tracheo-esophageal shunt valve or voice

prosthesis. Mucosal vibrations caused by the airflow are responsible for voice

production. Recently, a voice producing prosthesis has been introduced50,51.

In the rehabilitation process, closing the tracheostoma manually is non-hygienic

and inconvenient. Moreover, by doing so the patient points at his handicap every

time when he or she wants to speak. To enable hands-free speech, a

tracheostoma valve was introduced by Singer and Blom in 1982. It can be closed

by a large spurt of exhaled air47,48,52,53.

3.3 Fixation techniques

For the HME filters and the tracheostoma valves fixation is accomplished by glue

and/or a skin patch, a surgical created chimney, a stoma button or connection to a

canula together with glue or a neck cord. The first option requires a flat surface

and thoroughly cleaned skin around the tracheostoma and often causes irritation

of the skin48,52,54. Sometimes an incision in the front border of the
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sternocleidomastoid muscles helps to flatten peristomal contours55. Airtight and

firm fixation of tracheostoma valves and filters is problematic for many patients.

The fixation of most tracheo-esophageal shunt valves is now established by a

flange in the esophagus and in the trachea. However, this is in many cases not

without local complications, such as granulation tissue, enlargement of the

puncture hole, stenosis and migration of the tracheo-esophageal puncture. This

can result in failure of the valve and the tracheo-esophageal puncture. Leakage is

the most important reason of failure, which can occur in two different ways.

The first being through the shunt valve and second along the shunt valve (peri-

prosthetic leakage), both with different aetiology. Nowadays, all of the tracheo-

esophageal shunt valves implanted are made of silicone rubber, sometimes in

combination with other materials like teflon or metal. Silicone rubber is prone to

biofilm adhesion and ingrowth by yeasts (like Candida species) and bacteria. This

process leads to valve dysfunction: leakage of fluids from the esophagus and

increase in airflow resistance and therefore implies more effort is needed to

speak56-59.

The leakage along the shunt valve is caused by tracheo-esophageal puncture

enlargement or incorrect fitting at the time of implantation. To correct the tracheo-

esophageal puncture, injection of Bioplastique® collagen solution (Bioplasty,

Geleen, The Netherlands), in the surrounding soft tissue sometimes can help

resolving this problem60. In some cases an interposing pectoralis major

myocutaneous flap is needed to close the fistula61. Op de Coul et al.62 reported

that of all replacements of Provox® 2 prostheses 13% were fistula related.

Consequently, improved tracheal fixation systems focussed on both voice

prostheses and HME filters would benefit patients and clinicians.

To improve the fixation of rehabilitation devices for laryngectomees, new concepts

and designs for fixation mechanisms are needed. This can increase patients’

quality of life and decrease costs46. In the recent years a tissue connector concept

for tracheal fixation of the tracheostoma valve and fixation for the voice prostheses

has been designed. This tissue connector consists of a titanium ring, that was

placed in the lumen of the trachea, penetrating the tracheal wall.

For external support a polypropylene mesh was placed around the trachea

and connected to the tracheal ring (see figure 3)52.
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Figure 3. Schematic view of the post-laryngectomy situation. Left and right enlarged: proposed
tissue connector concepts of Geertsema et al.

65
. The dotted line represents the mesh.

4. Animal models

4.1 Considerations

An animal model can be defined as a living organism that in one or more

anatomical or physiological aspects can be compared with the healthy or diseased

man because of the reaction upon external stimuli. Choosing an animal model

therefore strongly depends on the scientific question to be answered and the fact

whether the phenomena studied, are comparable between man and the animal

model. Besides that, also practical aspects seem to play an important role in the

selection of an animal model: availability, required housing, accommodation and

care, manageability, available instrumentation, knowledge, experience and

expertise, and costs63-64.

The optimal animal model for tracheal research should approach the stereometry,

histology, immunology metabolism and physiology of men as close as possible.

The choice of the animal model should therefore depend on the goal of the

research. In large animal models, tracheal diameters, wall thickness and the ratio

between implant or construct and trachea can be compared better with men than

in small animal models.

In case of models for tracheal allotransplantation, outbred animals, like rabbits,

hamsters, guinea pigs are suitable for basic immunological graft assessment.

Genetically defined MHC disparate inbred species, like some mice and rats, are
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suitable for advanced immuno-characterization of the animal model65. For

applications of tracheal tissue engineering large animals should be used (e.g.

goats, sheep). In this way the implanted part of the trachea mimics the human

trachea most (in respect to size and cell numbers). After successful replacement

of small parts of the trachea by tissue engineered constructs, the clinically more

relevant large excisions (>50%) and reconstructions should be studied.

Control groups are difficult to define here. In small reconstructions Fuchs et al.66

took a control group which had autologous free grafts of cartilage from the ear. In

the future the pedicled autograft reconstructions might be a suitable control group

for studies to compare with the vascularized tissue engineered implant, because of

the similarity in blood supply. Tissue engineered constructs seem to play a key

role for large reconstructions in the future.

4.2 Animal studies

Geertsema et al. used goats in his tracheal fixation experiments67 after titanium

showed good biocompatibility68. In theory, the trachea of a goat has similar

horseshoe shaped cartilage semi-rings69-70, antero-posterior and transversal

diameters in comparison to those of humans (see figure 4). However, harvested

Saanen goat (Capra hircus L.) tracheas seem to have inter-individual differences

in diameter and shape (see figure 4-6) (Unpublished results). Wiatrak et al.31

studied autologous cartilage graft epitheliazation in a goat model. The goat was

chosen because the laryngotracheal complex is superficial and easily accessible,

the trachea is similar in size and shape to that of human and the cervical trachea

is long, which in theory should reduce the chance of ascending infection. Fuchs et

al. used 20 pregnant sheep to compare fetal tissue engineering with autologous

free (tracheotomy) grafting for in utero tracheal repair. The engineered tracheas

showed less deformation than the autografted ones. Cartilage was harvested from

the ear or tracheal rings of the fetal lambs.

After mincing the tissue and separating the chondrocytes from their matrix, they

were cultured in medium for 3–4 weeks. Subsequently, PGA mesh pieces of

1 cm2 coated with a collagen solution were dynamically seeded under stirring

condition for 6–8 weeks before they were surgically implanted. This showed to be

a successful technique3. Behrend et al.35 performed mechanical tests on 24

tracheas of German sheep collected from the slaughterhouse to examine the

influence of treatment with trypsin/EDTA (ethylenediamine tetraacetic acid). No

explanation for the choice on sheep was found.
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Figure 4. Cervical trachea (cut) of an adult saane goat.

Figure 5. Five different cervical tracheas of goats provided by the health service for
animals (Deventer, The Netherlands, dept. Pathology). Note the difference in shape of
cartilage semi-rings.

Figure 6. In case of almost "merged" rings it is possible to dissect the rings partial while keeping
the mucosa intact.
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In tracheal replacement experiments with solid implants materials, dogs were

reported to be used in most cases. For implantation of non-viable tissues, studies

in rat, guinea pig and pig were reported13. Newborn piglets were used to mimic

human neonates or infants because of their tracheal size and growth12.

A feasibility study using tissue engineered cartilage cylinders to repair

circumferential defects ranging in 4-6 cartilage rings was performed in nude

(athymic) rats23. Five centimeters circumferential defects were studied in 2-4

weeks old New Zealand white rabbits18 as well as in 2 months old sheep17.

Delaere et al.11 used New Zealand white rabbits for his anterior tracheal patch

repair research but used Dutch-belted rabbits as a donor too. In another report of

57 laryngotracheal reconstructions with thyroid, auricular and costal cartilage

autografts again these rabbits were used8. Construction of artificial trachea with

tissue engineering without creating tracheal defects in nude mice is considered to

be a part of tracheal reconstruction research24.

Table 1 lists common used animal species in tracheal research, as well as the

type of research, the defects studied, the main materials used and the references.

5. Discussion and conclusion

Selection of animal models is prone to many subjective (non-scientific) factors as

experience of the animal caretakers with certain species and environmental

factors such as availability of housing and facilities, personal and financial

resources. That is why so many different animal models are mentioned in the

literature.

Application of the Animal Experiment Science well-known three "R's";

Replacement, Reduction and Refinement give some guidelines that can help

making an ethical decision for experimental models63. First, in vitro research must

be fully exploited to avoid unnecessary use of animals. The choice of the animal

should be well justified in every publication in which animal experiments are used.

In case of long or large tracheal replacements or (re)constructions, the

requirement of size and shape of the trachea is important. In this perspective,

animals with a long cervical tracheal tract like goats seem a good model; similar

size and shape and easy access. Apart from this, in general, it can be stated that

extrapolation to the human setting of results of laboratory animal studies is easier

when large outbred animals are used, because they are considered to have a

similar genetic variability. However, interpretation is made more difficult because

of the same fact. The differences in surface of a tracheal defect to be covered with

epithelial cells between a mouse and goat are self-evident. Also, it can be argued
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that a genetical variation, similar to human beings is included with outbred

species. Nevertheless, interpreting results must be done in a restraint manner

since many factors determine the success.

Most tracheal reconstruction research showed success on small or short

replacements and inserts. In general, the lack of viability of the implant seems to

overrule the positive effects.

In the multi-disciplinary field of tissue engineering the number of in vitro, in vivo

and clinical applications is increasing21,25,42,45,71. In the latter case tissue

engineered skin is used in patients to cover burns. Tracheal reconstruction and

fixation have become a subject of interest here as well. However, before high

success rates can be achieved in repair of large tracheal defects, the behavior and

interactions of all relevant tissue engineered cells (cartilage, mucosa, vessels,

etc.) should be further elucidated in vitro and in vivo.

Separate culturing of the many relevant different cell types in vitro has already

shown to be successful15,19. A few combinations of cartilage or fibrous tissue and

glued tracheal epithelium cells have been reported14,16. Incorporation of arterial

and venous vessels in such constructs is still a challenge ahead since the

vascularization of the native trachea is complex1,11,29,35 and in in vitro cultures the

possibilities of oxygenation in bioreactors is limited. Some procedures contain a

combination of the constructs with a collagen-based glue and implantation with a

vascular anastomosis1 to guarantee sufficient oxygenation and stimulate further

growth. The goal is to avoid multiple surgical treatments for patients. Tissue

engineered constructs are vulnerable. Apart from the time that is available for

manufacturing an implant the construct must be easy to handle and to implant by

the surgeon without damaging it. Therefore, it will demand extra specialist skills,

also suitable equipment still has to be developed25.
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With regard to tracheal fixation, initial research with the tissue connector using a

titanium ring and Marlex® mesh showed promising results67. Titanium is a proven

biocompatible material68 and surface properties can influence the direction and

speed of tissue growth72-74. If a titanium structure, fixed to the trachea67, with the

right surface treatment and initial firm fixation can be realized, this may solve the

problems related to the fixation of filters and tracheostoma valves.

Table 1 shows that several animal species have been used in tracheal research,

varying from small mono-gastric immune deficient nude mice to large domestic

ruminants. Although one could draw the conclusion that almost any animal can be

used for tracheal research, the opposite is true. In fact, the large variety of choice

emphasizes the limitations of animal models, namely to study on (and sometimes

more) aspects that can be compared with men. In many cases species-specific

anatomy, such as the shape and size of the goat trachea, enables comparative

studies. However in some cases, regurgitation of these ruminants, make some

studies impossible. Moreover, some markers for tissue damage and cell adhesion

have never been validated for animal use, different animals react differently on

anesthesia, analgesia, immune suppression and medication.

In conclusion, it can be stated that there is no consensus on the use of animal

models for tracheal research.

Harmonization and standardization are far away due to the complexity of the

tracheal tissue.
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Abstract

In cancer patients who have undergone total surgical removal of the larynx, voice

rehabilitation should ideally be performed using a shunt valve (placed in a fistula of

the tracheoesophageal wall) and a tracheostoma valve to enable hands-free

tracheo-esophageal speech. A tracheostoma is created by suturing the trachea

into the lower anterior part of the neck and a tracheostoma valve is a device that

can be placed at the stoma. Unfortunately, many patients are unable to use a

tracheostoma valve, mainly due to fixation difficulties. To improve the fixation of

the tracheostoma valve, tracheostoma tissue connector prototypes have been

designed. Prototype 1 consisted of a titanium ring, inner diameter 30 mm, with a

circular polypropylene mesh glued to it with silicone adhesive. Four holes had

been drilled into the ring for the insertion of subcutaneous and percutaneous

screws. Prototype 2 consisted of a silicone rubber ring, inner diameter 30 mm,

combined with polypropylene mesh and four titanium inserts that functioned as a

base plate for the insertion of subcutaneous and percutaneous screws. In adult

female goats a tracheostoma was created and the prototypes were implanted.

After 6 weeks of subcutaneous implantation, percutaneous screws were inserted.

After twelve weeks, the experiment was terminated and the implants with the

surrounding tissues were processed and examined histologically. The clinical

appearance during weeks 7 to 12 varied from very poor to relatively good.

Histologically, the implants showed a uniform inflammatory response. We found

that all the tissue surrounding the screws showed signs of epithelial downgrowth. It

was concluded that the two-stage implantation procedure of our prototype

tracheostoma tissue connectors (TS-TCs) in this animal model was unsuccessful.

Additional research efforts are necessary to improve tissue immobilization and to

devise reliable fixation systems for tracheostoma valves.
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1. Introduction

In many cases of advanced larynx or hypopharynx cancer, or cancer recurrence,

total laryngectomy is needed as either the primary treatment or as a salvage

surgical procedure. After laryngectomy, the trachea is diverted towards the neck,

where a tracheostoma is formed. A shunt valve is often placed in the tracheo-

esophageal wall for speech rehabilitation purposes. After respectively inhalation,

manual occlusion of the stoma and expiration, the air is led through the shunt

valve. In the esophagus, the pharyngoesophageal segment starts to vibrate, which

enables the patient to speak. Bypassing the upper airway tract by creating a

tracheostoma has serious respiratory consequences, such as reduced filtration,

heating and moistening of the inhaled air1. To overcome these problems, a heat

and moisture exchange (HME) filter can be applied. Tracheostoma occlusion can

be achieved directly using a finger, via an HME filter (such as the Provox HME

cassette) or with a tracheostoma valve (TSV). Different types of TSV can be

distinguished: pneumatically (manually) or automatically operated, with and

without a coughing-lid. Some can or must be combined with an HME filter, while

others cannot be2. The commercially available TSVs are based on the exhalation

principle (they close after a burst of exhaled air). A TSV based on inhalation has

also been developed, but is not yet commercially available3,4. There are two

different methods for fixing the TSVs and HME filters to the tracheostoma. Firstly,

an intraluminal device such as a canula or silicone rubber structure with flanges

(the T-tube, this requires the surgical chimney technique5) and secondly, silicone-

based skin glue, adhesive base plates or plasters with a housing for the TSV2.

Numerous factors determine whether a patient can or will use a TSV, such as

good fixation, financial cost, the attention drawn to the device, mechanical sounds

when using it, the patient’s dexterity, adequate instructions and training,

profession, stoma shape and ease of use. Despite the introduction of the

tracheostoma valve more than 20 years ago6 only a very small number of patients

have been able to use a TSV. The 19 30% of patients reported to use a TSV on a

“daily” basis remains questionable, because there are no rigid definitions of “daily”

or “regular” use7-9. Problems with fixation and unreliability of the system are the

most important reasons why patients cannot use a TSV or stop using it.

TSV fixation is prone to early loosening in most laryngectomized patients, due to

mucous production and increased tracheal back pressure during speaking and

coughing. The result is leakage of air and mucus. During manual occlusion,

counter-pressure is applied to balance the tracheal back pressure needed for

tracheo-esophageal speech. However, one study indicated that tracheal back

pressure was not a significant factor to predict valve seal attachment time of the
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Blom-Singer TSV10. Other disadvantages of the current fixation methods are

painful skin irritation or even skin and/or soft tissue infection caused by skin

maceration and traction, time-consuming cleaning and re-attaching, noise,

dislodgement and high financial cost. To reduce the fixation-related problems,

further research has produced an interface between soft tissue and the TSV: the

so-called tracheostoma tissue connector (TS-TC)11-13.

Several ideas and strategies were considered, such as subcutaneous magnets

and percutaneous pins anchored in the surrounding bone structures. In this project

these two ideas stated have led to the production of two prototypes as it was

thought that these would be successful approaches for fixing tracheostoma valves.

At present no tissue connectors are commercially available for this purpose.

The TS-TC is a per-mucosal or percutaneous connection, based on bone-

anchored percutaneous and permucosal connections, such as the bone-anchored

hearing aid (BAHA)14,15, pins for the fixation of maxillo-facial prosthetics16, dental

implants and soft tissue based implants17-25. The aim of this study was to select the

best TS-TC concept and to test its feasibility in animal experiments. We report on

two implanted prototypes and the subsequent histological analysis of the device-

tissue explants.

2. Materials and methods

2.1. Tracheostoma Tissue Connector

2.1.1 Prototype 1

The first TS-TC prototype tested in vivo consisted of a ring (inner diameter 30

mm) made of CP titanium grade 2 (Thijssen Krupp B.V., Zwijndracht, the

Netherlands) combined with polypropylene mesh. To prevent the mesh from

tearing, the transition between the solid titanium ring and the mesh had a rounded

shape. The mesh itself was meant to encourage capillary and fibrous tissue

ingrowth to immobilize the implant. Four holes had been drilled into the ring for

the insertion of percutaneous screws. After placement, it is intended that the

tissue will attach itself to the titanium ring. Together, these components resulted

in a percutaneous connection device. TSV and /or HME filters can be attached to

the percutaneous screws. The rings were ultrasonically cleaned in a soap solution

(RBS ultrasonic cleaning), rinsed in water, cleaned in trichloroethylene, rinsed

again in hot water and dried in air.

The knitted monofilament polypropylene mesh (Bard® Mesh, Bard Benelux N.V.,

Nieuwegein, the Netherlands) was cut to the appropriate size and cleaned in

alcohol 70%. With a special glue device (I&J Finsar Inc.® JBE 1113, Eltest,
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Zoerstel, Belgium) for controlled application of MED-1511 RTV silicon adhesive

(NuSil Technology, Carpinteria, CA 93013, USA) the mesh was glued to the

titanium rings. The implants were dried for at least three days and rinsed in

distilled water for one day to allow the acetic acid to disappear. The implants were

sterilized in an autoclave with a maximum temperature of 1210C for 20 minutes.

The implant is shown in Figures 1a and 1b.

2.1.2 Prototype 2

The second prototype consisted of a silicone rubber (MED-6033 silicone

elastomer, (NuSil Technology, Carpinteria, CA 93013, USA)) ring (inner diameter

30 mm) combined with polypropylene mesh and four titanium inserts. No glue was

needed, because the mesh had been enclosed in the silicone rubber ring during

the production process. The inserts were made of CP titanium grade 2 and

functioned as a base plate for the insertion of subcutaneous and percutaneous

screws. For good chemical bonding, the inserts were primed with CF6-135 high

technology silicon primer (NuSil Technology, Carpinteria, CA 93013, USA) and

dried in air. After the inserts and an oversized piece of mesh had been molded in

the ring, the implant was cured in an oven for approximately 3.5 hours at a

temperature of 900C. Afterwards the excess silicone rubber was removed. The

rings were cleaned ultrasonically in a soap solution (RBS ultrasonic cleaning),

rinsed in water and in 70% alcohol. Sterilization was performed similar to prototype

1. Further details are shown in Figures 2a and 2b.

Figure 1a. Close-up of prototype 1 with phase-
1 screw.

Figure 1b. Prototype 1 with phase-2
screws (three Al2O3 blasted screws of 1, 2,
and 3mm diameter and one untreated with
2mm diameter). Inner diameter of the ring
is 30 mm.
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2.1.3 Screws

All the screws were made of CP titanium grade 2. Phase-1 and phase-2 screws

had been designed and produced for each prototype. The base of the screws for

prototypes 1 and 2 were different, so that the connection between ring and screw

was smooth with the least risk of dead spaces. Phase-1 screws were small and

intended for subcutaneous implantation only (see figures 1a and 2a). These

screws served to prevent dead space and to locate the insertion holes for the

phase-2 screws. After a 6-week period of implantation, the subcutaneous screws

were palpated and removed, and the percutaneous phase-2 screws were installed

(see figures 1b and 2b). The phase-2 screws were longer and designed for

percutaneous connection. All of the phase-2 screws were identical in length, but

the diameter and surface differed: three screws with diameters 1, 2 and 3 mm

were blasted with aluminum oxide particles (particle size 200 300 microns) with a

pressure of 5 bar at a distance of approximately 7 cm (approx. RA 3.0–3.5) for

surface roughness enhancement. The fourth screw with a diameter of 2 mm was

not blasted and therefore smooth (approx. RA 0.5). The implants were cleaned

ultrasonically in RBS soap and alcohol. Then they were cleaned in

trichloroethylene, rinsed in boiling water and dried in air. After packing, the screws

were sterilized in the same way as described above.

2.2 Surface characterization

XPS analysis was performed to test the elemental composition of the surface of

samples of prototype 1, prototype 2 and the phase-2 screws (after packing and

sterilization in the autoclave). Surface roughness measurements were performed

Figure 2a. Close-up prototype 2 with phase-1
screws.

Figure 2b. Prototype 2 with phase-2 screws.
(Three Al2O3 blasted screws of 1, 2 and 3 mm
diameter and one untreated with 2 mm diameter).
Inner diameter of the ring is 30 mm.
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with laser scanning profilometry (Proscan 2000, Scantron Industrial Production

Ltd., Taunton, UK) and the implant surface was also imaged by scanning electron

microscopy (SEM).

2.3 Experimental animals and implantation procedure

After approval of the project by the Ethical Committee for animal experiments at

the Radboud University Nijmegen Medical Centre, 19 adult female Saanen goats

(Capra hircus) (2.5 3 years, 60 80 kg) were obtained for the study. This animal

species was chosen mainly because the dimensions of the goats’ trachea are very

similar to those of humans26, the animals are easy to handle and the species is an

available and affordable breed in the Netherlands. The goats were housed

individually in a stable according to national and institutional guidelines. Two sets

of experiments were planned: Group 1 (n=17 including 2 pilot study animals) and

group 2 (n=2 only pilot study animals). Follow-up was 12 weeks. The implantation

experiment was divided into two phases. Phase 1: weeks 0 6 and phase 2: weeks

7 12. t=0 was defined as the day of surgery.

2.3.1 Group 1

The surgical procedure was performed under “full sterile” conditions at a modern

operating theatre. As anesthesia, the animals received 0.5 mg atropine i.m.,

medetomidine (Domitor®) (A.U.V., Cuijk, the Netherlands) 25 μg/kg i.m.,

pentobarbital (Nembutal®) (A.U.V., Cuijk, the Netherlands) 10 20 mg/kg i.v. and

propofol 2 mg/kg bolus and 8 mg/kg/h maintenance i.m.. Also, they were intubated

via the oropharynx in the trachea and ventilated with O2 (30%), N20 (70%) and

Isoflurane (ca. 1.5%). The frontal neck area was shaved, washed and disinfected

with poviodone solution and covered with sterile sheets. Suction and diathermic

knife cauterization were available. A vertical (cranio-caudal) median incision

(approx. 5 6 cm) was made to prepare the neck muscles and pre-tracheal fat

tissue and expose the cranial region of the trachea. The trachea and esophagus

were separated locally, while leaving the laryngeal nerves unharmed. Laryngo-

tracheal separation was performed three semi-rings below the cricoid by cutting

the trachea in a transverse plane. Three to six semi-rings of the trachea were

excised to create a tracheostoma with the least tension at the appropriate level

(such that hair and the chin interfered as little as possible with the stoma). A

circumferential incision was made in the perichondrium on the exterior tracheal

wall. The superior part of the perichondrium and mucosa of the third cartilage

semi-ring were stripped to create an extra large soft-tissue border and the

underlying piece of cartilage was removed. This was done to facilitate closure of

the distal laryngeal pouch. In 1997, a comparable procedure was described by
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Prince and Nasser27. The tissue connector with four phase-1 (short) screws was

inserted and glued to the surrounding tissue with fibrin tissue glue Tissucol Duo

(Baxter B.V., Hyland Immuno, Utrecht, the Netherlands). A separate tracheostoma

was created. Six weeks later, the skin at the site of the screws was punctured with

a 2 mm Biopsy Punch (Stiefel Laboratories Ltd., Finisklin Industrial Estate, Sligo,

Ireland) and the phase-1 screws were replaced by the phase-2 (long) screws (see

figures 3a and 3b).

2.3.2 Group 2 (pilot study)

Two animals received prototype 2. The only difference in the surgical procedure

from group 1 was that the median cranio-caudal incision in the anterior neck was

extended to incorporate the tracheostoma.

Figure 3a. Sagital cross-sectional diagram of the implantation area with prototype 1 and phase-2
screws. L: Laryngeal pouch, T: Trachea, E: Esophagus, V: Cervical vertebra

Figure 3b. Anterior view of the neck of a goat after prototype 1 implantation and additional plastic
rings sutured to the skin for canula fixation
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2.4 Preoperative and Postoperative management

Postoperative lateral and antero-posterior X-rays were taken to check the position

and alignment of the tissue connector. Afterwards, the animals were transferred to

the stable for recovery and an adapted tracheostoma canula was inserted. The

goats received stoma care 3 times per day and later strictly every 6 hours. Stoma

care consisted of removal and cleaning of the canula with a moist gauze and

poviodone or 0.5% w/v chlorohexidinedigluconate in 60% w/v isopropylalcohol

(Hibisol®, A.U.V., Cuijk, the Netherlands). Also the animals received an

intratracheal instillation of 10 ml saline to provoke a coughing reaction and also to

clean and moisten the trachea and bronchi mechanically. Mucus crustae or plugs

were carefully removed using forceps or a suction unit. After cleaning the trachea

was inspected with a light source and with a flexible endoscope (3 times a week).

A mucolytic agent, dissolved in water (0.25 mg/kg bromehexine (Broxolvon®), was

administered twice a day orally to allow easy clearance of mucus. To reduce the

possibility of crust formation additional air humidifiers were installed in the animal

room to achieve a relative humidity of at least 60%. In phase-2 iodine solution

wound spray (Dutiplast®, A.U.V. Veterinarians, Cuijk, the Netherlands) was used

three times a day for disinfection around the percutaneous pins.”

All tracheostoma canulas were shortened to prevent impingement of the anterior

tracheal wall. Nevertheless, silver tracheostoma canulas caused damage to the

tracheal wall and crust formation. We found that silicone rubber Provox® Lary

Tube™ (Atos Medical, Hörby, Sweden) and Shiley tracheostomy tubes (with inner

canula) (Mallinckrodt Inc., St. Louis, MO, USA) worked better and the use of silver

canulas was abandoned.

The flange attached to the tube of the Shiley canula was adapted to prevent

interference with the screws. Other postoperative care and management aspects

are reported in detail in a separate publication28.

2.5. Processing of histological specimens

After excising the implants with the surrounding tissue, the explant samples were

cleaned in water and any hair and excessive tissue were removed. Then they

were conserved in formaldehyde, cut into four equal parts, dehydrated in alcohol

solutions and impregnated with methylmethacrylate (MMA). MMA samples were

impregnated at ca. 60C for 8 weeks and then polymerized in glass jars. This

process needed to be monitored carefully, because the size of the samples could

cause air bubble entrapment. To facilitate the polymerization monitoring procedure

(exothermic process), the samples were placed in a water bath at room

temperature (200C). Any surplus resin was sawn off. Optimal alignment of the
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samples was achieved using X-ray imaging and sections of approx. 300 microns

were cut by means of a Leica RM 2165 Microtome equipped with a D-knife for

histological scoring. At least three regular sections were cut to expose any skin

reactions to the percutaneous screws and the subcutaneous tissue surrounding

the ring and mesh. Sections were stained with methylene blue and basic fuchsin.

2.6 Histological evaluation

Implants with surrounding tissue were scored on (derived from Jansen et al.29):

capsule quality, capsule thickness, interface quality, epithelial downgrowth along

the phase-2 screws and interstitial tissue quality at the location of the mesh.

Scores were assigned to three coupes in the transverse plane of (one quarter of)

the ring by two individual observers. Comparisons were made and when

differences occurred, the score assigned by the senior researcher (Jansen) was

retained as conclusive.

3. Results

3.1. Surface characteristics

Table 1 shows the main chemical composition and roughness of the implant

surface. In general, the composition of the titanium implants was comparable with

previous reports in the literature30,31. By blasting the screws with aluminum oxide

particles, the surface area had been enhanced. As some particles had adhered to

the titanium, its chemical composition had also changed.

Table 1. Main elemental composition and surface roughness of the implants

Sample Main chemical components on the surface
measured with XPS (elements: %)

Surface Roughness
(Ra in microns)

Titanium ring
Prototype 1

O(1s):
C(1s):
Ti(2p):
Si(2p):

40.8
28.46
16.3
11.4

0.5

Silicone rubber ring
Prototype 2

O(1s):
C(1s):
Si(2s):

27.6
47.3
25.1

0.3

Treated titanium
screw

O(1s):
C(1s):
Ti(2p):
Al(2s):
Ca(2p):
Cu(2p3):

49.51
18.92
16.1
13.0
1.8
0.7

3.0–3.5

Untreated titanium
screw

O(1s):
Ti(2p):
C(1s):
Cu(2p3):
N(1s):
Ca(2p):

43.9
21.4
25.8
2.7
2.5
2.8

0.5
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Figure 4. Scanning Electron Microscopy of the enhanced surface of a titanium screw, blasted with
aluminium oxide grid

Figure 5. Lateral X-ray of the neck of the goat after implantation. TC: Tracheostoma tissue
connector, O: Other implant (reported on separately), T: Intra-tracheal ventilation tube, V: Cervical
vertebra

The treated screws showed a SEM aspect comparable with that of to the

aluminum oxide blasted implants described by Piattelli et al.32 (see figure 4).

3.2. Macroscopic findings

During the operation some differences were found in the size and shape of the

trachea between the goats. On the dorsal side of the cervical trachea, the distance

between the tips of the cartilage semi-rings varied from approximately 3 to 20 mm.

These anatomical variations were similar to previous reports26. This did not

complicate the TS-TC implantation procedure. Alignment viewed on the X-rays

was satisfactory in all cases, as indicated in figure 5.

All of the animals recovered well after the operation and generally started eating

within one hour after the procedure. Average follow-up durations were 51 days
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(range: 6 131 days) in group 1 and 44.5 days (range 50 39 days) in group 2.

These periods were exceeded in a few cases due to pilot experiments, an attempt

to control infection and for logistic reasons. Before the end of the 12-week period,

11 animals died: 10 in group 1 and 1 of group 2. Post-mortem investigations

revealed that this had been caused by sudden mucous plug obstruction (5

animals) or pneumonia, cardiac decompensation or lung edema/ exudate (6

animals). The goats with exudates died very abruptly. Despite the safety

measures, 4 goats were found dead with a dislodged canula; 2 of them showed

obvious progressive stoma stenosis. Three animals had to be withdrawn from the

experiment because predetermined end points had been reached: local

complications such as severe seroma just inferior to the tracheostoma, pressure

necrosis at the site of tracheostoma and implant exposure. There was a clear

difference between phase 1 and phase 2. Clinical appearance from t=0 until t=6

weeks of the implantation area was in general without complications, except for

signs of pressure necrosis at the cranial part due to the canula. However during

weeks 7 to 12 the macroscopy varied from very poor to relatively good (see

Figures 6a and 6b). From the moment of the installation of the percutaneous pins

it was clear that this frequently caused infection around the pins.

Figure 6a. Well-healed tracheostoma sites with only mild inflammatory signs at around t = 8 weeks

Figure 6b. Pressure necrosis on the cranial side of the tracheostoma with signs of infection and
dermal overgrowth
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Figure 7. Cross-section of prototype 2 after 7 weeks of implantation. Light microscopy (0.9X). The
dermal layer was cut off to improve the fixation process. Note the mesh folded backwards.
R: Silicone rubber ring, I: Titanium insert, S: Titanium phase-1 screw, M: Polypropylene mesh,
F: Fibrous capsule C: Cartilage semi-ring of the trachea.

Figure 8. Cross-section of prototype 1 (1 mm, surface treated screw) after 12 weeks of
implantation. Light microscopy (0.9X). Bending of the polypropylene mesh around the titanium
A: Artefact, D: Debris, E: Epithelium, F: Fibrous tissue, G: Silicone rubber glue, P: Polypropylene
mesh
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After excision, we observed thickening of the tissue surrounding the ring, a

tendency for dermal overgrowth at the site of the screws and signs of infection.

Examination of all four parts of the explant revealed that the polypropylene mesh

was bent in the anterior and posterior directions (see figures 7 and 8). Although

the implantation procedure had been possible in pilot study group 2, prototype 2

showed postoperative bending of the whole implant and concurrent skin healing

deficiencies, especially on the cranial side of the stoma. In one animal of group 2,

the bent ring prevented installation of all four phase-2 screws due to interference

with the tracheostoma canula (see figure 8).

3.3. Light microscopy

All the implants in each group (2 prototypes) had caused comparatively uniform

inflammatory tissue responses. After one week of implantation, implants of group 1

(n=2) showed hardly any fibroblasts surrounding the titanium surface and the

polypropylene fibers and many inflammatory cells (polymorphonuclear

granulocytes and macrophages), especially close to the silicone rubber glue and

tissue glue (see figure 9). After 1 2 (n=2) weeks, the density of fibroblasts had

increased slightly.

Figure 9. Cross-section of prototype 1 after 1 week of implantation. Light microscopy (0.9X).
The implant with the tissue glue induces a profound inflammatory reaction at t= 1 week.
R: Titanium ring, S: Titanium phase-1 screw, G: Silicone rubber glue in the ridge of the ring,
M: Polypropylene mesh, T: Fibrin tissue glue, D: Dermal layer.
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Figure 10. Cross-section of prototype 1 (2 mm, surface treated screw) after 12 weeks of
implantation. Light microscopy (0.9X). Profound epithelial downgrowth along the treated
percutaneous 2 mm screw. D: Debris, E: Epithelium F: Fibrous tissue, G: Silicone rubber glue,
I: Inflammatory cells, P: Polypropylene mesh

Figure 11. Cross-section of prototype 1 (3 mm, surface treated screw) after 12 weeks of
implantation. Light microscopy (0.9X). Deep sinus tract along the screw A: Artefact, F: Fibrous
tissue, I: Inflammatory cells, S: Sinus tract
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After 2 6 (n=5) weeks, the tissues surrounding the implants showed greater

numbers of fibroblasts, increased thickness of the fibrous capsule and a decrease

in inflammatory cells. Insertion of the phase-2 screws (n=6) led directly to more

infiltration of inflammatory cells and epithelial downgrowth along all the screw

tracts (see figures 10 and 11).

The remaining 2 animals did not receive phase-2 screws for logistic reasons and

due to a complication (infection after pressure necrosis). Sharp corners in the

implant design had caused stress shielding and the development of small dead

spaces. Also, small debris collections were seen in thee junction between the

phase-2 screws and the titanium ring. Two implants in pilot study group 2 showed

inflammatory reactions as a consequence of poor wound healing.

4. Discussion and Conclusion

A wide variety of tracheostoma valves (TSVs) are available to support voice

rehabilitation after laryngectomy2. However, fixation difficulties of TSVs are the

major reason why many patients cannot use such a device. Currently, the only

alternative is manual closure of the tracheostoma, but this has clear

disadvantages: it is non-hygienic, it is impossible to perform activities that require

two hands and the patient draws unwanted attention to his/her handicap by

pointing at it while speaking. Only a disputable 19 30% of total laryngectomy

patients use a TSV on a daily or regular basis7-9. To achieve adequate fixation,

four factors need to be carefully controlled: a. pressure during breathing, speech

and coughing, b. stoma shape, c. mucous production and d. skin attachment.

Pressure control can be achieved by optimizing the settings of the TSV (with

screws, different closing lids and buttons) and training. To improve the shape of

the stoma and peristomal skin, extra attention is needed during surgery (for

example, incision of the frontal borders of the sternocleidoid muscle to create a

circumferential stoma lip). Mucous production can be decreased by the use of an

HME filter33. The fourth factor, skin fixation, cannot be adequately controlled with

the options currently available, because they in most cases cause problems that

vary from slight skin irritation to severe skin infections with maceration. This study

focused on the fixation possibilities and the feasibility of two different tracheostoma

tissue connector (TS-TC) prototypes in goats. Several fixation strategies described

in the literature were discussed in our project team. Subcutaneously implanted

magnets for example, were turned down, because the pressure of the magnets

would exceed the capillary pressure of the skin and/or the size of the magnets

would be too large. Therefore percutaneous principles were used to design two
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TSTC prototypes, based on the success or instrumentality described by others24.

The goat was considered to be the most suitable animal model, because of its

similar neck anatomy, the easy access to the operation site and easy handling.

However, the goat also has disadvantages: the tissues in the anterior neck are

very mobile and the goats rub and scratch at anything attached to them28. A

number of histological samples were damaged due to processing problems. Owing

to the size of the explants, the rings had to be cut into quarters to enable proper

histological processing. Also, excess tissue had to be removed in a very thorough

manner to permit sufficient impregnation of the MMA. Consequently we were

unable to conclude whether there was true tissue attachment to the implant in all

the samples, or pre-existing gap formation (or sinus tract). Explants surrounded by

infected tissue showed incomplete polymerization. The skin of the goat had

remained particularly soft in many samples. In view of the relatively high

complication rate of the tracheostomy procedure itself within this implantation

study, the animal experiments were suspended on the initiative of the authors.

Group 2 contained 2 pilot study animals only. Therefore it was not possible to

make statistical comparisons between the two prototypes. The uniform histological

responses meant that histomorphometry and statistical comparison between the

two prototypes would not have provided any extra information.

Apparently, we underestimated the forces applied to the implant by the process of

wound healing, scar tissue formation (capsule contracture) and movements of the

neck of the goat. Such large movements most likely caused the folding of the

mesh around the ring in anterior and posterior directions (see figure 7). Therefore

better initial fixation is required. Based on many research efforts in the past, it can

be stated that in general, small diameter of the percutaneous connection and good

implant and tissue immobilization will lead to longer implantation times. Despite

the choice of a 2-stage procedure and the combination of surface-enhanced, small

diameter, percutaneous implants of biocompatible materials (CP titanium,

aluminum oxide, etc), the classic phenomenon of soft tissue implant failure was

still the final result in our study. Failure modes of percutaneous implants, such as

permigration, infection, avulsion and marsupialization (alone or in combination)

have been reported previously11,34,35. Epidermal tissue responses in goats were

reported to be more favorable than those in dogs and rabbits36.

We were unable to achieve sustainable percutaneous connection around the

tracheostoma. In our animal model it is probable that implant failure was caused

by the multifactor process of avulsion, marsupialization with sinus tract formation

and later infection as well. These results do not concur with other studies that

focus on soft-tissue anchored percutaneous implants22,23,25,37-39.
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Our experiments were considered to be unsuccessful due to the high mobility of

the tissue of the implantation area. We have demonstrated that sufficient tissue

immobilization with these prototypes is impossible. From the moment phase-2

screws were installed, this lead to insufficient skin attachment to the percutaneous

pins, persisting sinus tracts and the entry of bacteria resulting in infections. Major

contributing factors were that the neck of the goat and therefore the tissues at the

implantation site were very mobile and for tracheostomy care, the head had to be

immobilized with the neck in hyperextension. Further, the housing environment

could only be kept relatively clean, there was easy contamination with mucus and

the implants were mechanically loaded due to tracheostoma canula fixation. The

implants were constructed in a relatively non-sterile environment before

sterilization. Rest products of destroyed bacteria (endotoxins) after sterilization

(lipopolysaccharides) may have played a role in distorting our measurements of

elemental composition and contributing to the pulmonary (or systemic)

complications that occurred in the animals, a comparable process to that

described by Yang et al.40.

Generally, the smaller the contact surface (diameter of the screws) between the

tissue and the implant, the smaller the risk of epithelial downgrowth. In theory, the

epithelial downgrowth and pocket formation induced by the 3 mm diameter screws

could have caused infection and failure of the whole TSTC. We found that all the

tissue surrounding the screws showed signs of epithelial downgrowth.

It can be concluded that the two-stage implantation procedure of our prototype TS-

TCs in this animal model was unsuccessful. Additional research efforts are

necessary to improve tissue immobilization and to devise reliable fixation systems

for tracheostoma valves.
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Abstract

Background

After total laryngectomy and voice rehabilitation using a tracheo-esophageal shunt

valve, patients often suffer from valve-related complications such as leakage. To

solve these problems, a tracheo-esophageal tissue connector (TE-TC) was

devised to serve as an interface between the patient’s tissue (trachea and

esophagus) and the shunt valve.

Methods

The TE-TC is a permucosal connection constructed from a titanium ring (filled with

a silicon rubber plug) combined with polypropylene (PP) or titanium mesh. After

implantation in adult goats for 12 weeks the implants were submitted to

histological investigation.

Results

Firm implant fixation was achieved. In nearly all (18/19), no signs of infection of the

implant was seen. 11/19 animals died before the end of the experiment due to

complications not related to the implant.

Conclusions

The TE-TC is a new device with potential in the solution for fixation-related

problems in tracheo-esophageal voice rehabilitation.
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1. Introduction

Voice rehabilitation in Western Europe and USA after laryngectomy is primarily

initiated by means of a tracheo-esophageal (TE) shunt valve. Daily use of this

valve is preferably combined with heat and moisture exchange (HME) filters and

tracheostoma valves1-3.

Concerning the shunt valve however, many laryngectomized patients suffer from

valve-related complications such as leakage4. This results in coughing and in

some cases in recurrent pneumonias. Frequent valve replacement has a negative

influence on patients’ quality of life. Two types of leakage can be distinguished.

Leakage through the shunt valve and leakage around the shunt valve4,5. The first

type of leakage is generated by valve dysfunction mainly caused by biofilm

formation. This process and its solution has been and is still being studied

extensively6,7. The second type of leakage is caused by incongruence between the

size of the shunt valve and that of the fistula in the TE wall (peri-prosthetic

leakage)8. This is the second most common reason for valve replacement9 .

A small diameter of the TE fistula can be enlarged with a dilatator. For correction

of an enlarged fistula, various options for treatment are available. Conservative

treatment consists of temporary removal of the shunt valve resulting in the need

for naso-gastric feeding. In most cases the fistula will shrink. A submucosal

circular suture can also resolve leakage around the valve but this too does not

contribute to a long-lasting solution. The same is true of repeated application of

silver nitrate.

Many manufacturers have started to produce shunt valves with larger diameters

resulting in a tighter fit. However, this probably also contributes to a higher

frequency of leakage10.

In a previous Eureka project11 a concept of a tracheo-esophageal tissue connector

(TE-TC) was developed12,13. A TC is thought to serve as an interface between the

patient’s tissue (trachea and esophagus) and the shunt valve itself. The main

advantage is that it widens the choice of biofilm resistant materials for a valve

system and/or voice producing elements (see figure 1).

The TE-TC is a permucosal connection and based on bone anchored

percutaneous and permucosal connections such as the bone anchored hearing

aid (BAHA)14 pins for the fixation of maxillo-facial prosthetics15, dental implants

and soft tissue based implants16-24 that were reported previously.

In the present Eureka project “Newvoice”, the TE-TC concept was further

developed into various prototypes. The aim of this paper is to determine the

feasibility of the various prototypes by performing animal experiments and

evaluating the histological reaction to the implant.
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Figure 1. Schematical drawing of a laryngectomized patient with tracheo-esophageal tissue
connector implanted.

2. Materials and Methods

2.1 Implants

Two prototypes of TE tissue connectors were tested. The first TE-TC consisted of

a ring made of commercially pure titanium grade 2 (Thijssen Krupp B.V.,

Netherlands) and a polypropylene (PP) mesh (see figure 2a). The ring was

designed to allow easy connection and disconnection of a shunt valve. The mesh

itself was meant for capillary and fibrous tissue ingrowth to immobilize the implant

resulting in a water and air tight connection device for valve systems.

The second TE-TC was provided with a more rigid titanium mesh instead of a PP

mesh (figure 2b).

The rings were ultrasonically cleaned in a RBS soap solution, rinsed in water and

cleaned in trichloroethylene and rinsed again in hot water and dried to the air. The

surface characteristics (roughness and chemical composition) were comparable

with the implants reported previously25.
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Figure 2a. Tracheo-esophageal tissue connector (TE-TC) with polypropylene mesh.

Figure 2b. Tracheo-esophageal tissue connector (TE-TC) with titanium mesh.

The knitted monofilament PP mesh (Bard® Mesh, Bard Benelux N.V., Netherlands)

was cut to the appropriate size and cleaned in alcohol 70%. The titanium mesh

consisted of 50 micron sintered fibers with a porosity of 80%, 500g/m2 (N.V.

Bekaert S.A., Belgium). The titanium mesh was cut into circular patches using a

laser and argon gas. Afterwards it was cleaned in trichloroethylene and rinsed in

boiling distilled water and dried. Both meshes had an outer diameter of 30mm. The

meshes were glued to the titanium rings using MED-1511 RTV medical grade

silicon adhesive (NuSil Technology, Carpinteria, USA) and a special Glue

apparatus (I&J Finsar Inc.® JBE 1113, Eltest, Belgium) for controlled adhesive

application. The implants were sterilized in an autoclave (1210C for 20 minutes).

Two different types of plugs for placement during implantation were made to fit in
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the titanium ring. Plug-1 was designed to prevent debris and fluid collection in the

lumen of the ring. Plug-2 was designed for the same function as plug-1 but also to

guide the tracheal mucosal to the ring and enhance tissue attachment and

connection to the titanium ring. Plug-2 contains two foldable flanges (comparable

with an adapted shunt valve) with grooves in it, to ease folding. Both plugs were

made of medical grade silicone rubber (MED-6033 silicone elastomer, (NuSil).

2.2 Surgical procedure

Adult female Saane goats (2.5-3 years, 60-80kg) were selected for this experiment

because of the similarity in the dimension of the most relevant structures (trachea

and esophagus)26, they were easy to handle, the relevant structures were

surgically relatively easily accessible and adequate numbers were available. The

animals were individually housed according to national and institutional guidelines.

The project was approved by the Ethical Committee for animal experiments of

Radboud University Nijmegen Medical Centre. The implantation time was 12

weeks. Group 1 received the TE-TC with PP mesh. In group 2, instead of a TE-TC

with PP mesh, titanium mesh was used. The surgical procedure was the same as

for group 1. Also a pilot study was performed: in this pilot group 3, only the

technical feasibility was tested. The initial surgical procedure of group 3 was

identical to that of group 1 and 2. However, instead of silicone rubber plug-1, plug-

2 was inserted after suturing the PP mesh to the trachea (using four vicryl 4-0

sutures) and puncturing the dorsal tracheal wall. The anterior flange of plug-2 was

placed in the lumen of the trachea. For anesthesia the animals received

medetomidine (Domitor®) (A.U.V., Cuijk, Netherlands) 25 μg/kg i.m., pentobarbital

(Nembutal®) (A.U.V) 10-20 mg/kg i.v. and propofol 2mg/kg bolus and 8mg/kg/h

maintenance i.m. Inhalation anesthesia was achieved by tracheal intubation and

ventilation with O2 (30%), N20 (70%), isoflurane ca. 1,5 %.

The surgery was performed under full sterile conditions. The frontal neck area was

shaved, washed and disinfected with poviodone solution followed by covering with

sterile blankets.

After a vertical median incision the trachea and esophagus were locally

separated. A laryngo-tracheal separation was performed 3 semi-rings below the

cricoid. Also 3-6 semi-rings were excised. The laryngeal pouch was closed using

a soft-tissue border. A similar surgical procedure was previously described by

Prince and Nasser27. After the tissue connector had been inserted and glued to the

surrounding tissue with a fibrin tissue glue Tissucol Duo (Baxter B.V., Hyland

Immuno, Netherlands) the trachea was sutured to the skin and the wound was

closed with 2-0 Vicryl®.
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2.3 Post-operative management

After the operation lateral and antero-posterior X-rays were taken to check the

positioning and alignment of the tissue connector. The animals were equipped with

a shortened tracheostoma canula (silicone rubber Provox® Lary Tube™ (Atos

Medical, Sweden) and Shiley tracheostomy tubes (with inner canula) (Mallinckrodt

Inc., St. Louis, U.S.A.). The canulas were fixed to the neck by means of an elastic

cord around the neck or by plastic rings sutured to the skin 5 cm inferior and 2-3

cm lateral from the stoma. The goats received anti-biotic prophylaxis and

analgesics for 3 days and after day 3 on indication (respiratory and other

infections). The goats received stoma care 3x/day and later 4x/day strictly every 6

hours after adaptation of the protocol.It consisted of canula and stoma cleaning

and intra-tracheal instillations of 10cc saline to provoke a coughing reaction. In this

way the trachea and bronchi were mechanically cleaned and extra moistened. To

enhance easy clearance of mucus, a mucolytic agent, dissolved in water (0.25

mg/kg), was administered twice a day orally.

Additional air humidifiers were installed to realize a relative humidity of 60% or

higher. Three times a week flexible endoscopy was performed. Detailed post-

operative care is described separately.28

2.4 Histological processing and evaluation

The fixation of the implant was verified manually. They were then preserved in

formaldehyde and after removal of hairs and excessive tissue, dehydrated in

mounting alcohol solutions and impregnated with methylmethacrylate (MMA). After

8 weeks the samples in the MMA were polymerized. Then sections were cut by

means of a microtome. Three regular sections at least were made for histological

scoring. The sections were stained with methylene blue and basic fuchsin. The

aspects specifically examined were: capsule quality, capsule thickness, interface

quality, epithelial downgrowth (only group 3) and interstitial tissue quality (only at

the location of the mesh).

3. Results

3.1 Animal Model

The average follow-up time and range of group 1, 2 and 3 were 57.9 (7-110),

38.33 (6-131) and 44.5 (39-50) days, respectively. The follow-up (and

implantation) time of 84 days was exceeded in 3 cases due to logistic reasons (1),

attempt to control a local infection (1) and pilot surgery experiments (1).
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Not all animals were kept alive until the intended date of termination due to 

reaching human end points defined in the protocol or sudden death. In total 11/19 

of the animals were lost before the and of the experiment as a consequence of 

factors not related to the implant. Nevertheless, histological results of these 

animals were obtained. Post-operatively, problems with the fixation of the 

tracheostoma canulas were encountered28. Many of the animals developed a 

deprived area at the cranial point of the tracheostoma despite all efforts to prevent 

tissue damage.

3.2 Macroscopic findings 

During the operation some inter-individual differences were found concerning the 

size and shape of the trachea, similar to those described previously26. In some 

cases this appeared to give a non-ideal placement of the TE-TC. A small dorsal 

ridge of the trachea allows pivoting (in lateral direction). Nevertheless, on X-rays 

the positioning was satisfactory in all cases (see figure 3).

In the goats that were lost during follow-up, obductions revealed mucous plug 

obstruction, pneumonia, cardiac decompensation or lung edema/ exudate 

(n=11).Remarkably, no related clinical signs of disease were observed in the days 

before they died. No goats had to be terminated because of problems related to 

the TE-TC.

In all but one, no signs of local infections were seen. No implants showed defects 

and all implants inspected after an implantation time longer than a week were fixed 

well between the tissues. In the pilot group 3, plug-2 served well for guiding the 

tracheal tissue between the silicone rubber flange and the middle part of the ring 

with mesh (see figure 4). In one case the tracheal mucosa showed a tendency of 

partial overgrowing the flange of plug-2. The puncture site could easily be 

inspected with a light-source. In all 19 cases no signs of leakage of the laryngeal 

pouch were observed.

3.4 Light microscopy 

Assessment of the histological sections revealed a comparatively uniform tissue 

response for all implants in group 1 (n=11). Group 2 consisted of a set of data with 

implantation time ranging from 6 days to 131 days (n=6). The titanium mesh of the 

implants of group 2 induced less fibrous tissue and inflammatory reaction 

compared to the implants of group 1. The density of fibres in the titanium mesh is 

much higher. Consequently, there is a much clearer interstitium that can be 

distinguished compared to the PP mesh. In all implants more flexion was seen of 

the PP mesh than of the titanium mesh.
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Figure 3. Lateral X-ray of the neck of a goat with tracheo-esophageal tissue connector (TE-TC)
implanted with titanium mesh (white arrow) (Digitally enhanced).

Figure 4. Inferior view of cervical trachea just caudal from the implantation site. Note the intra-
luminal tracheal flange of plug-2 and the abnormal dorsal tips of the cartilage semi-rings.
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Figure 5. TE-TC with flexed polypropylene mesh after implantation of 12 weeks. Note the volume
increase of the silicone rubber glue in the groove of the ring and plug-1. M: mesh fibres,
T: Titanium ring, S: Plug-1, C: Fibrous capsule. 0.8x.

The fixation process induced a chemical reaction with the medical grade silicone

rubber causing volume increase of the silicone rubber plugs (1 and 2) and the glue

(used for fixation of the meshes to the ring). In most cases the sections showed a

tissue interface that was not adjoining to the surface of the curvature of the

titanium ring (see figure 5).

Implants of group 1 and 2 assessed after one week of implantation (n=2) showed

many inflammatory cells (polymorphonuclear granulocytes and macrophages) and

hardly any fibroblasts at the surface and the mesh. All samples showed many

inflammatory cells close to the silicone glue and the fibrin tissue glue (see figure

6). After more than two weeks of implantation the tissues surrounding the implants

showed increasing numbers of fibroblasts, increasing thickness of the fibrous

capsule and a decrease in inflammatory cells.

Capsule quality improved in time of follow-up. After 12 weeks implantation time

only a few inflammatory cells were present and the capsule density varied from

dense around the titanium ring (see figure 7) to mature less dense around the

mesh. Capsule thickness around the ring increased during follow-up. This varied

from 5-20 layers at the mesh and the stop to 20-30 layers of fibroblasts around the

ring.

After an implantation time of 7 weeks and beyond (n=7 of group 1 + 2), interstitial

tissue of the mesh showed fibrous tissue with some blood vessels and only few

macrophages.
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Figure 6. TE-TC with titanium mesh after implantation of 6 days. I: Inflammatory cells, T: Titanium
ring, F: Fibrin tissue glue, M: Titanium mesh. (1.7x).

Figure 7. Close-up of the fibrous capsule (C) of curvature of the titanium ring (T) after implantation
of 7 weeks and two days (group1). (10x).
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The interface quality obtained at the site of the titanium ring and the silicone

rubber plugs 1 and 2 evolved form multiple layers of macrophages until two weeks

of implantation to fibroblasts contacting the implant surface without the presence,

or only scattered foci, of macrophages or foreign-body giant cells. The implants of

pilot group 3 (n=2) did not show signs of epithelial downgrowth along the plug-2 or

titanium ring.

4. Discussion

Application of a TE shunt valve after total laryngectomy is the most successful

component of voice rehabilitation. However, leakage both through the shunt valve

and around this device requires life-long visits to an otolaryngologist to have the

valve changed. Leakage around the valve is difficult to solve and has a detrimental

effect on patients’ quality of life.

The current solutions for resolving peri-prosthetic leakage e.g. injection of collagen

solution, silicone macro particles such as a mixture of poly-dimethyl-siloxane

(PDMS) and poly-vinyl-pyrrolidone (PVP) hydrogel (Bioplastique®, Bioplasty,

Netherlands)29,30, cross-linked hyaluronan (Hylaform®)31, autologous fat32,33,

granulocyte-macrophage colony-stimulating factor (Molgramostim, GM-CSF), or

application of sutures in the surrounding soft tissue3,9 and the use of silver nitrate

cautery for granulation tissue34 illustrate that the ultimate solution has yet to be

found. Surgical closure and a secondary puncture may be necessary in persistent

cases. Worst case scenarios even include the need of reconstructions with an

interposing pectoralis major flap (or other flaps) to close the fistula34.

A tissue connector concept was developed to realize a complete leakage-free

solution for TE speech. If the TE-TC also allows firm attachment and fibrous tissue

ingrowth of the human esophagus, leakage around and through the shunt valve

can be prevented and other materials can be used for the valve itself. The TE-TC

may therefore contribute to enhancement of the quality of life of these patients.

Investigations in the past, aiming at improvements for laryngectomized patients

and concentrating on developing an artificial larynx11 and laryngeal

transplantation35,36, have not yet led to a sustainable or long-term solution.

Therefore, development of shunt valves made of biofilm resistant material is

currently at the focus of efforts to improve the quality of life for laryngectomized

patients. This has resulted in a longer device life-time of the shunt valve37.

When a TE-TC is implanted, the choice for materials for the valve itself is almost

limitless. This means that materials less prone to biofilm adhesion are an option

since the placement or replacement procedure does not require a flexible silicone

rubber esophageal flange and there will no longer be any permanent interaction
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with the tracheal or esophageal tissue. Concerning the TC itself, titanium and PP

were materials chosen because of their biocompatibility13,20,21,38. Also Debry et al.

pointed out that porous titanium would be the material of choice for constructs in

the upper aerodigestive tract39. Macro-pores also contribute to a strong connection

since they allow tissue bridges and prevent migration40. Tissue integration of PP

mesh if infected is affected but the tensile strength does not change41. The

medical grade silicone rubber glue was necessary for appropriate mesh fixation to

the ring. However, this material provokes a relatively high foreign-body reaction

and we prefer an alternative method of mesh fixation for the future.

Artefacts like gap formation between the soft tissue and the titanium ring may have

been caused by mechanical forces during retrieval or fixation processing. In our

samples, we suggest it was mainly caused by swelling of the silicone rubber42,

however this is not conclusive.

Continuous antibiotic treatment in goats with some kind of tracheostomy as

proposed by Vogler et al.43 was not appropriate here since this influences tissue

reaction. There is no consensus whether continuous antibiotic treatment would

improve the survival of goats with a tracheotomy or tracheostomy and additional

veterinary research on this topic is desirable.

The tested TE-TC prototypes and plugs 1&2 were designed for a 2-stage

implantation procedure since it may increase the chance of success22. The first

stage consisted of implantation of a TC with plug-1 for 6 weeks. The intended

second stage consisted of consequent punction of the dorsal tracheal wall,

removal of plug-1, punction of the esophageal wall and installation of plug-2.

However, esophageal puncture was not included: goats are ruminants, which

increases the risk of complications and would not simulate the human situation. To

test the TE-TC with an esophageal punction (or complete TE punction) in vivo,

another non-ruminating animal model would be more appropriate. This, including

tests in radiated tissue44 will be tested in a future study. Because large-diameter

TEPs involve the risk of leakage, titanium rings in particular should be kept as

small as possible10,45,46.

Soft tissue anchored implants have been reported to be successful in animal

experiments although most of them deal with percutaneous connections instead of

permucosal13,22,38,47,48. Knowledge about soft tissue embedded permucosal

connections and implants is scarce12 contrary to those in bone, such as dental

implants49. Applications in humans, such as a titanium interface for a percutaneous

transhepatic biliary drain19 and connectors for body art and jewelry24, illustrate that

the soft tissue area around implants (the stress reduction area) can be controlled.
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From the results of this study, it is concluded that a tracheo-esophageal tissue

connector is a new device with potential in the solution of fixation-related problems

in TE voice rehabilitation after laryngectomy. However, further research is needed

to obtain long-term results of the tissue connectors when e.g. mechanically loaded

with complete TE punction in a non-ruminating animal model.

The project will be finalized in the future by a first clinical application of the tissue

connector with a voice-producing shunt valve.
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Abstract

Polypropylene (PP) and titanium (Ti) mesh are well known surgical implants that

provoke a relative low foreign body reaction. Firm stabilization of the implant is

important to prevent migration and subsequent failure of the operation. Fibrin

tissue glues are commercially available adhesives and are widely accepted and

applied in the medical field for hemorrhage, surgical bleeding, support of wound

healing, wound and tissue gluing, sealing and closure but also as anti-adhesive

agent in certain applications. Objective of this study was to evaluate the additional

histological effect of fibrin glue application combined with two different types of

mesh.

Six pieces mesh of each were subcutaneously implanted for 3, 6 and 12 weeks,

with and without fibrin glue. After excision, processing and staining, light

microscopic analysis was performed on the sections using subjective histological

description and histomorphometry. Capsule quality, capsule thickness, interstitial

quality and total score were evaluated. To compare the samples with glue and

without glue, analysis of variance (ANOVA) tests were carried out.

No complications were observed. In general the glue remnants remained visible at

3 and 6 weeks of implantation, accompanied by an inflammatory reaction and

macrophage activity. At 12 weeks, all samples showed good tissue integration

without evidence of glue. Evidently, the samples with glue demonstrated a

prolonged inflammatory response and were surrounded by fibrous tissue capsules

that were significantly thicker compared to the samples without glue (P<0.05).
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1. Introduction

A mesh is a macro- or microporous three-dimensional structure (matrix) that

allows or supports adhesion, expansion, encapsulation or growth of one or more

cell types. It can be produced of degradable1 or non-degradable, rigid or flexible

biomaterials in different ways such as knitted, woven, crocheted and sintered. A

mesh can be used as scaffold for tissue engineering purposes, as a material for

tissue augmentation and as tissue repair fabric for defects. Degradable meshes

such as polyglycolic acid (PGA), poly L-lactic acid (PLLA), polyglycolic-polylactic-

coplymer (PLGA) and collagens are especially used for tissue engineering or

guided tissue regeneration. The non-degradable meshes are currently frequently

applied in surgery for abdominal hernia repair2,3. Combinations of absorbable and

non-absorbable meshes like Ultrapro® (polypropylene (PP) and poligelcaprone 25,

Ethicon), Vypro II (PP and polyglactic acid, Ethicon) and Bard® Composix™ (PP

and polytretrefluoroethylene) are also commercially available. Finally, meshes or

fibred structures can also be used to create a stress-reduction zone to enhance

the fixation and to stabilize tissue around soft-tissue anchored percutaneous

implants4-6.

Many patients are dependent on medical devices such as catheters7, implants or

other aids that need long- or short term fixation to the body. For this reason, the

devices are provided with a micro/macroporous cuff or flange to anchor the

implant. For example, to obtain better fixation of voice rehabilitation devices, a

special tissue connector concept was developed5,6. The main component of this

tissue connector is a mesh material designed to enhance the fixation of the device

by means of soft tissue ingrowth in the subcutis or between the trachea and

esophagus.

To improve initial fixation and to prevent migration of such devices, additional

techniques are available such as sutures, staples and spiral tacks8,9.

Unfortunately, these procedures are regularly related to chronic pain and post-

operative increased bleeding, which reduces the chance on successful treatment.

As a consequence, alternative methods are developed, like the use of tissue fibrin

glue3,10,11.

Fibrin glue is known for its haemostatic properties12. In theory, it can reduce the

chance on post-implantation infections. Also it serves as a relative bacteria

resistant13 biological degradable matrix for connective tissue and skin fixation14.

Several types of fibrin glue are currently available and are widely accepted in the

medical field for hemorrhage, surgical bleeding, support of wound healing, wound

and tissue gluing, sealing and closure15-19. Besides adhesion, it can also act as

anti-adhesive agent for tissues. When the glue is applied on two tissue areas and
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the regular time for the gluing procedure has passed, the substance will be

polymerized completely. Subsequently, both separate tissue areas will seal

themselves. This seal layer will act as an anti-adhesive coating15,20. Meek et al

noted that this anti-adhesive effect was related to a higher concentration of

fibrinogen in the fibrin glue20.

From a practical point of view, the application of glue is easy and helpful as

addition to current surgical approaches and can reduce operation time15,21.

However, studies reporting comparisons of the soft tissue response to mesh

implants with and without fibrin tissue glue are scarce.

The objective of this study was to evaluate the additional histological effect of fibrin

glue application combined with two different types of mesh that are commercially

available. In this article we report about the histological results of the animal

experiments as performed.

2. Materials and methods

2.1 Implants

Two types of mesh were tested. Firstly, the knitted monofilament polypropylene

mesh (Bard® or Marlex® Bard Benelux N.V., Nieuwegein, The Netherlands). This

0.71 mm thick mesh has a specific weight of 90 g/m2, an 800 micron pore size and

a fibre thickness of 0.16 mm (see figure 1). It was provided by the manufacturer in

a sterile manner.

Secondly, titanium mesh was used. This 1 mm-thick mesh was composed of 50

micron diameter sintered fibres with a porosity of 80% and a specific weight of 500

g/m2 (N.V. Bekaert S.A., Zwevegem, Belgium) and is depicted in figure 2. Before

implantation, the mesh was cleaned in trichloroethylene, rinsed in hot water,

alcohol 70% and dried to the air. Subsequently, the samples were packed, sealed

and sterilized in an autoclave at 121 degrees Celsius for 20 min. Comparable Ti

mesh was used previously by Paquay et al.22,23.

Both meshes were implanted with and without fibrin tissue glue (Tissucol Duo,

Baxter B.V., Hyland Immuno, Utrecht, The Netherlands). Fibrin glue was chosen

because of its relative quick resorption, availability and already wide use in

surgical specialties. The size of all mesh implants as inserted into the experimental

animals was approximately 1cm2.
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Figure 1. Light microscopy photo of polypropylene mesh. Black bar represents 1mm (2.5x).

Figure 2. Light microscopy photo of Ti mesh. White bar represents 1 mm (2.5x).

2.2. Experimental animals and surgical procedure

Seven adult female Saane goats were used, weighing about 60 kg. The protocol

for the study was approved by the Ethical Experimental Animal Committee of the

Radboud University Nijmegen Medical Centre and the studies were performed

according national guidelines for the care and use of experimental animals.

Implantation experiments were performed with 24 implants for each follow-up time

(6 PP and 6 Ti, both with and without glue) of 3, 6 and 12 weeks. The 3 and 6

week follow-up times were selected as key identifiers for the begin and late part of
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the chronic inflammatory phase of the wound healing response. The 12 week

period was added to evaluate the chronic fibrous encapsulation state.

For anesthesia the animals received medetomidine (Domitor®) (A.U.V., Cuijk, The

Netherlands) 25 μg/kg i.m., pentobarbital (Nembutal®) (A.U.V., Cuijk, The Nether-

lands) 10-20 mg/kg i.v.. Inhalation anesthesia was achieved by tracheal intubation

and ventilation with O2 (30%), N20 (70%), Isoflurane ca. 1,5 %.

The surgery was performed under “full sterile” conditions in a modern equipped

operating theatre. The implantation area was shaved, washed and disinfected with

poviodone solution followed by covering with sterile blankets. Subsequently, skin

incisions, about 1.5 cm long, were made with a scalpel and knife. Lateral of the

incisions, subcutaneous pockets were created by means of blunt dissection using

scissors. Special attention was put to place the mesh not directly under the

incision and to maintain distance between the different implants (more than 3 cm).

For the implants with glue, 0.25ml of glue was applied with a needle on top of the

mesh (near the side of the skin) after placing the mesh in the subcutaneous

pocket. We had the intention to cover the mesh completely with a homogenous

coating. After the implantation the wounds were closed with two vicryl 2-0 sutures.

2.3. Processing of histological specimens

The animals were sacrificed using an overdose pentobarbital i.v.. The implants

were excised with surrounding soft tissue after which they were cleaned in water

and all excessive hares were cut off. They were preserved in 10% buffered

formalin and consequently dehydrated in mounting alcohol solutions and

impregnated with methylmethacrylate (MMA). After a period of 8 weeks the

samples impregnated with the MMA were polymerized in glass jars. The

temperature was controlled by placing the jars in a water bath at room temperature

to prevent bubble formation in the samples. After complete polymerization, excess

PMMA was cut off. After sagittal alignment of the mesh, thin sections of 10 micron

thickness were cut using a modified sawing microtome (Leica RM 2165)

technique24. At least three regular sections of each specimen were made for

histological scoring. The sections were stained with methylene blue and basic

fuchsin.

2.4. Histological evaluation techniques

The histological evaluation consisted of a subjective description of the observed

tissue reaction and histomorphometry.

Histomorphometrical analysis was done to quantify the quality of the tissue

response inside and around the implants. The used method was adapted from
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Jansen et al.25. Aspects that were scored were: capsule quality, capsule thickness

and interstitial tissue quality (see table 1). Also the total score of each sample was

calculated. All histomorphometric measurements were performed separately by

two researchers. In case of differences, the scores of the senior researcher were

retained as conclusive.

Table 1: Histologic grading scale for soft-tissue implants.

Capsule Qualities:

Capsule tissue is fibrous, mature, not dense, resembling connective or
fat tissue in the non-injured regions

4

Capsule tissue is fibrous but immature, showing fibroblasts and little
collagen

3

Capsule tissue is granious and dense, containing.
Both fibroblasts and many inflammatory cells

2

Capsule consists of masses of inflammatory cells with little or no signs
of connective tissue organization

1

Cannot be evaluated because of infection or other factors not
necessarily related to the material

0

Capsule Thickness Rating:

1–4 fibroblasts 4

5–9 fibroblasts 3

10–30 fibroblasts 2

>30 fibroblasts 1

Not applicable 0

Interstitial Tissue Quality:

Tissue in interstitium is fibrous, mature, not dense, resembling
connective or fat tissue in the noninjured regions

4

Tissue in interstitium shows blood vessels and young fibroblasts
invading the spaces; few macrophages may be present.

3

Tissue in interstitium shows giant cells and other imflammatory cells in
abundance but connective tissue components in between

2

Tissue in interstitium is dense and exlusively of inflammatory type. 1

Implant cannot be evaluated because of problems not related to the
material tested.

0

2.5. Statistical analysis

The means and standard deviations of the obtained data were calculated.

Subsequently, the scores of the implants with and without glue were compared for

significant difference (P<0.05) for each implant time separately. For comparison of

the data, a 1-way analysis of variance (ANOVA) test was performed. Statistical

analysis was carried out using the software SAS and SPSS version 12.0.1. on a

Microsoft Windows XP system.
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3. Results

3.1 Macroscopic findings

During the operation the glue flowed into the pores of the mesh, we considered

this as a non-homogenous layer. Post-operative care was without complications.

After implantation of the mesh, only mild inflammatory signs of the skin were noted

(redness). This initial inflammatory response was more profound in the samples

where fibrin glue was added. The signs diminished gradually during the first two

weeks. No other adverse effects were seen.

3.2 Descriptive light microscopic evaluation

All but three samples of the 3 weeks (2 PP-glue, 1 PP), 3 of the 6 weeks (2 PP-

glue, 1 Ti-glue) and 4 of the 12 week (2 PP-glue, 1 PP and 1 Ti-glue) implantation

time were retrieved. After excision of the implantation area, some samples showed

implant folding. This implant folding occurred in varying degrees and more for the

PP-mesh (n=8 of which 6 with glue) than the Ti-mesh (n=2, both with glue).

The overall picture of the tissue after implantation was that, in time, a foreign body

response with many inflammatory cells (especially in the samples with glue)

changed into an increasingly organized tissue with fibrous connective tissue. All

implants were well incorporated.

For compiled morphometric data we refer to the section “histomorphometry”.

3.2.1 Three weeks

Evaluation of the prepared sections of Ti mesh demonstrated a thin to medium-

thin fibrous capsule. Inside the mesh, the porosities were filled with early-stage

connective tissue with capillaries, larger blood vessels and only few macrophages.

The PP mesh showed a medium thick capsule consisting of many inflammatory

cells and little collagen. Tissue in the interstitium showed many giant cells and

lymphocytes but also connective tissue components in between. Around one PP-

implant a haematoma was seen. Ti mesh and PP mesh samples with glue

demonstrated a comparative uniform reaction. Clear fibrin glue residues with an

inflammatory reaction of polymorphonuclear granulocytes, macrophages and

increased neovascularisation was seen in nearly all samples (see figures 3a-3d).

3.2.2 Six weeks

The tissue in and around the Ti mesh showed a similar reaction compared with

three weeks. Most of the PP mesh fibers were surrounded by a tissue capsule

containing 4-9 layers of fibroblasts. Between the fibers, the porosity was filled with

immature connective tissue, blood vessels and some inflammatory cells. Mainly,
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the amount of collagen fibers increased and the became more organized in one

direction.Ti-glue and PP-glue both, were surrounded by a thick fibrous capsule

that contained large accumulations of inflammatory cells. Around the remaining

glue clots clear macrophage activity was observed. We estimated that 10-15% of

the original amount of glue was not completely degraded at this time (see figures

4a-4d).

Figure 3. Histological sections of mesh implantations during 3 weeks. A: Titanium mesh,
B: Titanium mesh with glue, C: Polypropylene mesh and D: Polypropylene mesh with glue.
Ti= Titanium, PP= Polypropylene, C= capsule formation, I= inflammatory cells, bv= bloodvessel,
F= fat cells and G= Fibrin tissue glue (10x).
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3.2.3 Twelve weeks

Thin mature fibrous capsules were observed around the Ti mesh, comparable with

those of six weeks. Also the histological observations of the tissue surrounding the

PP mesh were comparable with the implantations of six weeks.

Around the samples of Ti mesh combined with fibrin glue medium thick immature

capsules with little collagen were noted. In general, the samples showed a

decrease of inflammatory cells around the mesh fibers compared with the Ti-glue

of six weeks. No glue remnants were observed any more.

The capsule and interstitial tissue around of the PP mesh fibers with glue also

showed less inflammatory cells compared with six weeks. There were no

remaining parts of fibrin tissue glue visible (see figures 5a-5d).

Figure 4. Histological sections of mesh implantations during 6 weeks. A: Titanium mesh,
B: Titanium mesh with glue, C: Polypropylene mesh and D: Polypropylene mesh with glue.
Ti= Titanium, PP= Polypropylene, C= capsule formation, I= inflammatory cells, bv= bloodvessel,
F= fat cells, M= muscle fibres and G= Fibrin tissue glue (20x).

A B
C D
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Figure 5. Histological sections of mesh implantations during 12 weeks. A: Titanium mesh,
B: Titanium mesh with glue, C: Polypropylene mesh and D: Polypropylene mesh with glue.
Ti= Titanium, PP= Polypropylene, C= capsule formation, I= inflammatory cells, bv= bloodvessel,
F= fat cells and M= muscle fibres (10x).

3.3 Histomorphometry

Means and standard deviations of capsule quality, capsule thickness, interstitial

quality and total score for all implantation periods were calculated and are

depicted in figure 6. After 3 weeks, no significant differences were seen between

PP and PP-glue. However, Ti scored significant better compared to Ti-glue on

capsule quality, capsule thickness, interstitial quality and on the total score.

After 6 weeks PP meshes showed significant higher scores concerning capsule

quality, capsule thickness, and the total score compared with PP-glue. For

interstitial quality the difference was non-significant.

Overall, the total scores of the non-glued meshes scored always higher than the

glued meshes.
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4. Discussion and conclusion

The aim of the present histological study was to investigate the additional effect of

fibrin glue on the soft tissue healing of titanium and polypropylene mesh after 3, 6

and 12 weeks of implantation.

Evaluation of our histomorphometrical data demonstrates that the application of

fibrin glue with Ti and PP mesh induces a significantly thicker fibrous capsule

surrounding the implants, which is probably the consequence of the extended

initial inflammatory response as evoked by the fibrin glue. Nevertheless, our

histomorphometric results of Ti confirm the results of Paquay et al concerning the

interstitium quality23,26. Capsule quality and thickness scores were just slightly

higher in our series. Also the results of PP were comparable with previous results

of Geertsema et al.5,6.

The standard deviation of the capsule quality in the group PP-glue of 3 weeks was

high compared to the others due to inclusion of the sample that presented the

haematoma and maybe also due non-homogenous glue distribution and sampling

error.

We think that the subcutaneous mesh implantation experiments relate quite

closely to the clinical relevant anatomical locations. The devices for improving

voice rehabilitation, catheter fixation aids and hernia repair mesh are embedded

under similar circumstances (near fatty tissue and muscular tissue). At retrieval of

the implants, also some meshes were found to be folded. This process can be

attributed to mechanical trauma and capsule contracture in combination with the

properties of the mesh and was also described previously7.

The total numbers of folded meshes of PP vs. Ti can be explained by the rigidity.

PP mesh was considered flexible compared to the quite rigid Ti mesh. We think

that in our series the numbers of folded meshes associated with the application of

glue was due to coincidence.

Application of mesh needs secure initial fixation at the time of implantation to

prevent migration and failure. To improve the chance on successful treatment,

different types of tissue glue are investigated as an alternative to or a reduction of

sutures.

Recently Scheidbach and co-workers compared four different PP-meshes. One of

the meshes was coated on both sides with a 30 nm thin titanium layer. Concerning

the markers for B-lymphocytes, macrophages and monocytes this so called Ti-

Mesh Extralight scored significant better than a heavy weight PP mesh after a 3-

months implantation period2. However, Junge et al found significant less

inflammation in PP mesh compared with the Ti-coated PP mesh after

implantations of 84 and 182 days in rats27.
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Interstitial Quality
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Figure 6. Results (mean and SD) of the histomorphometrical evaluation, according to
table 1. Significant difference (P< 0.05) is marked with *.
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If a medical implant gets infected this may have dramatic consequences such as

the need for re-operation and removal of it. Implant infection can result in life-

threatening sepsis.

Usually infection rates after mesh implantation are low. However, in “non-sterile” or

“contaminated” areas (such as the tracheo-esophageal fistula) that need

reconstruction or another surgical procedure these rates can be much higher. If

PP mesh is infected with S. Aureus or S. epidermidis, the biomechanical behavior

is not affected28. Junge et al. recently succeeded in antibiotic surface modification

on a polyvinylidenfluoride mesh. If mesh is used for implants in relative non-sterile

operating areas maybe antibiotic-loaded mesh can provide long-term bacterial

infection prevention29. Mesh without nodes should be used because the internodal

areas of the mesh are mainly colonized by bacteria and allow difficult access for

antibiotics30.

Our results indicate that addition of fibrin glue to PP or Ti mesh induces a thicker

connective tissue capsule and an extended inflammatory reaction in time.

Especially our results of the 3-weeks implantation time show that the glue induces

a profound inflammatory reaction. The tissue glue appeared to have a relatively

higher influence on the scores in the Ti-group compared the scores of the PP-

group. The observations of the prolonged inflammatory reaction do not corroborate

with the results of others. Park et al. did not find any “undesirable” tissue changes

after 3, 7, 14 or 21 days of a 0.1 mL injection of fibrin glue subcutaneously in

rats18. Siedentop described after the injection of 0,05 mL glue and the same

follow-up terms, that there was “no evidence of tissue reaction”11. Romanos and

Strub studied the influence of fibrin glue on the connective tissue matrix.

Subcutaneous implantation of 1 mL of Tissucol Duo® for 4, 7, 14, 21 or 28 days

did not reveal inflammatory reactions in the lamina propria14. This discrepancy in

tissue response can be due to different types of experimental animals as used in

the various studies. Both species (Capra hircus) and skin/soft tissue structure are

known to influence the length and height of the wound healing response.

Also a lot of glue remnants were still visible after implantation of 6 weeks (see

figures 4b and 4d). The application of a clot of glue instead of a thin sprayed layer

may have contributed in the duration of complete resorption. However, we applied

the glue with the standard application needle, because the spray device is mainly

suitable for larger areas than used in our experiment.

The effects of larger fiber diameter (increased capsule thickness and higher

macrophage density)31 were not subject of our experiments. Although we did not

test different fiber thickness of PP and Ti, our findings confirm this theory. By the

addition of tissue glue to our mesh implants the total area of tissue that is exposed
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to foreign material is increased. We think that this may have contributed to lower

scores of the capsule thickness and capsule quality in our study.

Further, we have to notice that some of the implants appeared to be lost at

retrieval. Apparently, these mesh implants migrated out of the wound bed almost

immediately after installation. Evidently, the fibrin glue could not prevent this or the

goats were able to manipulate the implants.

On basis of our findings, we conclude that fibrin glue cannot be regarded as a

replacement for a current surgical technique like a suture. We think that, in

selected cases, fibrin glue application is a valuable addition for implant and mesh

fixation and repair in surgical specialties with many additional possibilities as

delivery medium or matrix for tissue engineering towards guided and controlled

cell/ tissue growth and repair. Besides, the initial inflammatory reaction and thicker

fibrous capsule includes a risk of which the final implications are currently not

clear. For example, additional research is required to determine whether the

connection between the implant and the tissue is indeed sustainable stronger

under these conditions when fibrin glue is used.
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Abstract

A modern way of voice rehabilitation after total laryngectomy includes the use of

shunt valves and tracheostoma valves. Problems of fixation to the surrounding

tissue are a major drawback in the use of the shunt valve, HME (heat and

moisture exchange) filters and especially the tracheostoma valve. To solve these

problems different tissue connectors were developed. The main objective was to

test the feasibility of these prototypes in a new animal model. Here we discuss the

results, problems and complications of the selected Saanen goat model. In this

prospective laboratory study 19 healthy adult female Saanen goats (Capra hircus)

were used and observed post-surgically for 12 weeks. Selection criteria such as

comparable anatomy to humans and easy handling were used for animal model

development. Also a literature search using the Medline and the ISI Web of

Science databases was performed. The anatomy of the Saanen goat was

investigated in a separate post-mortem study. Surgery consisted of a laryngo-

tracheal separation and implantation of a tracheo-esophageal and tracheostoma

tissue connector with fibrin tissue glue. Post-operative care consisted of frequent

stoma care, monitoring appetite, weight, vital signs and administration of

antibiotics, analgesics and mucolytic agents. All animals survived the surgical

procedure. However, post-operative care was extensive, labour-intensive and

accompanied by several complications. Eleven animals died spontaneously before

the end of the experiment. The tracheostoma tissue connector caused signs of

local infection in all cases. There was no evidence of infection around the tracheo-

esophageal tissue connector in 18 cases. It was concluded that the use of goats in

this tracheostoma model was associated with major complications and should

therefore only be used for short-term experiments with intensive care. Additional

research is needed to see if clinical application of the tissue connectors is possible

in the future.
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1. Introduction

When a patient has advanced cancer or a carcinoma recurrence of the larynx or

hypopharynx a total laryngectomy is often needed either as primary or as salvage

surgery1.

Laryngectomy consists of complete removal of the larynx (including vocal folds

and epiglottis), upper part of the trachea and surrounding structures2. Then the

trachea is completely separated from the esophagus, shortened, bent and sutured

with its proximal end to an opening in the skin of the frontal neck, thus creating a

tracheostoma (see figure 1). This has far-reaching consequences for the patient

such as the loss of voice, reduced filtration, heating and moistening of the inhaled

air and reduced ability to sense smells3,4. Also the possibility to build up sub-glottal

pressure for coughing is lost.

Figure 1. Human anatomical situation after total laryngectomy. 1: Oropharynx, 2: Tongue,
3: Esophagus, 4: Pharyngo-esophageal segment that vibrates during tracheo-esophageal speech,
5: Trachea. Black arrow in tracheostoma pointing at the tracheo-esophageal shunt valve.

To compensate the loss of voice, in patients often a shunt valve (figure 2) is

placed in the tracheo-esophageal wall. After inhalation, occlusion of the

tracheostoma and expiration respectively, air is guided from the lungs and trachea,

through the shunt valve, into the esophagus with the pharyngo-esophageal (PE)

segment.
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Consequently, the PE segment (mucosa) starts to vibrate. This sound can be

modulated in the remaining vocal tract and allows the patient to speak. Success

rates of this method of voice rehabilitation were reported up to 90%5.

However, although shunt valves are also supposed to prevent food or saliva from

entering the trachea, many patients still suffer from complications such as leakage

of fluids through and around the valve. Replacement or removal of the shunt valve

or even correction of the fistula is then indicated6-9.

Another drawback of the current tracheostoma devices for the patient is the way in

which tracheostoma occlusion can be achieved. One possibility is manually by

placing a finger directly on the tracheostoma or on a valve operated HME filter.

Manual occlusion of the tracheostoma draws unwanted attention to the handicap

because the patient has “to point” to his/ her stoma. Besides this, it is unhygienic

and inconvenient in many situations because one hand is occupied9.

The other, preferred way to operate the tracheostoma would be hands-free, by

using a so called automatic tracheostoma valve (TSV) (figure 3)11-12. Many

negative factors currently withhold the patient from the decision to start using a

TSV.

At the moment, the TSV can be fixed by an intra-luminal device such as a canula

or on an adhesive base-plate that is glued to the peri-stomal skin. Difficulties of

fixating the device to the surrounding tissues can be considered the most

important one6.

Figure 2. Example of a tracheo-esophageal shunt
valve (oblique view). Distance between the two
flanges is in this case 8 mm.

Figure 3. Example of a tracheostoma valve
with heat and moisture exchange (HME)
filter, coughing lid and an adhesive base
plate for fixation to the peristomal skin.
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Recently a follow-up of the so-called “artificial larynx” project has been started,

dealing with the development of improved fixation techniques for the TSV and

shunt valve as well as to develop an improved voice-producing shunt valve to

improve the quality of life of laryngectomised patients13-15. Tissue connectors

(TCs) were developed to serve this purpose. Two different sorts of TCs were

designed and prototypes were produced. The first one has to be implanted

subcutaneously around the tracheostoma to serve as an interface for the

tracheostoma valve. The tracheostoma TC stays in place due to form fitting: the

ring is surrounding the trachea and enclosed between the skin and the deeper

subcutaneous soft tissue. The second one has to be implanted just at the tracheo-

esophageal junction to serve as a new interface for the fixation of (voice-

producing) shunt valves. This allows for materials other than the current medical

grade silicone rubber or Teflon® to be used for shunt valves. The tracheo-

esophageal TC stays in place by using glue and sutures to the trachea and/or

esophagus. The TCs should eliminate the fixation related problems of the shunt

valve, i.e. mainly leakage of fluids around it, and of the tracheostoma valve, i.e.

leakage of air and mucus, skin irritation and even soft tissue infection. With these

problems in mind, we sought a solution to improve the quality of life for the

laryngectomized patient.

To test the newly designed tissue connectors, animal experiments were designed.

Several relevant factors were taken into consideration during the selection of the

animal model to ascertain a proper extrapolation of our study results to our patient

population. These included a comparable size and shape of relevant anatomical

structures, the suitability to perform the same surgery as performed clinically, good

cooperation of the animals during the frequent cleaning procedures of the

tracheostoma and tailoring of housing and care conditions of the operated animals

to their specific needs.

Anatomical structures regarded as relevant were: trachea, esophagus and

hypopharynx, skin (trachea and esophageal wall thickness, diameters, skin

thickness). The adult Saanen goat (Capra hircus) fulfilled these requirements best

and thus was considered to be a suitable animal model16-20. Nubian or crossed

Nubian goats were also considered16 but were not sufficiently available, unlike the

Saanen breed.

Some requirements could not be fulfilled. First (chemo-)radiation of the Saanen

goats is difficult to perform because no knowledge is available about how to create

a regime that is comparable to the human one. Also, inevitable differences with the

clinical situation exist, e.g. the goat is a ruminant, the anatomy is different and an

animal will not act in case of emergencies.
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To test the TCs accurately, the construction of a tracheostoma was necessary.

Two different procedures can be discerned that both result in an unnatural opening

of the airway in the anterior neck. Tracheotomy is the procedure or result where

one or more incisions (-tomy) (vertical or horizontal) or a fenestration in the

trachea are made21,22. Often a tracheotomy is confusingly described in literature as

“tracheostomy”23-27. Tracheostomy consists of complete separation between the

upper airways (nasopharyngeal, oropharyngeal tract) and the lower airways

(cervical trachea, bronchi, lungs). In the latter situation the larynx is closed at the

inferior site (laryngo-tracheal separation) or is completely removed

(laryngectomy)16,17,28. The third option is to suture both the proximal and distal end

side-by-side to the skin29. We would however like to stress that in our experiments

the esophagus was left intact apart from placing the TC at the tracheo-esophageal

junction. This approach assured that the rumination process would remain intact

and that no leakage of ruminal fluid was possible into the trachea and the lungs.

The aim of this article is to report the problems that we ran into during the

development of the goat tracheostomy model and also to provide practical

implications for experiments with goats with a tracheostoma, so that other

research groups can use this information to reconsider and perhaps even refrain

from using goats for these kinds of experiments.

The authors did not have the intention in this article to report the evaluation of

tissue connectors. Specific microscopic and histological reactions to the implants

are not considered here and are reported separately.

2. Materials and Methods

2.1 Animal Model Selection

In preparation for our animal experiments, anatomical post-mortem investigations

were performed to check the anatomy and surgical procedure. To reduce the

number of animals needed, the throats of euthanised animals used for other

experiments at the Animal Laboratory of the Radboud University Medical Centre,

Nijmegen, were examined. Also cadaver trachea and esophagus samples were

obtained from the pathology laboratory of the National Animal Health Service in

Deventer, Netherlands. Diameter of trachea, size and shape of cartilage semi-

rings and wall thickness were assessed. Also a literature search using the Medline

and the ISI Web of Science databases was performed.

Our project for testing the feasibility of tissue connectors in goats was approved by

the Experimental Animal Committee of the Radboud University Medical Centre in
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Nijmegen. National and institutional guidelines regarding animal experimentation

were followed.

2.2 Implantation Experiment

Two different types of experimental TCs were implanted. First a tracheo-

esophageal (TE) TC (figure 4) that consisted of a small titanium ring with

polypropylene or titanium mesh glued to it and second a tracheostoma (TS) TC.

The TS-TC consisted of a larger ring made of silicone rubber or titanium with four

holes in it to install percutaneous pins (figures 5, 6 and 7).

The post-operative follow-up was set to 12 weeks, divided into two phases. Phase

1 consisted of the initial 6 weeks to allow fixation of the devices. Phase 2 started

by puncturing four small holes through the skin around the tracheostoma and the

installation of four percutaneous titanium pins.

Nineteen healthy adult female Saanen goats were used (2.5-3 years old,

bodyweight: 60-80kg). All goats originated from caprine arthritis and encephalitis

(CAE) and caseous lymphadenitis (CL) free dairy farms, as is common for most

laboratory farm animals in the Netherlands. During the 4 week quarantaine period,

general health of the animals was ascertained and all animals were tested and

confirmed to be free of CAE and CL. All goats were treated with ivermectine

(Ivomec®) to eliminate ecto- and endoparasites. After the quarantine period and

subsequent stay in our goat herd, the animals were transported to the Central

Animal Lab in Nijmegen. The acclimatisation period was one week. Before

Figure 4. Tracheo-esophageal tissue
connector: Titanium ring and polypropylene
mesh.

Figure 5. Tracheostoma tissue connector:
Titanium ring with four percutaneous pins (to
be inserted after 6 weeks of implantation to
attach the tracheostoma valve), glued to a
polypropylene mesh.
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enrolment in the study, the health of the animals was checked by physical

examination (inspection, auscultation). They were fasted 2 days before surgery to

prevent ruminal regurgitation during surgery, but water was available ad libitum.

Figure 6. Sagittal section of the head and upper part of the neck of a goat with Tissue Connectors implanted
(artist’s impression).

Figure 7. Close-up and simplification of dashed line in figure 6: Tracheo-esophageal and
tracheostoma tissue connector implanted (black) (artist’s impression). The dotted line represents
the plane of the mesh. L: laryngeal pouch, T: tracheal lumen, E: esophagus, V: cervical vertebra
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2.3 Anesthesia

The animals were premedicated with atropine 0,5 mg i.m. and medetomidine

(Domitor®, A.U.V., Cuijk, Netherlands) 25 g/kg i.m., and anaesthesia induced with

pentobarbital (Nembutal®, A.U.V., Cuijk, Netherlands) 10-20 mg/kg i.v. and the

animals subsequently intubated. The goats were ventilated and maintained with

isoflurane in a mixture of O2 (30%) and N2O (70%). End tidal isoflurane was

maintained between 1.5-2% and end tidal carbon dioxide between 4-5%. During

the installation of the tracheostoma, anesthesia was continued by intravenous

propofol infusion, i.e. a 2mg/kg bolus and 8mg/kg/h for maintenance i.v. During

surgery flunixine (Finadyne® A.U.V. Veterinarians, Cuijk, Netherlands, 50mg/ml,

1x/day 1-2ml/ 50kg body weight, i.m.) was administered for analgesia.

2.4 Pre-Operative

Antibiotic prophylaxis lincomycin hydrochloride 5 mg/kg body weight plus

spectinomycin sulphate 10 mg/kg body weight, i.m., (Linco-Spectin™,A.U.V.

Veterinarians, Cuijk, Netherlands) was administered 45 min. before the surgical

procedure. After shaving the anterior neck and washing with 4% w/v chlorohexi-

dinedigluconate in a soap solution (Hibiscrub®, A.U.V., Cuijk, Netherlands) the

animal was positioned in dorsal recumbency on the operating table. The legs were

immobilized by tying ropes, fixed at the bars of the table. Intravenous access was

obtained in a lower leg vein (V. saphena) and was kept open by slow saline

infusion. The ECG, body temperature and blood oxygen saturation and exhaled

CO2 were monitored (Capnomac Ultima, Datex Ohmeda: for both capnography

and pulse oximetry). The body temperature was maintained with heated water

pads. The skin at the operating area was disinfected with poviodone or 0,5% w/v

chlorohexidinedigluconate in 60% w/v isopropylalcohol (Hibisol®, A.U.V., Cuijk,

The Netherlands). Surgery was performed under sterile conditions.

2.5 Surgical Procedure

An approximately 5 cm long, median, cranio-caudal incision was made in the

anterior neck, starting just below the level of the cricoid. After dissection of the

neck muscles, pre-tracheal fat and fascia, a part of the cervical trachea was

exposed. Adequate haemostasis was obtained mainly by diathermy.

Subsequently, a part of the trachea was separated from the esophagus, the skin

for the tracheostoma was excised and a laryngo-tracheal separation was

performed three semi-rings below the cricoid. Here, the upper and lower parts of

the trachea were completely separated. Three to five semi-rings (inferiorly) of the

trachea were excised to create a tracheostoma at the appropriate level (in such
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way that head, hairs and chin interfered as little as possible with the stoma). The

oral intubation tube was removed and intra-tracheal ventilation was continued with

a new sterile tube via the tracheostoma. At the third cartilage semi-ring (inferior to

the cricoid), on the outside of the tracheal wall, a circumferential superficial

incision was made in the perichondrium. Superior and inferior to this incision, part

of the perichondrium was peeled off. The cartilage was removed as much as

possible. This was done to create an extra large soft-tissue cuff that would assist

leak- proof closure of the laryngeal pouch. A similar surgical procedure was

described by Prince and Nasser16.

The tissue connectors were inserted and glued to the surrounding tissue with fibrin

tissue glue (Tissucol Duo, Baxter B.V., Hyland Immuno, Utrecht, Netherlands).

The glue was used to enhance initial fixation and to prevent migration. The trachea

was sutured to the skin at the stoma opening whilst the animal was intermittently

ventilated by the anaesthesia apparatus (Ohmeda Modulus II Plus Anesthesia

System, volume controlled IPPV ventilation, pressure limited to a maximum of 20

cm H20) and the wound was closed with 2-0 Vicryl®.

Figure 8. Lateral X-ray of the neck of a goat after implantation.
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Just before the goat woke up, lateral and antero-posterior X-rays were taken to

check the alignment of the implants (see figure 8). When the animal started to

breathe spontaneously, the ventilation tube was removed and the animal was

transferred to the stable. All animals were housed individually on synthetic grating,

but were able to contact other group members by nose contact. They were housed

in a temperature and humidity controlled animal room with 15 fold air changes, in

accordance with current EU guidelines.

2.6 Post-Operative Care

To allow wound healing without mechanical interference the first six animals did

not have a canula installed directly after the surgery. For the other goats sterling

silver Chevalier-Jackson tracheostoma canula (Heimomed Heinze Gmbh & Co.

KG 50170 Kerpen, Germany), silicone rubber Provox® Lary Tube™ (Atos Medical,

Hörby, Sweden) and Shiley tracheostomy tubes (with inner canula) (Mallinckrodt

Inc., St. Louis, MO, U.S.A.) were applied after shortening (where necessary) to

prevent impingement of the anterior tracheal wall. The canulas were fixed to the

neck by means of an elastic cord around the neck. The goats received antibiotic

prophylaxis (lincomycin hydrochloride 5 mg/kg plus spectinomycin sulphate 10

mg/kg (Linco-Spectin™)) and analgesics (flunixine 1,5 mg/kg i.m., Finadyne®

A.U.V. Veterinarians, Cuijk, Netherlands) for 3 days and after day 3 on indication.

In some cases ceftiofur sodium (Excenel®, A.U.V. Veterinarians, Cuijk,

Netherlands), which is known to have a better biological availability was

administered instead of Linco-Spectin™. Body temperature was measured for the

first 7 days and later on indication. The goats received stoma care three times

during the day and after adaptation of the protocol strictly every 6 hours. This care

consisted of removal and thorough cleaning of the canula with a moist gauze and

Hibisol®, intra-tracheal instillation of 10ccm saline (to provoke a coughing reaction

to clean and moisten the trachea and bronchi mechanically), removal of mucus

crustae or plugs by means of forceps or a stand-by suction unit and inspection

with a light source. To enhance easy clearance of mucus, 0.25 mg/kg

bromehexine (Broxolvon®, a mucolytic agent, dissolved in water A.U.V.

Veterinarians, Cuijk, Netherlands), was administered twice a day orally.

Additional air humidifiers (Axair pH7, Axair AG. Pfäffikon, Switzerland) were

installed in the animal room to achieve a relative humidity of at least 60%.

Biotechnicians were instructed to put the hay for the goats on the floor (instead of

using a high hay reservoir behind bars) to prevent dust formation and tracheal

irritation as much as possible. Besides hay the goats were also fed with pelletted

food, beet pulp and molasses. From the time that percutaneous pins had been
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installed at the tracheostoma TC, iodine solution wound spray (Dutiplast®, A.U.V.

Veterinarians, Cuijk) was used three times a day for disinfection.

At the beginning of the experiments examination of the trachea with a flexible

endoscope was not a routine inspection in the protocol. Later this was included

three times a week. In this way, the trachea was inspected almost down to the

level of the carina. The hairs in the frontal neck area were clipped regularly. No

additional medication was necessary for these inspections.

During follow-up, tissue reactions (inflammation and infection) were clinically

monitored.

Humane endpoints used were: stridor, abdominal respiration, extensive infections

(at implant site), imminent severe respiratory distress without improvement after

stoma care and/or suctioning. The animals were then euthanised by an

intravenous overdose of pentobarbital.

Wellbeing of the goats was assessed by experienced biotechnicians. Weight was

checked every 1-2 weeks and the behaviour of the individual animals was

evaluated pre- and postoperatively.

Although pain assessment remains difficult in ruminants, we gave special attention

to appetite, rumination patterns, interaction with other individuals, interest in

surroundings, interaction with the animal caretakers, response to palpation of the

wound area and efforts for vocalisation. The goats were regularly evaluated for

signs of respiratory distress.

Implantation of a (tracheostoma or tracheo-esophageal) tissue connector for 12

weeks without infection was considered as successful. All other cases were

considered unsuccessful.

3. Results

3.1 Animal Model Anatomy

The anatomical post-mortem investigations revealed that the Saanen goat has a

relatively long soft palate. In the case of a total laryngectomy, good primary

closure of the mucosa remnants would be difficult in addition to introducing extra

risks such as gastric content leakage and infections. The trachea and esophagus

are about the same size and shape compared to those in humans (the trachea

consists of almost exactly the same horse-shoe shaped cartilage semi-rings).

However, the experimental animals showed the same inter-individual differences

as reported previously30. Also a new phenomenon, torsion of such abnormal

cervical trachea, was seen in one case. This can complicate a puncture procedure

on the dorsal side.
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3.2 Perioperative

The surgical procedure went without complications in all but one case. At the time

that i.v. propofol was not included in the anaesthesia protocol, one goat awoke

during surgery. This was during the suturing of the stoma. Anesthesia was quickly

re-induced with propofol and after re-intubation, inhalation anesthesia was

continued and the procedure was finished without any other problems.

All 19 animals survived the surgical procedure. The X-rays showed satisfactory

alignment of the tissue connectors in all cases (see figure 8). Typically, surgery

lasted about one hour.

3.3 Post-Operative Course

Following wake up, the animals started eating usually within one hour and

ruminated normally. During pain assessment, we observed that the goats had a

good appetite; they ruminated normally, and did not lose weight during the follow-

up period. Post-operative interaction with conspecies, animal caretakers and the

environment was comparable with pre-operative behaviour. During palpation of the

wound area some animals became a little agitated. We therefore conclude that

the goats apparently experienced only mild inconvenience from the surgery and

implants. After 7 days half of the sutures were removed and after 10 days the

remaining sutures were removed.

The post-operative period with several protocol adjustments can be divided into

three episodes. The main interventions and results are listed in the table.

In episode 1 (n=5), the goats did not receive a tracheostoma canula during the first

two weeks. This made it impossible to predict the process of crust formation

and/or oedema resulting in varying degrees of stoma stenosis. Therefore, we

changed the protocol during the follow-up and used canulas for the remaining

animals.

During the second episode (n=8), the sterling silver Chevalier-Jackson canula

system was abandoned, because the distal part remained relatively sharp and

crustae adhered relatively easily to the silver. In episode 3 (n=6) all goats received

stoma care every six hours. Different types of tracheostoma canulas were tried.

Experience showed that silicone rubber Provox® Lary Tube™ and Shiley

tracheostomy tubes (with inner canula) worked best. Nearly all the canulas tested

were shortened. Most of the Lary Tubes™ were already the right size.

Fixation of the tracheostoma tube with an elastic or non-elastic cord around the

neck proved not to be a long-term solution since tubes often became dislodged.

As an alternative, plastic rings were sutured to the skin with Prolene® 2-0 at 5 cm

inferior and 2-3 cm lateral from the stoma. The canulas were tied to the rings with
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pieces of cord (see figure 9). This was done to distribute the forces of the canula

among the stoma and the skin and to secure general fixation. This proved to be a

good method of fixation in the majority of the animals. Some animals developed

signs of pressure necrosis at the cranial top of the stoma.

Figure 9. Fixation of adapted Shiley tracheostoma canula

Sometimes the animals developed respiratory distress, depending on several

factors such as the time after stomal cleaning, relative humidity of the air or

excitation just before receiving food. During the whole post-operative period

sometimes thick, dry crustae of mucus and/or blood were seen in the inner canula

at the moment of cleaning. After cleaning the stoma and canula and flushing the

trachea with saline most symptoms disappeared quickly.

Examinations of the trachea with a flexible endoscope showed moderate

granulation/fibrous tissue reaction at the inferior level of the tube in two animals.

Induction of tracheal stenosis caused by the canula was not observed in any of the

other animals. No other lesions or mucous plugs were found during endoscopy.

Four animals successfully underwent the full length of the follow-up and four

animals were euthanized, because the humane endpoint was reached.

3.4 Mortality

Eleven animals died before the end of the experiment (see figure 10 and table 1).

In most cases, necropsy revealed that the cause of death was related to

respiratory obstruction in the trachea or bronchi. Three of them were on antibiotic

treatment. Several animals died during the night or in the early morning. No clinical

warning signs or symptoms or abnormal behaviour were observed before death

occurred. Several continuous video recordings did not reveal any abnormal
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behaviour during the night. After the death of several goats the animal model was

again evaluated with all involved parties and the option of stopping the

experiments was considered. However, several modifications in the experimental

protocol were implemented and we hoped this would solve the problems of loosing

the goats overnight. We found that stoma care every 6 hours improved the clinical

results. Overall, the time required for stoma care per goat ranged from roughly 8 to

over 20 minutes. This depended on the cooperation of the goat, the quantity and

quality of crustae, and the experience and expertise of the biotechnician.

On a number of occasions the university climate control system failed. This

resulted in low relative humiditiy (30-40%) for 3-5 hours that could not be

compensated by the additional air humidifiers.
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Figure 10. Participation time in days per goat.

: Termination because end of experiment reached

: Termination because humane end point reached
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3.5 Complications

Until week 7 post operatively in general only mild signs of inflammation were seen

at the location of the tracheostoma implant. Clinically, from the moment of

installation of the percutaneous screws in the tracheostoma tissue connector, the

signs of inflammation recurred and also infections occurred (see table). Infections

varied from very mild to very severe with necrosis. In general, early antibiotic

treatment of implant infections resulted in clinical improvement (reduction of signs

and/ or symptoms of the complication after the intervention) and even recovery

from infection.

3.6 Outcome

Four animals reached the end of the follow-up period without infection of the

tracheo-esophageal tissue connector. However, none were without infections of

the tracheostoma TC implant during the full 12 weeks experimental period (see

table). Therefore, four cases were described as successful in the table. In post

mortem examinations, none of the 19 animals showed evidence of leakage of the

laryngeal pouch.

In 18 of the 19 goats, the tracheo-esophageal TCs were firmly fixed in fibrous

tissue and no infections were seen here.

4. Discussion

Patients who have their complete larynx removed for cancer treatment suffer from

many daily problems concerning the fixation of the prostheses used for voice

rehabilitation. As a possible long-term solution, new devices were designed and

produced. For feasibility testing purposes, animal experiments were considered to

be necessary.

The extensive consequences of complete separation between cervical trachea

and the upper respiratory tract after a total laryngectomy have been illustrated in

patients4.

Implantation of a TC between trachea and esophagus can be done in a

representative manner, including the puncture in the dorsal tracheal wall.

However, puncture of the esophagus is a different matter. Because goats are

ruminants we did not make a complete tracheo-esophageal puncture, as is

performed in human patients. Repeated acid fluid and bolus passage would place

a heavy load on the implant and surrounding tissues and would not represent the

human situation.
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Another requirement could not be fulfilled in our animal model, viz.(chemo-)

radiation of the larynx. Development of an animal model completely resembling

the human situation is currently not feasible.

Although the animal model was selected very carefully, there were inevitable

differences from the clinical situation. Major differences that have consequences

for animal experiments are that the goat is a ruminant, its anatomy is different, and

it will not react appropriately in case of emergency.

Intravenous propofol was added to the anaesthesia protocol the first moment we

encountered a light anaesthetic plane during suturing of the trachea to the skin to

create a high-quality tracheostoma.

There is a large difference between a “simple” tracheotomy and tracheostomy.

A tracheostomy is surgically more radical, the wound is more extensive, operating

time is usually longer and post-operative care is more laborious.

Logically, the risk of complications is higher compared to tracheotomy, which is in

concordance with literature in this research area. There is less actual or potential

opportunity for airway passage and mucus clearance. In an animal model this

requires more rigorous measures concerning post-operative care. A healthy

animal with a tracheotomy is still capable of transporting secreted mucus from the

tracheal epithelium and swallowing it. For example, tracheotomies in dogs have

even been reported to be maintenance-free31.

Further, we cannot exclude that other factors such as mammal species, age or

breed of the goats have a significant influence on the long-term outcome of

tracheostomy. In view of this, it can be noticed that Prince and Nasser reported a

completed 9-month follow-up after tracheostomy of 2 Nubian goat crosses (3

months old), while we were not able to achieve this in Saanen goats.

Our decision to start the experiments without the use of a canula was based on

the potential hazards: blockage with mucus, dislodgement, trauma with bleeding,

irritation of the trachea causing more secretions, coughing, rubbing, scratching,

wound dehiscence and infection. On the other hand, when tracheotomy (e.g. a

vertical anterior incision) is performed, the mechanical stability of the trachea is

disrupted (irrespective of the animal model), life-threatening stenosis or collapse of

the trachea or surrounding soft tissues can occur, as reported in dogs26,27 and

goats32. Also fatal kinking of the trachea has been reported in dogs when a stoma

was placed through rings 12 to 1525. In addition, MacPhail and Monnet studied 140

cases of laryngeal paralysis in dogs, in which 26 needed a tracheotomy (planned

or emergency). Thirteen of them developed complications (7 within 24h and 6 after

14 days), which resulted in the death in 8 of these 13 animals caused by acute
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respiratory distress and aspiration pneumonia, occurring within 24h as well as

after two weeks of the surgery33.

One of the problems is that goats react differently to respiratory distress signals

compared to human patients. The goat is unable to cough physiologically or

otherwise respond effectively when excessive mucus collects at the site of the

tracheostoma. During the critical post-operative period adequate airway protection

is necessary to obtain long-term results. The airway can be protected in a

mechanical way (stent, tracheostoma tubes or canula) and in a physiological way

(HME filter application, temperature, high relative humidity in the stable, low dust

formation). An HME filter system can become clogged with mucus, which can

hamper the airway in a life-threatening manner. The use of such a relatively

vulnerable but advisable device is in our opinion only possible if the animals are

under constant surveillance or if they are equipped with some kind of emergency

monitoring system. Myer et al. found a potential protective effect (not significant) of

HME filters in tracheotomized dogs during a follow-up of 1 and 10 days22.

Whether continuous prophylactic antibiotic treatment after laryngotomy,

tracheotomy or tracheostomy during full follow-up improves the survival of the

animals remains debatable. For animals with repeated aspiration pneumonia this

might offer a solution because it is a serious threat. However, the literature on this

is inconclusive16,17,32. Drawbacks are that side effects must be taken into account

and they may influence the results, or they may cause artefacts: for example,

some antibiotics are known to influence tissue response.

Another problem we encountered was that the relatively large implants at the

tracheostoma site and tracheostomy tubes/canulas were very prone to interfere

with the vulnerable tissues. Despite the adaptations (tension release, 4-point

fixation) and the use of soft silicone rubber we were not able to solve this problem.

A very thin and flexible silicone rubber flange attached to the tube might provide a

tension-free fixation. Otherwise a solution can be found in near-total immobilization

of the head and neck so that the forces applied to the canula and implant area are

minimized and manipulation of the canula by the animal is made impossible34. This

also prevents potential contamination and infection of the neck wound induced by

scratching with the hind legs. Scratching was only rarely seen in our experiments

and was not considered as a sign of pain. However, it was considered as a sign of

discomfort, having something unusual attached to the body. The goats did try

persistently to demolish devices attached to themselves or their neighbour. In

short, every intervention has to be evaluated carefully for its effectiveness. We

found that clinical symptoms and signs did not match the findings with post-
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mortem investigations and therefore stress that meticulous behaviour analyses

during experiments with goats may be useful. Even after one hour after stoma

care suddenly goats may die.

When using an animal model with a tracheostoma, the relative and absolute size

of the trachea is important16, in contrast to studies of tracheotomy only, where the

larynx and trachea are not separated21,35. Attempts to develop an animal model

with such a laryngo-tracheal separation with hairless guinea pigs (Cavia porcellus)

and pigs (Sus scrofa) were not successful (personal communication Dr J.G.

Nasser, MD, DDS, Dalhousie University Medical School, Halifax, Nova Scotia,

Canada and M.E.P. Prince, MD, University of Michigan, Comprehensive Cancer

Center, Ann Arbor, MI, U.S.A.)17. In the case of medical product research and

development comparable size is clearly an advantage. We therefore have a strong

preference for a large animal as a model.

On the subject of the choice of animal model the aspect of mobility of the

implantation area was underestimated. The mobility of the anterior neck of an

adult goat is much larger compared with that of human patients. In general this is a

proven negative factor for percutaneous implants36 and also affected the outcome

of the current experiments.

During the progress of the project we noticed that post-operative care at regular 6-

hour intervals improved the wellbeing of the animals and we consider this the

minimum.

As long as no transmucosal tracheo-esophageal connection is necessary, we think

that the goat is still the best available animal model so far identified. Where the

research objective is to study the site of a solitary puncture or other unnatural

opening in the esophagus, however, our recommendation would be to choose a

non-ruminant animal model.

5. Conclusions

The goat with a tracheostoma for post-laryngectomy research is not an optimal

animal model for intermediate or long-term experiments, mainly due to difficulties

in post-operative care and complications due to the tracheostomy itself.

Nevertheless, the model seems suitable for the development of new surgical

techniques as well as for short-term tests. This model is also satisfactory with

respect to the anatomy. The size and shape of the neck area allow easy access

and easy handling. This implies good opportunities for implanting tracheal and

esophageal fixation devices, including situations with a tracheal puncture but
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excluding esophageal puncture. It is also our opinion that total laryngectomy

cannot be achieved in goats.

In our series we have demonstrated that post-operative care aspects are complex

and labour-intensive. Additional airway protection with Shiley canulas or HME

filters as well as maintenance on antibiotics subsequent to surgery might improve

the success of animal experiments with adult Saanen goats with a tracheostoma,

but the benefits and risks should be investigated first.
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Voice rehabilitation after total laryngectomy includes the application of surgical

(reconstruction) techniques during laryngectomy and the use of prostheses, like

shunt valves, tracheostoma valves and heat and moisture exchange filters. As

prosthetic tracheo-esophageal voice rehabilitation is the method of choice in most

Western countries, research efforts should focus on improving the reliability and

durability of prostheses. Fixation of these prostheses is one of the main problems.

Moreover, research efforts to improve voice rehabilitation after total laryngectomy

should not be discontinued until the moment the vast majority of patients can

benefit from the previously set targets. In the still ongoing Newvoice project further

solutions are being studied. The tracheostoma tissue connector has not proven to

be successful. It has failed due to high mobility of the soft tissues at the

percutaneous connection that leads to epithelial downgrowth and infection.

Improving the concept seems to be very difficult, because immobilization of the

skin remains a key problem in an area of mobile tissue that is exposed to

contamination with mucus and is radiated in many cases. Perfecting the fixation of

the TSV-HME-combination will provide the most benefit for patients with the

current TE voice rehabilitation method. In the sequel of our design and feasibility

testing efforts, alternative tracheostoma fixation must be investigated. Besides

extensive attention of the surgeon to the refinements of the stoma shape and

peristomal area for the current fixation systems, new approaches should be tested.

Stoma shape enhancement can be considered the primary step for improvements

that involves the least risks. An implant made of silicone rubber or a porous

implant as tissue augmentation can be used to flatten the surface to prevent a

deep lying irregular shaped stoma. Currently, autologus tissue such as fatty tissue

is already applied for this purpose.

The TS-TC has failed due to high mobility of the soft tissues at the percutaneous

connection that lead to epithelial downgrowth and infection. In the area of body art

in both tribal and western populations, the techniques of piercing and pocketing

allow the fixation of a wide variety of jewelry, implants or other foreign objects.

These techniques are successful in most cases (see Figures 1 and 2).

Investigating the possibilities of TSV fixation by means of piercing or pocketing is

considered worthwhile and is presented as a next alternative for fixation of

prostheses to be tested. At present, very little is known about the load-bearing

capacity of percutaneous and permucosal piercings. Non-scientific reports indicate

that stretching and enlarging piercing holes is a difficult and time consuming

process. This might imply that periodical mechanical load, as applied at the

tracheostoma during TE speech is possible.
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The advantage of this implantation method is that downgrowth of epithelial layers

is no longer a threat for the implant. The opposite seems the issue: complete

epithelialization of the punctured tunnel or pocket is exactly what is needed.

However, in skin areas that have been irradiated in many cases, wound healing

will be slow. Also during the healing process there is an increased risk of

infections, so vigorous hygiene at the punctured sites is a prerequisite. The latest

developments include permanent transcutane-transmuscular piercings of silver

chains (see Figure 3). This can be compared with an elongated macroporous

mesh-like structure that allows formation of many tissue bridges and strong fibrous

capsules. The advantage is that when the wounds are healed, they are stable

implants that do not impede body movements due to their flexibility and that silver

has a bactericidal effect and may enhance wound healing
1,2

. However, besides

Figure 3. Transcutaneous-transmuscular
implanted silver chain in the shoulder

Figure 1. Piercing in lower arm Figure 2. Pocketing in head and
neck area
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infection, there is also a risk of argyria (gray/blue discoloration of the skin caused

by the effects of silver jewellery on the skin). To ensure a watertight and airtight

seal between the patient’s trachea and the TSV an expandable socket in the

tracheal lumen or at the stoma border must be applied.

The tracheo-esophageal tissue connector has been regarded as a promising

implant but needs to be studied further, because puncture of the esophagus and

long-term follow-up results are a prerequisite before the implant can be tested

clinically. This will require isolated tests of these prototypes with a complete

tracheo-esophageal puncture in a non-ruminating animal model such as a pig or

dog before clinical tests can take place. Long-term tests should also include an

irradiated group so a clinical radiation treatment regime needs to be developed for

the animal model used. The prototypes will be adapted and scaled to the

appropriate geometry. After successful animal experiments, the new concepts will

be tested in patients of collaborating university hospitals and after certification, this

may lead to new commercial available products. Then leakage problems related to

prosthetic TE voice rehabilitation might no longer exist, resulting in an improved

quality of life of laryngectomees, a marked decrease in patient visits to the ENT

outpatient clinic and therefore a reduction in healthcare costs.
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Summary

In most patients with advanced or recurrent laryngeal or hypopharyngeal cancer,

total laryngectomy is indicated. This means the loss of the three main laryngeal

functions: phonation; respiration; and the prevention of aspiration during

deglutition. Laryngectomy patients have various options to restore phonation such

as an esophageal voice, an electrolaryngeal voice or a tracheo-esophageal voice

with a shunt valve. In the latter case a silicone rubber shunt valve is placed in the

tracheo-esophageal wall and phonation is generated when exhaled air is forced

through the shunt valve to the esophagus and neopharynx. The EUREKA project

“Newvoice” aims at improving the plight of laryngectomees by realizing several

subprojects. The outcome of the project should be a market ready, voice-

producing shunt prosthesis, and new biofilm-resistant silicone rubber and soft

tissue interfaces like tissue connectors, which enable hands-free control of an

improved “new voice” and prevention of trachea irritation. The latter is the main

subject of this thesis.

Difficulties in the fixation of prostheses for voice rehabilitation after laryngectomy

In Chapter 2 we reviewed the literature on fixation problems with shunt valves,

tracheostoma valves and heat and moisture exchange (HME) filters. Despite 22

years of experience (at the time of publication) with the implantation of tracheo-

esophageal shunt valves and many improvements in the materials used and the

design, problems still remain such as biofilm formation with subsequent leakage

through the valve, the need for frequent and inconvenient replacements, fistula

enlargement leading to leakage around the device and reduced fixation, and

infections. The high financial cost of shunt valves is a drawback to their use

worldwide. To enable hands-free speech, different types of tracheostoma valve

(TSV) have been developed. These valves are fixed to the skin or to the

tracheostoma by means of an intratracheal device. An HME filter is used to protect

the airway and maintain physiological balance. Such devices are only suitable for

a select group of patients as fixation to the skin or trachea can be a major

problem. Speaking and coughing cause pressure increases, which often result in

mucous leakage and disconnection of the valve and/or HME filter. As fixation of

TSVs and HME filters is difficult, only a minority of patients uses the devices and

benefit from hands-free speech.

Animal models for tracheal research

Preliminary research concerning tracheal reconstruction and fixation possibilities

to the trachea and esophagus was necessary before prototypes were tested in
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vivo. Tracheal research contains two main areas of interest: tracheal

reconstruction and tracheal fixation. Tracheal reconstructions are aimed at

rearranging or replacing parts of the tracheal tissue using implantation and

transplantation techniques. The indications for tracheal reconstruction are

numerous: obstructing tracheal tumors, trauma, post-intubation tissue reactions,

etc. Although in past years much progress has been made, none of the new

developed techniques have resulted in a large-scale clinical application for (near

complete) trachea replacement. Tissue engineering is believed to be the technique

that will provide a solution for reconstruction of tracheal defects. However,

developing functional tracheal tissue from different cultured cell types is still a

challenge. Tracheal fixation research is relatively new in the field and concentrates

on solving fixation-related problems for laryngectomized patients. It was found that

the animal models used for tracheal research vary widely and in most publications

proper scientific arguments for animal selection are never mentioned. It showed

that the choice of animal models is a multifactorial process in which non-scientific

arguments tend to play a key role. In this chapter (3) the results of post-mortem

investigations and information for biomaterials scientists about tracheal research

and the animal models used were listed. Consequently, after design and

production of tissue connector prototypes, animal experiments were designed.

Goats were thought to be the best animal models for these purposes. The

tracheostoma tissue connector (TS-TC) and tracheo-esophageal tissue connector

(TE-TC) were reported separately.

In vivo experiments with tracheostoma tissue connector prototypes

In a goat model a tracheostoma was created and the prototypes were implanted.

After 6 weeks of subcutaneous implantation, percutaneous screws were inserted.

After twelve weeks, the experiment was terminated and the implants with the

surrounding tissues were processed and examined histologically by means of light

microscopy. The clinical appearance during weeks 7 to 12 varied from very poor to

relatively good. Histologically, the implants showed a uniform inflammatory

response. Titanium or silicone rubber rings surrounding the tracheostoma

subcutaneously combined with polypropylene mesh failed to immobilize the skin

and subcutaneous tissue sufficiently. As a consequence, the classical mechanism

of percutaneous implant failure was demonstrated. Chapter 4 describes two

prototypes and the subsequent histological analysis of the device-tissue explants.
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Experimental results of the tracheo-esophageal tissue connector for improved

fixation of shunt valves in laryngectomized patients

To solve the fixation related problems of the TE shunt valve, a TE-TC was devised

to serve as an interface between the patient’s tissue (trachea and esophagus) and

a shunt valve. The TE-TC was defined as a permucosal connection constructed

from a titanium ring (filled with a silicon rubber plug) combined with polypropylene

or titanium mesh. After implantation in adult goats for 12 weeks the implants were

submitted to histological investigation.

Firm implant fixation was achieved. In nearly all animals (18/19), no signs of

infection of the implant was seen. In total 11/19 animals died before the end of the

experiment due to complications not related to the implant. In a pilot experiment

(n=2) it was found that implantation of a TETC including punction of the dorsal

tracheal wall was technically feasible and postoperatively safe for the animals. The

TE-TC was considered a device with potential in the solution for fixation-related

problems in tracheo-esophageal shunt valve voice rehabilitation.

Histological assessment of titanium and polypropylene fiber mesh with and

without fibrin tissue glue

Both TS-TC and the TE-TC were stabilized by tissue ingrowth in mesh.

Polypropylene (PP) and titanium (Ti) mesh are well-known surgical implants that

provoke a relative low foreign body reaction. Firm stabilization of the implant is

important to prevent migration and subsequent failure of the operation. Fibrin

tissue glues are commercially available adhesives and are widely accepted in the

medical field for hemorrhage, surgical bleeding, support of wound healing, wound

and tissue gluing, sealing and closure but also as anti-adhesive agent in certain

applications. Objective of this study was to evaluate the additional histological

effect of fibrin glue application combined with two different types of mesh. Six

pieces mesh of each (Ti, Ti with glue, PP and PP with glue), were subcutaneously

implanted for 3, 6 and 12 weeks. After excision, processing and staining, light

microscopic analysis was performed on the coupes using subjective histological

description and histomorphometry. Capsule quality, capsule thickness, interstitial

quality and total score were calculated. The samples with glue and without glue

were compared by means of analysis of variance (ANOVA) tests. No

complications were observed. In general the glue remnants remained visible at 3

and 6 weeks of implantation, accompanied by an inflammatory reaction and

macrophage activity. In general the Ti group scored higher than the PP group,

which is in line with the literature. At 12 weeks all samples showed good tissue

integration without evidence of glue. The samples with glue clearly demonstrated a
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prolonged inflammatory response and were surrounded by fibrous tissue capsules

that were significantly thicker compared to the samples without glue (P<0.05). It

was demonstrated that the addition of fibrin tissue glue to the mesh implants

induced a prolonged inflammatory response and thicker fibrous capsules after

implantation.

The Saanen goat as animal model for post-laryngectomy research:

practical implications

In our implantation experiments several problems and complications of the

selected Saane goat model were encountered. The postoperative course of this

animal model was described in detail.

Surgery consisted of a laryngo-tracheal separation and implantation of a tracheo-

esophageal and tracheostoma tissue connector with fibrin tissue glue.

Postoperative care consisted of frequent stoma care. All animals survived the

surgical procedure. However, postoperative care was extensive, labor-intensive

and accompanied by several complications (11 (58%) animals died before the end

of the experiment). Establishment of the percutaneous connection after 6 weeks

was found to be a critical point from where the tracheostoma tissue connector

starts to cause infection. In one animal, the TE-TC got infected due to a seroma

that had formed subcutaneously, inferior of the tracheostoma. It was concluded

that this goat model has certain disadvantages and can only be used for short-

term experiments with intensive care. Further refinements of the model were

considered a necessity before new experiments are carried out.

Conclusions

Prosthetic tracheo-esophageal voice rehabilitation can be regarded as a

successful approach to regain speech after surgical removal of the larynx.

Fixation-related and other problems, however, require frequent visits of patients to

the ENT outpatient clinic. HME filters used in TE speech can stay attached relative

successfully because fixation is supported by a finger used to close the

tracheostoma. The use of automatic TSVs is only possible in selected cases.

Therefore the TS-TC prototype has been proposed as an improvement of this.

However, it has not proven to be a successful strategy in our animal model.

Alternative research efforts are required to realize an improved fixation of these

devices. Fixation of TE shunt valves is in many cases not sufficient and leads to

serious problems for patients. The TE-TC proved to be successful for implantation

in the tracheo-esophageal wall. Isolated experiments with TE-TCs that include
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perforation of the esophageal wall are necessary before a patient-ready and

market-ready product can be achieved. The animal model is not ideal because the

tracheostomy implies an unpredictable course concerning airway and respiratory

safety and, tissues of the implantation area are very mobile. For selected purposes

this model is appropriate for short time experiments. The application of mesh for

fixation of implants is favorable because firm integration in tissue has been

demonstrated. Following the progress of the Newvoice project, concerning the

development of TE and tracheostoma tissue connectors, the results show that

additional research efforts are needed. Depending on the results of the next

experiments, clinical application of the tissue connectors could be possible in the

future.
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In de meeste patiënten met een ver gevorderde of terugkomende maligniteit van

larynx of hypofarynx is een totale laryngectomie geïndiceerd. Dit betekent het

verlies van de drie belangrijke functies van de larynx: fonatie, ademhaling en de

preventie van aspiratie tijdens het slikken. De gelaryngectomeerde patiënten

hebben diverse opties voor spraakrevalidatie zoals de oesophagusspraak, een

electrolarynx of tracheo-oesophageale spraak met een ventiel. In het laatst-

genoemde geval wordt een siliconenrubber ventiel (shunt ventiel) geplaatst in de

tracheo-oesophageale wand en wordt er geluid geproduceerd wanneer de

uitgeademde lucht door het ventiel naar de slokdarm en neofarynx wordt geleid.

Het Eureka- project "Newvoice" beoogt de revalidatiemogelijkheden van

gelaryngectomeerden te verbeteren door het realiseren van verschillende sub-

projecten. De resultaten die hieruit voortvloeien betreffen een commercieel

beschikbaar product zoals een stem-producerende shuntprothese, nieuw biofilm-

bestand siliconenrubber en zacht-weefsel-interfaces zoals weefselconnectoren

(tissue connectors), die “hands-free” controle mogelijk maken van een betere

"nieuwe stem" en trachea-irritatie tegen gaat. De weefselconnector is het

belangrijkste onderwerp van deze thesis.

Moeilijkheden binnen de bevestiging van prothesen voor stemrevalidatie na

laryngectomie

In Hoofdstuk 2 werd de literatuur op bevestigingsproblemen met shuntventielen,

tracheostomakleppen en warmte- en vochtuitwisselings filters (HME) beschouwd.

Ondanks 22 jaar ervaring (bij de tijd van publicatie) met de toepassing van trache-

oesophageale shuntventielen en vele verbeteringen van de gebruikte materialen

en het ontwerp, persisteren problemen zoals biofilmvorming met verdere lekkage

door de klep, de behoefte aan frequente en ongelegen vervangingen, fistel-

verwijding leidend tot lekkage rond het apparaat en slechte bevestiging, en

infecties. De hoge kosten van shuntventielen zijn een wereldwijd nadeel in hun

gebruik. Om hands-free spraak mogelijk te maken, zijn de verschillende types

tracheostomaklep (TSV) ontwikkeld. Deze kleppen worden bevestigd aan de huid

of aan het tracheostoma door middel van een intratracheaal apparaat. Een HME

filter wordt gebruikt om de luchtwegen te beschermen en het fysiologisch

evenwicht te handhaven. Dergelijke apparaten zijn slechts geschikt voor

geselecteerde groepen patiënten gezien bevestiging aan de huid of de trachea

een belangrijk probleem kan zijn. Het spreken en het hoesten veroorzaken een

stijging van de druk in de trachea. Dit resulteert vaak in lekkage van lucht en slijm

en vervolgens loslating van de klep en/of het HME filter. Omdat bevestiging van
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TSVs en de filters HME moeilijk is, kan slechts een minderheid van patiënten

gebruik maken van de voordelen van “hands-free” spraak.

Diermodellen voor trachea onderzoek

Inleidend onderzoek betreffende trachea reconstructies en bevestigings-

mogelijkheden aan de trachea en oesophagus was noodzakelijk alvorens de

prototypen konden worden getest in vivo. Het trachea onderzoek bevat twee

belangrijke aandachtsgebieden: trachea reconstructie en tracheale bevestiging.

De trachea reconstructie richt zich op het herschikken of het vervangen van delen

van het tracheale weefsel waarbij implantatie- en transplantatietechnieken worden

toegepast. De indicaties voor trachea reconstructie zijn talrijk: obstruerende

tracheale tumoren, trauma, post-intubatie weefselreacties, enz. Hoewel in

afgelopen jaren veel vooruitgang is geboekt, hebben geen van de nieuw

ontwikkelde technieken geresulteerd in een klinische toepassing van (subtotale)

tracheavervanging op grote schaal. Tissue Engineering wordt beschouwd als de

aangewezen techniek om een oplossing te bieden voor de reconstructie van

tracheale defecten. Nu is het ontwikkelen van functioneel tracheaweefsel op-

gebouwd uit verschillende gekweekte celtypen nog een uitdaging. Onderzoek op

het gebied van bevestigingen aan de trachea is vrij nieuw en concentreert zich op

het oplossen van bevestigingsproblemen van hulpmiddelen voor gelaryngecto-

meerde patiënten. Diermodellen die voor trachea onderzoek worden gebruikt,

variëren sterk en in de meeste publicaties worden wetenschappelijke argumenten

voor diermodel selectie niet vermeld. Dit toonde aan dat de keus van diermodellen

een multifactorieel proces is waarin de niet-wetenschappelijke argumenten een

sleutelrol neigen te spelen. In dit hoofdstuk (3) worden de resultaten van post-

mortem onderzoek en informatie voor biomaterialenwetenschappers over trachea

onderzoek met de gebruikte diermodellen uiteengezet. Achtereenvolgens werden

na ontwerp en productie van de weefselconnectoren dierproeven opgezet. De geit

werden verondersteld het beste diermodel te zijn voor dit doeleinde. De

tracheostoma weefselconnector (TS-TC) en tracheo-esophageale weefsel-

connector (TE-TC) werden afzonderlijk gerapporteerd.

In vivo experimenten met tracheostoma weefselconnectoren

In een geiten diermodel werd een tracheostoma gemaakt en werden prototypen

geïmplanteerd. Na 6 weken onderhuidse implantatie werden percutane schroeven

geïnstalleerd. Na twaalf weken werd het experiment beëindigd en werden de

implantaten met het omringende weefsel verwerkt waarna histologisch onderzoek

door middel van lichtmicroscopie plaatsvond. Het klinische beeld tijdens week 7 tot
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12 variëerde van zeer slecht tot relatief goed. Histologisch, toonden de

implantaten een uniforme ontstekingsreactie. De ringen van titanium en

siliconenrubber gecombineerd met polypropyleen vezelgaas die het tracheostoma

onderhuids omringden, slaagden er niet in om de huid en onderhuids weefsel

voldoende te immobiliseren. Als gevolg hiervan werd het klassieke faal-

mechanisme van percutane implantaten aangetoond. Hoofdstuk 4 beschrijft twee

prototypen en de verdere histologische analyse van de explantaten.

Experimentele resultaten van de tracheo-oesophageale weefselconnector voor

betere bevestiging van shuntventielen in gelaryngectomeerde patiënten

Om de bevestigingsgerelateerde problemen van de tracheo-oesophageale (TE)

shuntklep op te lossen, werd een tracheo-oesophageale tissue connector (TE-TC)

bedacht om als interface te dienen tussen het weefsel van de patiënt (trachea en

slokdarm) en het shuntventiel. De TE-TC werd als permucosale verbinding

gedefinieerd die geconstrueerd werd van een titanium ring (die met een siliconen-

rubber stop wordt gevuld) gecombineerd met polypropyleen of titanium vezelgaas.

Na implantatie in volwassen geiten gedurende 12 weken werden deze

onderworpen aan histologisch onderzoek.

Stevige implantaatbevestiging aan het weefsel werd bereikt. In bijna alle dieren

(18/19), werden geen tekenen van infectie van het implantaat gezien. In totaal

stierven 11/19 dieren vóór het eind van het experiment wegens complicaties welke

niet gerelateerd waren aan het implantaat. In een pilotexperiment (n=2) werd

gevonden dat implantatie van een TE-TC met daarbij een punctie van de dorsale

tracheawand technisch uitvoerbaar was en postoperatief veilig was voor de dieren.

De TE-TC werd beschouwd als een implantaat met de potentie de oplossing te

bieden voor fixatie gerelateerde problemen van tracheo-oesophageale shunt-

ventielen en spraakrevalidatie.

Histologische beoordeling van titanium- en polypropyleenvezelnetwerk met en

zonder fibrine weefsellijm

Zowel TS-TC als TE-TC werden gestabiliseerd door weefselingroei in vezelgaas.

Polypropyleen (PP) en titanium (Ti) vezelgaas zijn bekende chirurgische

implantaten die relatieve lage foreign body reactie veroorzaken. Stabilisatie van

het implantaat is belangrijk om migratie en verdere mislukking van de implantatie

te verhinderen. Fibrine weefsellijmen zijn commercieel beschikbare kleefstoffen en

zijn breed in het medische veld geaccepteerd voor het behandelen van

bloedingen, ondersteuning van wonden bij het helen, het lijmen van wonden en

weefsel, sealen en sluiten maar ook als anti-kleef middel in bepaalde toe-
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passingen. De doelstelling van deze studie was het aanvullende histologische

effect te evalueren van fibrine lijm toepassing combineerd met twee verschillende

soorten vezelgaas. Zes stukken vezelgaas van elk (Ti, Ti met lijm, PP en PP met

lijm), werden subcutaan geïmplanteerd gedurende 3, 6 en 12 weken. Na

uitsnijding, verwerking en kleuringen, werd microscopische analyse verricht op de

coupes middels subjectieve histologische beschrijving en histomorfometrie. De

kapselkwaliteit, kapseldikte, interstitiumkwaliteit en de totale score werden

berekend. De samples met lijm en zonder lijm werden vergeleken door middel van

analysis of variance (ANOVA) testen. Er werden geen complicaties waargenomen.

In het algemeen bleven de lijmresten zichtbaar bij 3 en 6 weken implantatietijd,

begeleid door een ontstekingsreactie en macrofaagactiviteit. De groep van Ti

noteerde hoofdzakelijk hoger dan de groep van PP dat overeenkomstig met de

literatuur is. Bij 12 weken toonden alle samples goede weefselintegratie zonder

bewijs van lijmresten. De samples met lijm toonden duidelijk een verlengde

ontstekingsreactie en werden omringd door fibreuze kapsels die beduidend dikker

waren in vergelijking met de samples zonder lijm (P<0.05). Er werd aangetoond

dat de toevoeging van fibrine weefsellijm aan vezelgaasimplantaten na implantatie

een verlengde ontstekingsreactie en dikkere fibreuze kapsels veroorzaakte.

De Saanen geit als diermodel voor post-laryngectomie onderzoek:

praktische implicaties

In onze implantatie experimenten hebben zich verschillende problemen en

complicaties van het geselecteerde geitenmodel voorgedaan. Het postoperatieve

beloop van dit diermodel werd in detail beschreven.

De chirurgie bestond uit een laryngo-tracheale separatie en de implantatie van

een tracheo-oesophageale en tracheostoma weefselconnector met fibrine

weefsellijm. De postoperatieve zorg bestond uit frequente stomazorg. Alle dieren

overleefden chirurgische ingreep. Evenwel, was de postoperatieve zorg uitgebreid,

arbeid-intensief en vergezeld van verschillende complicaties (11 (58%) dieren

stierven vóór het eind van het experiment). Het aanleggen van de percutane

verbindingen na 6 weken bleek een kritiek punt te zijn waarbij de tracheostoma

weefselconnector geïnfecteerd raakte. In één dier ontstond een geïnfecteerde TE-

TC, veroorzaakt door een seroom dat zich onderhuids had gevormd, inferieur ten

opzichte van het tracheostoma. Er werd geconcludeerd dat dit geitmodel bepaalde

nadelen met zich mee brengt en slechts kan worden gebruikt voor experimenten

van korte duur en met intensieve zorg. Verdere verbeteringen van het model

werden noodzakelijk geacht alvorens nieuwe experimenten uit te voeren.
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Conclusies

De prothetische tracheo-oesophageale spraakrevalidatie kan als succesvolle

benadering worden beschouwd voor het regenereren van een stem na

chirurgische verwijdering van het strottehoofd. De fixatie gerelateerde en andere

problemen vereisen frequente bezoeken van patiënten aan de polikliniek Keel-,

Neus-, en Oorheelkunde. HME filters die in tracheo-oesophageale spraak worden

gebruikt kunnen met succes gefixeerd worden omdat de bevestiging wordt

ondersteund door een vinger die wordt gebruikt om het tracheostoma af te sluiten.

Het gebruik van automatische tracheostoma ventielen is slechts mogelijk in

geselecteerde gevallen. Het TS-TC protoype werd daarom voorgesteld ter

verbetering hiervan. Tot op heden is het geen succesvolle strategie gebleken te

zijn in ons diermodel. Alternatieve onderzoeksinspanningen zijn vereist om betere

bevestiging van deze apparaten te realiseren. De bevestiging van TE shunt-

kleppen is in vele gevallen niet voldoende en leidt tot ernstige problemen voor

patiënten. De TE-TC is gebleken succesvol te zijn voor implantatie in de tracheo-

oesophageale wand. Geïsoleerde experimenten met TE-TCs, inclusief perforatie

van de trachea- en oesophaguswand, zijn noodzakelijk voor dat een patiënt-klaar

en markt-klaar product bereikt wordt. Het gebruikte diermodel is niet ideaal omdat

tracheostomie met een onvoorspelbaar beloop gepaard gaat betreffende de lucht-

wegen en ademhalingsveiligheid. Daarbij zijn de weefsels van het implantatie-

gebied zeer mobiel. Voor geselecteerde doeleinden is dit model aangewezen voor

experimenten van korte duur. De toepassing van vezelgaas voor fixatie van

implantaten is gunstig omdat de vaste integratie in weefsel is aangetoond.

Gedurende de voortgang van het project Newvoice omtrent de ontwikkeling van

tracheo-oesophageale en tracheostoma weefselconnectoren tonen de resultaten

aan dat extra onderzoeksinspanningen nodig zijn. Afhankelijk van de resultaten

van de volgende experimenten, zou klinische toepassing van de weefsel-

connectoren in de toekomst mogelijk kunnen zijn.
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