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Pepijn Gielkens 

Guided bone regeneration 
The influence of barrier membranes 

on bone grafts and bone defects 



Om tandheelkundige implantaten betrouwbaar te kunnen plaatsen, is op de 

beoogde plaats voldoende kaakbot nodig. Als er onvoldoende bot aanwezig 

is, bijvoorbeeld als gevolg van een botdefect, kan zich nieuw bot vormen, 

door het defect te bedekken met een barriere membraan. Het membraan 

houdt bindweefselingroei tegen, zodat eronder ongestoord nieuw bot kan 

warden gevormd. Dit wordt geleide bot regeneratie (GBR) genoemd. Ook 

kan het kaakbotdefect warden opgevuld met een bottransplantaat. Deze 

transplantaten warden eveneens vaak bedekt met een membraan. De 

gedachte is dat hierdoor het 'oplossen' (resorptie) van het transplantaat 

wordt voorkomen. Het eerste doel van dit proefschrift was na te gaan of 

dit daadwerkelijk zo is. 

Het tweede doel was het evalueren van een nieuw ontwikkeld biode

gradeerbaar synthetisch membraan, omdat de huidige klinisch toegepaste 

membranen nog niet ideaal zijn. 

In een literatuurstudie werd geconcludeerd dat het beschikbare bewijs 

voor membraangebruik om transplantaatresorptie te voork6men zwak is. 

Ook in de proefdierexperimenten die in dit proefschrift zijn beschreven 

kon hiervoor geen bewijs warden gevonden. Wel lijkt de voorspelbaarheid 

van de resorptie van het bottransplantaat bedekt met een membraan iets 

hoger te zijn. 

In de defectstudies, waarbij een gat in de onderkaak van de rat werd 

bedekt met een membraan, werd meer botingroei gezien in de groepen 

behandeld met het nieuwe membraan vergeleken met de controlegroep 

waarin het defect niet werd bedekt. De referentie membranen bleken 

echter superieur, mogelijk doordat het nieuwe membraan vouwt of krult 

en zich niet makkelijk plooit. Het nieuwe membraan zal verder ontwikkeld 

moeten warden voordat het klinisch bruikbaar is. 
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Resorptie van autologe botblok transplantaten op de kaak wordt niet voorkomen door ze te bedekken met een membraan; 
evenmin wordt hun incorporatie hierdoor verbeterd. dit proefschrift 

Poly(DL-lactide-E-caprolacton) is weliswaar biocompatibel en degradeerbaar op de Lange termijn, maar in de huidige vorm 
en samenstelling niet geschikt als klinisch toepasbaar barriere membraan. dit proefschrift 

De biocompatibiliteit en degradatie-eigenschappen van biomaterialen kunnen subcutaan warden getest, ook als deze 
uiteindelijk subperiostaal warden toegepast. dit proefschrift 

Micro-CT is een betrouwbare en valide methode om botvorming en botresorptie te meten. dit proefschrift 

Als toeval niet bestaat heeft statistisch toetsen geen betekenis. 

Wanneer aan de correcte betekenis van 'preliminary results' voorbij wordt gegaan, warden ook voorbarige conclusies 
getrokken. 

Het is een misvatting dat de naam 'unihockey' iets met de Universiteit van doen heeft. 

Het blijkt een lastige opgave te zijn niet alleen een proefschrift, maar ook de daarmee verbonden kosten te laten drukken. 

Het probleem met de toekomst is dat het verandert in het heden. 
(Hobbes, In: Casper en Hobbes, De gestoorde bloeddorstige monsterlijke sneeuwzombies vallen aan. Bill Watterson, 
Haarlem, Big Balloon B.V., 2000). 

De suggestie van P. Ball om onze planeet 'Water' in plaats van 'Aarde' te noemen, getuigt van oppervlakkigheid. 
(P. Ball, In: Een kleine geschiedenis van bijna alles. Bill Bryson, Amsterdam/ Antwerpen, Uitgeverij Atlas, 2004). 

Degene die nooit van gedachten is veranderd, heeft nooit iets geleerd. 
(vrij naar NRC Handelsblad, 23-24 februari 2008) 

De uitspraak "Zeg nooit nooit" gaat niet altijd op. 
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Introduction 

The origin and development of guided bone 
regeneration 
Guided bone regeneration (GBR) can be defined as the 

use of a barrier membrane to provide for a space avail

able for new bone formation in a bony defect. Although 

GBR receives much attention nowadays, the origins of 

this treatment modality date back to the 1940s. In 1947 

Berg hypothesized that osteosynthesis between vertebrae 

(spinal fusion) was more predictable and rapidly achieved 

when a space was created between the vertebrae by ele

vation of the paraspinal muscles and placing a bone graft 

in between. 

Hellstadius (1950) tested this theory by creating a space 

using a combination of stainless steel cups and rings on 

roughened cortex of rabbit's femur. He concluded that 

bone did not form in granulation tissue when the soft parts 

were held away. Almost a decade later, Hurley et al. (1959) 

used millipore membranes for the treatment of experi

mental spinal fusion in dogs. They found that the sites in 

which the barrier membrane was applied showed thicker 

and more uniform fusion plates than the non-covered con

trols. In the 1960s, Boyne (1969) introduced the application 

of barrier membranes in maxillofacial surgery. The bar

rier membranes were applied on large bony defects that 

resulted from casualties during the Vietnam War (Boyne 

1969; Richter & Boyne 1969) and in reconstruction after 

ablative surgery (Boyne 1973). Metallic meshes of chrome 

cobalt or titanium were used to support microporous mem

branes. Although they reported favourable results, these 

findings did not lead to a broad clinical application. It was 

not until the 1980s that a technique of bone regeneration 

was developed using barrier membranes on periodontal 

defects. The purpose of these barrier membranes was to 

exclude epithelial in-growth into the sulcus (Gottlow et 

al. 1984; Gottlow et al. 1986). Numerous membranes have 

been developed since then (Zellin et al. 1995). 

In the late 1980s, clinicians started to augment the jaw 

bone in conjunction with or prior to implantation (Breine 

& Branemark 1980; Listrom & Symington 1988, Buser et al. 

1990). The membrane technique was applied in implant 

dentistry to cover implants with bony defects (Nyman et 

al. 1990). Managing bone deficits in these cases is a great 
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challenge to surgeons, because a significant part of these 

implants are inserted in regions where the gingival con

tour, dictated by the underlying bone contour, and crown 

angulation are of great importance (Meijndert et al. in 

press). 

In the mid1990s, researchers tried to enhance the pre

dictability of bone augmentation procedures by preven

ting bone graft resorption. To this end they covered the 

bone grafts with barrier membranes (Buser et al. 1996). 

Reported results were promising and the application of 

barrier membranes to cover bone grafts is now wide

spread among clinicians. However, there are disadvan

tages of applying barrier membranes. Non-degradable 

membranes, such as expanded polytetrafluoroethylene 

(ePTFE) may perforate the oral mucosa, serving as 'port 

d'entree' and thereby inducing an inflammatory response 

(Clarizio 1999). To stop this inflammatory response, the 

membrane must be removed. Membrane exposure during 

healing has a major negative effect on GBR around dental 

implants (Machtei 2001 ). Thus, a closed situation is essen

tial when an ePTFE membrane is used. Moreover, these 

barrier membranes account for a significant part of the 

costs in alveolar ridge augmentation in pre-implant sur

gery (Chiapasco et al. 1999). 

Nowadays, as surgery for cosmetic reasons is widely 

accepted and eternal youth is aspired, more implants than 

ever are placed. Since 1989 the number of dental implants 

used, has increased by almost 2000% (Meijndert 2007). 

Especially the amount of single tooth replacements is 

increasing during the last decade. It is therefore of major 

importance that the indication to use the barrier mem

branes is correct and when used, the barrier membranes 

applied have ideal properties. 

Basic principles of GBR 
As early as in the 1950s, it was stated that the pres

ence of a blood clot is necessary for new bone formation 

(Murray et al. 1957). Blood clot formation starts with tis

sue injury. This injury incites an inflammatory response 

with activation of complement. Damage to blood vessels 

causes extravasation and cell signalling. Monocytes and 

macrophages are directed towards the wound, producing 

growth factors and attracting other leucocytes. Platelets 

form a blood clot and discharge Platelet Derived Growth 



Factor (PDGF), Transforming Growth Factor beta (TGF-8) 

and Fibroblast Growth Factor (FGF). Granulation tissue 

develops, consisting of new blood vessels, collagen and 

cells. The collagenous component presents modulating 

factors (TGF-8, FGF, bone morphogenetic proteins (BMPs)) 

to receptive cells. Furthermore, it serves as a matrix for 

cellular attachment of osteoprogenitor cells. These cells 

differentiate into chondrocytes and osteoblasts under the 

influence of BMPs. Eventually, the defect is filled with new 

bone (Hollinger et al. 1999). 

In GBR a barrier membrane protects the defect from in

growth of soft tissue cells and allows bone progenitor cells 

to develop bone within a blood clot that is formed beneath 

the barrier membrane. Furthermore, the membrane 

excludes inhibiting factors and preserves bone growth fac

tors thereby facilitating bone development (Ogiso et al. 

1991; Zellin & Linde 1997). 

Barrier membranes and bone grafting 
A considerable number of augmentation methods have 

been used in an attempt to solve the problem of bone 

deficits in reconstructive and implant surgery. The tech

niques available today, that are widely accepted to achieve 

good clinical outcome, include guided bone regeneration 

(Mundell et al. 1993), osteodistraction (Schortinghuis et al. 

2005), transplantation of autologous bone grafts (Antoun 

et al. 2001; Von Arx et al. 2002; Donos et al. 2002), bone 

substitutes (Zitzmann et al. 2001), or a combination of 

techniques (Hallman et al. 2002). 

Guided bone regeneration is merely suitable for local bony 

defects. A bone graft can be applied solely, or as space

maintainer underneath a barrier membrane. The bone 

functions as a scaffold and carrier for living cells (Burchardt 

1983; Schenk 1994). A barrier membrane on an autologous 

bone graft is expected to prevent bone resorption, since 

a barrier membrane keeps the osteoinductive substances 

(e.g., growth factors) in place (Zellin & Linde 1997) and 

secludes the grafted area from inhibiting factors and con

nective tissue cells (Ogiso et al. 1991; Gordh et al. 1998). 

Even though the microporous ePTFE membranes (Gore

Tex®; W.L.Gore and Associates, Flagstaff, Arizona) are, 

presumably, initially permeable to tissue fluid and mac

romolecular flow, a certain local concentration of growth 

factors may occur (Linde et al. 1993). The concentration of 

local growth factors might result in a more intensive mod

eling of bone, i.e., local bone formation and resorption 

at sites subjected to barrier membrane treatment (Gordh 

et al. 1998). Furthermore, barrier membrane coverage 

may primarily reduce resorption by enhanced incorpora

tion (Alberius et al. 1992). Moreover, a barrier membrane 

serves as a space-maintainer, allowing bone regeneration 

in any remaining space and minimizing overall loss of bone 

volume (Antoun et al. 2001). 

Although autologous bone serves as reference standard for 

bone grafting procedures (Merkx et al. 1999; Antoun et al. 

2001), alternatives, such as demineralised bone and bovine 

porous bone mineral, have been extensively investigated 

with good clinical results (Zitzmann et al. 1997; Olson et 

al. 2000; Zitzmann et al. 2001). Reasons mentioned for 

using an alternative bone grafting material include the 

prevention of donor site morbidity, particularly in the 

iliac crest (Kalk et al. 1996; Joshi & Kostakis 2004), and 

insufficient volume of (intraorally) harvested autologous 

bone (Degidi et al. 2004). However, the disadvantages of 

autologous bone are outweighed by their safety in terms 

of disease transmission and immunologic responses (Cune 

2003). Additionally, new surgical techniques and instru

ments, e.g., bone collectors, trephines, chisels and bone 

mills, have optimised the harvesting procedures of autolo

gous bone (Von Arx et al. 2001 ), and have decreased donor 

site morbidity (Jansma 2002). 

Most bone substitutes consist of small particles. These 

are applied alone or in combination with autologous bone 

chips. When used with autologous bone chips, the barrier 

membranes serve to secure these granules. A frequently 

applied barrier membrane for this purpose is a porcine 

bilayer collagen type I biodegradable membrane (Geistlich 

Bio-Gide®, Geistlich Biomaterials, Wolhusen, Switzerland). 

This membrane was developed in the 1990s. Bony defects 

have successfully been treated (Zitzmann et al. 2001) 

and it is therefore considered the standard reference for 

biodegradable barrier membranes. Similarly, although 

complications may be observed when exposed to the oral 

environment due to perforation of the oral mucosa, ePTFE 

is frequently chosen as reference material for non-degrad

able membranes. 
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I 
'Ideal' barrier membrane 
The 'ideal' barrier membrane for alveolar ridge augmen

tation should have some specific properties. It is bio

compatible, occlusive, space-maintaining, and clinically 

manageable. Furthermore, it should be biodegradable and 

synthetic (Kay et al. 1997; Von Arx et al. 2002). 

An abundance of types of membranes has been tested, 

both in periodontal surgery and in implant surgery (Zellin 

et al. 1995). Nowadays, a porcine collagen type I mem

brane is the standard reference material for biodegradable 

membranes and the synthetic ePTFE membrane for non

degradables (Zitzmann et al. 1997; Von Arx et al. 2002). 

Although these materials are the standard references in 

membrane research because of established success, they 

have some disadvantages. Collagen has poor space mak

ing properties in wet conditions (Hutmacher et al. 2001) 

and its composition of animal derived collagen possibly 

leads to disease transmission from animal to people (Von 

Arx et al. 2002). The ePTFE is non-degradable, making it 

necessary to perform an additional surgical procedure to 

remove the membrane (Triplett et al. 2001). Furthermore, 

as mentioned before, when the membrane is exposed to 

the oral cavity, most of the times the membrane needs 

to be removed early to resolve the inflammatory reaction 

(Wang ft Carroll 2001). This is not the case with collagen 

(Zitzmann et al. 1997). 

An advantage of a synthetic membrane is the possibility to 

produce it in any required amount, and in a standardized 

controlled manner. One can influence the macrostructure, 

mechanical properties and degradation profile (Pego et al. 

2003a,b). These advantages do not apply to the non-syn

thetic collagenous membranes. Thus, although collagen 

and ePTFE fulfil their duty as a barrier membrane, there 

is still need for an alternative that combines the advan

tages of both membranes. Attempts to produce a synthetic 

degradable membrane that has the same clinical qualities 

as the references have failed so far. 

Poly(DL-lactide-E-caprolactone) as barrier 
membrane 
A Vivosorb® membrane (Polyganics, Groningen, The 

Netherlands) composed of poly(DL-lactide-E-caprolactone) 

might have the required properties. The copolymer is 

obtained by ring-opening polymerization of the lactides 
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(LID ratio 85/15) and E-caprolactone monomers using stan

nous octoate (Sn(Oct)2) as catalyst. The residual mono

mers are removed by precipitation chloroform in ethanol. 

The final lactide / E-caprolactone ratio was determined 

at 67-69 / 33-31 using nuclear magnetic resonance imag

ing. The polymer is completely amorphous, which means 

that it does not contain a crystalline fraction, and exhibits 

rubber-like behaviour, as was confirmed by differential 

scanning calorimetry. 

Poly(DL-lactide-E-caprolactone) sheets with a thickness of 

0.10 mm can be manufactured by pouring a chloroform -

polymer solution in a stainless steel mould. The bottom of 

this mould is roughened by sandblasting to obtain 1 rough 

side in the barrier membrane. This rough side is applied 

facing the bone to facilitate positioning and integration. 

Thereafter the polymer is condensed due to the evapora

tion of the chloroform. After complete condensation the 

0.10 mm thick polymer sheets are washed in a mixture of 

ethanol and water and manually cut in membranes with a 

size of 45 x 15 mm. The membranes are completely trans

parent and flexible. The material is sterilized with ethyl

ene oxide according to standard procedures. 

The poly(DL-lactide-E-caprolactone) barrier membrane 

may be an interesting alternative for collagen and ePTFE 

membranes. Based on its chemical composition it can be 

expected to be occlusive and with a thickness of 0.10 mm 

it is flexible enough to adapt to the contour of the cortical 

bone and at the same time stiff enough to bridge defects. 

This membrane is easily handled and cut and can be fixed 

with sutures, if necessary. Short-term ;n v;vo and ;n vjtro 

tests showed that this copolymer is biocompatible, degrad

able and non-cytotoxic (Meek et al. 2004). This polymer 

has extensively been tested in clinical practice as a nerve 

guide (Bertleff et al. 2005). However, long-term implanta

tion studies in a subperiosteal environment have not been 

performed. Furthermore, it seems to be necessary to test 

the biocompatibility and degradation of biomaterials (e.g., 

polymers) in the eventual anatomic environment, in this 

case subperiosteally, instead of subcutaneously (Asikainen 

et al. 2008). 



Micro-CT and transversal microradiography 
in the evaluation of new bone formation and 
bone resorption in autologous bone grafts 
Traditionally, histomorphometry has been used to measure 

bone formation inside bony defects or bone modeling of 

onlay bone grafts (Nastri ft Smith 1996). As histomorphom

etry is time consuming and, therefore, rather expensive, 

other techniques have been applied. For example, micro

radiography was successfully introduced for the quantita

tive evaluation of new bone formation of experimentally 

created defects (Schortinghuis et al. 2003). However, a 

disadvantage of microradiography is that only a 2 dimen

sional image is obtained, making 3 dimensional volumetric 

calculations impossible. An upcoming technique is micro

computed tomography (micro-CT), where both 3D and 

2D reconstructions and volumetric measurements can be 

obtained (Lee et al. 2006). This micro-CT technique seems 

promising for the quantification of bone formation inside 

bony defects as well as the evaluation of bone modeling 

in bone grafts. 

However, nor histomorphometry or micro-CT can measure 

the extent of bone mineralization and resulting bone den

sity. Bone mineralization and bone density give an impres

sion of the bone quality. Transversal microradiography 

(TMR) is an accurate method of measuring mineral content 

in a sample (Arends et al. 1997). This method has proven 

to be valid, precise and useful for measuring mineral loss 

in caries research (Kielbassa et al. 1999; Petersson ft 

Kambara 2004). Therefore, it can be expected that accu

rate comparisons of bone mineralization in new bone and 

in a bone graft can be made with TMR. 

Aim of the thesis 
The first aim was to study the preventive effect of differ

ent barrier membranes on bone resorption of autologous 

onlay bone block grafts. The second aim was to evaluate 

a new synthetic degradable barrier membrane in animal 

experiments and compare it to the standard degradable 

and non-degradable reference membranes. For these pur

poses methods were developed to use micro-CT, micro

radiography and transversal microradiography in GBR 

experiments. 

To obtain these goals we: 

» performed a systematic review of the available 

literature to find evidence for barrier membranes to 

prevent autologous bone graft resorption. (Chapter 2) 

» tested the biocompatibility of poly (DL-lactide-E

caprolactone) in subcutaneous as well as subperiosteal 

sites in a long-term implantation study in rats. 

(Chapter 3) 

» evaluated new methods of measuring bone formation 

in rat mandibular defects and modeling with resorption 

of grafts by microradiography, micro-CT as well as 

histomorphometry. (Chapter 4) 

» tested the effect of poly(DL-lactide-E-caprolactone), 

collagen and ePTFE membranes on graft resorption 

of autologous onlay bone block grafts in rats 

using microradiography, micro-CT and transversal 

microradiography. (Chapter 5.1 and 5.2) 

» evaluated qualitative and quantitative effects 

of the different types of membranes on bone 

formation in mandibular critical size defects in rats 

using microradiography, micro-CT and transversal 

microradiography. (Chapter 6.1 and 6.2) 
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Abstract 

Objectives: 

Autologous bone is considered the ' reference standard' for bone grafting procedures. A barrier membrane 

covering an autologous bone graft (guided bone regeneration (GBR)) is expected to prevent graft resorption. 

Good clinical results have been reported for GBR, although potential complications and relatively high costs 

have been implicated as disadvantages. However, most studies on the subject have been uncontrolled. 

The aim of this systematic review was to evaluate the available evidence that barrier membranes prevent bone 

resorption in autologous onlay bone grafts. The primary outcome measure was bone resorption. 

Results: 

The search yielded 182 articles. Two observers independently appraised 32 relevant studies methodologically, 

yielding 14 controlled studies. 

The articles included human and animal experiments with heterogenous objectives and outcome variables. 

Although most authors concluded that they had found evidence for the protective effect of barrier membranes 

on bone resorption in bone grafts, this systematic review reveals that the available evidence is too weak to 

support this. 

Most included studies were animal experiments; thus, extrapolation to the human situation is difficult. 

Most studies also had a small number of test sites, and sample size justification was generally not reported. 

Furthermore, ambiguity and lack of significance were found in many studies, along with additional limitations 

such as implantation site, non-suitable designs, and varying outcome measures. 

Conclusion: 

Based on a systematic review of the literature, further evidence is needed to determine whether barrier 

membranes prevent bone resorption in autologous onlay bone grafts. 



Introduction 

The reconstruction of large skeletal deficiencies presents 

a major surgical challenge. In the facial skeleton, such 

defects may result from trauma, infection, congenital 

defects, or tumour resection. In the reconstructive pro

cess, there is usually a need for bone or a bone substi

tute (Buser et al. 1996). A specific, frequently occurring 

clinical situation that may cause significant problems for 

reconstruction is the atrophic (partially) edentulous jaw. 

Since the introduction of endosseous implants, partially 

or totally edentulous patients with severely resorbed jaws 

can be successfully treated with prosthetic restorations 

(Adell et al. 1985; Adell et al. 1990; Sulzer et al. 2004). 

A prerequisite for the placement of dental implants is the 

presence of sufficient bone to provide for stability and 

esthetics. Only with sufficient bone can osseointegration 

be expected. 

A considerable number of augmentation methods have 

been used in attempts to solve the problem of bone defi

ciency. Widely accepted techniques include guided bone 

regeneration (GBR) (Mundell et al. 1993), transplantation 

of autologous bone grafts (Antoun et al. 2001; Von Arx et 

al. 2002; Danos et al. 2002c), augmentation with bone sub

stitutes (Zitzmann et al. 2001), or a combination of these 

(Hallman et al. 2002). 

The mechanism of GBR is similar to that of guided tissue 

regeneration (GTR). A barrier membrane prevents fibro

blast mass action to allow osteogenesis within the blood 

clot that is formed beneath the barrier membrane covering 

the defect (Hollinger et al. 1999). Furthermore, the bar

rier membrane excludes inhibiting factors and preserves 

growth factors (Ogiso et al. 1991; Zellin et al. 1997). The 

major difference between the GBR and GTR techniques is 

the open connection of the wound with the oral cavity by 

means of the gingival sulcus in GTR. This allows oral micro

organisms to penetrate the wound, which is an important 

factor in complications. When a GBR membrane covering 

a bony defect or bone graft is placed, the wound should 

ideally be primarily closed. 

GBR is suitable only for local bony defects. In the case of a 

large defect, a bone graft can be applied with (i.e., under

neath) or without a barrier membrane. The bone func

tions as a scaffold and carrier for living cells. The barrier 

membrane is expected to prevent bone resorption, since 

it keeps the osteoinductive substances in place (Linde et 

al. 1993; Zellin et al. 1997) and secludes the grafted area 

from inhibiting factors and connective tissue cells (Gordh 

et al. 1998). Furthermore, the barrier membrane serves 

as a space-maintainer, allowing bone regeneration in any 

remaining space and thus minimizing overall loss of bone 

volume (Antoun et al. 2001). Membrane coverage may 

primarily reduce resorption by enhanced incorporation 

(Alberius et al. 1992). 

Autologous bone serves as reference standard for bone 

grafting materials (Merkx et al. 1999; Antoun et al. 2001). 

However, alternatives, such as demineralised bone and 

porous bovine bone mineral have been extensively investi

gated with good outcomes (Zitzmann et al. 1997; Olson et 

al. 2000; Zitzmann et al. 2001 ). 

Good clinical results regarding barrier membrane coverage 

have been reported, and many clinicians currently cover 

bone grafts with a barrier membrane (Buser et al. 1996). 

However, the advantages of barrier membrane application 

can be doubted, primarily because of the risk of compli

cations caused by nonresorbable membranes perforating 

the oral mucosa (Clarizio 1999). Membrane exposure dur

ing healing has a major negative effect on GBR around 

dental implants (Machtei 2001). Thus, a closed situation 

is essential when a non-degradable membrane, such as an 

expanded polytetrafluoroethylene (ePTFE) membrane, is 

used. Moreover, barrier membranes account for a signifi

cant part of the costs in alveolar ridge augmentation prior 

to implant surgery (Chiapasco et al. 1999). 

The aim of this systematic review was to appraise the 

available evidence that barrier membranes prevent the 

resorption of autologous bone grafts. 

Material and Methods 

Study selection 
To identify studies related to artificial barrier membranes 

and resorption of onlay bone grafts, a sensitive search was 

conducted in the databases of MEDLINE (1966 to October 

2005), OLDMEDLINE (1950 to 1965), EMBASE (1989 to 

October 2005) and Biological Abstracts (1990 to October 

2005). The search was supplemented with a systematic 
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search in the Cochrane Central Register of Controlled Trials 

(CENTRAL) (1 800 to October 2005). The search strategy 

included the use of MeSH terms from the applied thesau

rus and free-text words in the aforementioned databases 

and is presented in Table 1 .  The search was completed 

by checking the references of relevant review articles and 

eligible studies for additional publications. No language 

restrictions were used throughout the study selection 

procedure. 

Table 1 .  Search strategy. 

1 .  Bone resorption (MeSH) 

2. Bone transplantation (MeSH) 
-----------

3. Membrane, artificial (MeSH) 

4. 1 AND 2 AND 3 

5. Bone resorption AND bone transplantation AND artificial 
membrane (free text) 

Articles were deemed relevant to the topic under investi

gation (i .e., autologous bone and barrier membrane use) 

on the basis of their titles and abstracts. When agreement 

was reached, a full-text document of each relevant article 

was obtained to determine whether the study was eligible 

for methodological appraisal. The predetermined inclu

sion criteria were (1 ) application of autologous bone, (2) 

use of a barrier membrane covering the bone graft, (3) 

primary closure of the surgical wound, and (4) use of a 

control group in which no barrier membrane was applied. 

Studies handling barrier membranes in periodontal therapy 

(i .e., GTR) were excluded . Two researchers independently 

assessed eligible studies included for methodological 

appraisal. Items that were evaluated were the research 

question, study design (including randomization method 

where applicable), control group, and outcome measure. 

When necessary, agreement on these items was reached 

in a consensus meeting. 

Results 

The MEDLINE  and OLDMEDLINE databases yielded 173 

publications using MeSH-terms, and 1 75 publications when 
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using free text only. The search linking MEDLINE, EMBASE 

and Biological Abstracts yielded 32 hits, 28 of which had 

already been found with the previous search. The CENTRAL 

search yielded 17 articles, of which 3 had not already been 

found. The searches yielded 1 82 publications. Screening of 

titles and abstracts for relevance revealed 32 publications. 

After applying the inclusion criteria for methodological 

appraisal, 12 articles remained. Systematic reference 

checking yielded 2 additional articles matching the inclu

sion criteria (Fig. 1) (Lundgren et al. 1997; Gordh et al. 

1998). 

The 14 articles included 2 clinical trials and 12 animal 

experiments. The animal models used included dog, rat 

and rabbit models (Table 2). 

Outcome variables and measures differed among the 

publications. Data were presented in absolute, relative, 

categorical or descriptive terms. In most studies, statisti

cal analyses were reported; the remaining studies merely 

displayed their results qualitatively. Outcome variables 

included histologic parameters (e.g. ,  resorption) and clini

cal factors (e.g., implant stability). Most authors used his

tology or histomorphometrics, but plaster casts and com

puterized tomographic (CT) scans were also used. 

Because of the heterogeneity of the amassed articles, a 

meta-analysis could not be performed. For this reason the 

literature is presented as a conventional review (Table 2) . 

All but 2 publications had the same objective (i .e., mea

surement of the effect of barrier membranes on autologous 

bone grafts) (Gordh et al. 1999; Salata et al. 2002). Gordh 

et al. (1999) concentrated on the influence of recombinant 

human bone morphogenetic protein-2 (rhBMP-2) on graft 

volumetric maintenance, and Salata et al. (2002) were 

interested in the factors involved in osseointegration in 

situations where a blood vessel source was unavailable. 

The latter concluded that membrane-covered grafts dem

onstrated delayed remodeling. Hindrance of the process 

of revascularization was probably the cause. Furthermore, 

the authors stated that resorption was more extensive in 

membrane-protected sites, although the total amount of 

bone was higher in these cases. Gordh et al. (1999) were 

interested in the effects of rhBMP-2. To this end, 8 differ

ent groups were used. Only the 2 control groups, 1 with and 

1 without a barrier membrane applied, were relevant for 

the present review. Overall, better results were achieved 



Identified articles 
- PubMed (OLDMEDLINE and MEDLINE) search: n = 1 75 

n = 32 
n = 1 7  

- WinSPIRS (EMBASE, MEDLINE and Biological Abstracts) search: 
- CENTRAL search: 

Total 
n = 1 82 

Relevant articles 
n = 32 

Inclusion criteria 
1 .  Autologous bone 
2. Membrane 
3. Primary wound closure 
4. Control group 

Included for appraisel 
n = 12  

Checking references 
n = 2 

Total included 
n = 14 

Fig. 1 .  Algorithm of study selection procedure. 

with the use of a barrier membrane. In their second study 

(Gordh et al. 1998), the authors could not demonstrate 

definite differences concerning graft integration between 

grafts covered by a barrier membrane and those covered 

only by the muscle flap. However, minimal signs of graft 

resorption were found on the membrane side, while almost 

all control grafts showed signs of peripheral resorption. 

No significant differences between sides were registered 

regarding the measured variables. After 20 weeks a differ

ence in graft incorporation was evident. 

The number of experimental sites (ranging from 3 to 16) ,  

as  well as the receptor site, type of  bone, surgical access, 

and follow up differed between the studies (Table 2) . Most 

authors placed bone grafts on intact bone or in freshly 

created spaces. Von Arx et al. (2001 ), however, introduced 

defects 2 months prior to the transplantation of bone into 

these defects. The results of that study demonstrated that 

barrier membrane coverage was preferable. Augmented 

sites with membrane protection showed positive heal

ing results with a preserved ridge profile. Nonprotected 

grafts underwent bucco-crestal resorption. Chiapasco et 

al. (1999) and Rasmusson et al. (1999) found no evidence 

that barrier membranes provided protection from bone 

graft resorption. Chiapasco et al. (1999) found both meth

ods reliable for the reconstruction of narrow edentulous 

ridges. However, due to the increased costs and the risk 

of wound infection in case of membrane exposure, these 

authors prefer reconstruction without the use of barrier 

membranes in case of narrow ridges. The results of the 

other study (Rasmusson et al. 1999) showed an increase 

in volume of the bone grafts on the tested side as long as 

the barrier membrane was in place. After removal of the 

barrier membrane, the resorption rate was higher on the 

test side compared to the control side, resulting in similar 
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Table 2. Characteristics of included studies. 

Graft 
Barrier I 
membrane Explantation site 

Autologous bone, disc- ePTFE 
shaped 

Mandibular angle 
· ---

Antoun et al. Autologous bone Mandible symphysis area 
(2001 ) 

Chiapasco et al. Autologous bone chips; ePTFE Bone chips harvested 
( 1 999) corticocancellous bone intraorally; bone blocks 

blocks from the chin ,  retromolar 
area, iliac crest and 
calvaria 

Donas et al. Autologous cortical ePTFE Mandibular angle 
(2002a) bone 

Donas et al. Autologous cortical Manclible 
(2002b) bone 

Donas et al. Autologous cortico- lschium 
(2002c) cancellous bone 

Donas et al. Autologous ePTFE Calvaria (membranous), 
(2005) membranous, ischium (enchondral) 

enchondral bone 

Gordh et al. Heterologous bone ePTFE Femur and tibia 
( 1 998) 

Gorah et al. Heterologous bone ePTFE Femur and tibia 
( 1 999) 

Jensen et al. Autologous bone ePTFE Iliac crest 
( 1 995) 

Autologous bone Poly Skull 
(lactide-
glycolide) 

Rasmusson et Autologous bone, disc- ePTFE Calvarium 
al. ( 1 999) shaped 

Salata et al. Autologous cortical ePTFE Radius 
(2002) bone 

Von Arx et al. Autologous bone ePTFE Molar area 
(2001 ) 

ePTFE = expanded polytetrafluoroethylene 
NB = nota bene 
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I Implantation i 

ill 

Maxilla and 
mandible 

Mandible, 
inferior 
border 

Maxilla 

Maxilla and 
mandible 

Mandible, 
inferior 
border 

Cranium 
under 
temporalis 

Cranium 
under 
temporalis 
Mandible 

Skull 

Proximal 
tibial 
metaphyses 

Manaibular 
inferior 
border 

Mandible 

Surgical access 
Extraoral 

lntraoral approach 

lntraoral approach 

Extraoral approach 

lntraoral 

lntraoral (maxilla); 
extraoral approach 
(mandible) 

Extraoral approach 

Extraoral 

Extraoral approach 

Extraoral 

Extraoral 

lntraoral approach 

Max. no.  of 
' test sites 

'ii 
1 5  

6 

5 

6 

8 

7 

6 

4 

8 

6 

3 



No. and 
species 

1 2  humans 

30 humans 

30 rats 

20 rats 

51 rats 

25 rats 

21 rats 

48 rats 

4 dogs 

8 rabbits 

9 rabbits 

14 raboits 

3 dogs 

Fol low-up 

6 months 

6 to 8 months 

1 5, 30, 60, 1 20, 1 80 
days 

1 5, 30, 60, 90 days 

60, 1 20, 1 80 days 

5 months, 1 1  months 

1 2, 20 weeks 

4, 20 weeks 

6 months 

1 2  weeks 

8, 24 weeks 

6, 24 weeks 

6 months 

Limitations 
Extra-oral implantation site; 
limited external validity; 
no data-assessment description 

Patients randomly allocated to membrane or graft-alone No split mouth design; 
group follow up not long enough 

2 groups: No statistical comparison because of 
bone blocks without barrier membrane (small and large bias resulting from treatment choice 
defects) ;  by clinician and differences in donor 
bone chips, membrane application (limited defects) site and defect extension 

Suitability of design doubtful: major 
parts of grafts was lost 

3 test groups: Suitability of design doubtful: major 
maxilla augmentation; parts of grafts was lost 
mandible augmentation with gold-coated implant; 
mandible augmentation with titanium implants 

4 test groups: Long follow-up considering faster 
membranous and enchondral bone transplanted to metabolism 
mandible (split-mouth) with or without membrane; 
animals sacrificed at 5 and 1 1  months; 
membrane removed after 5 months; 
3 rats died during the experiments 

2 experiments: Extraoral implantation site; 
(1 ) membrane-covered and bare bone grafts; limited external validity 
(2) both sides received barrier membranes. After 12 weeks 
membranes removed from 1 side 

Aim of study was to measure the effect of rhBMP-2 Extraoral implantation site; 
limited external validity; 
different objective 

Also augmentation with DFDB, irradiated DFDB, and Small number of test sites 
controls injected with blood tested 

Round graft accompanied by particulate bone placea in Extraoral implantation site; 
circular defect limited external validity; 

inlay design; 
particulate bone decisive factor 

Barrier membrane removal after 8 weeks in all subjects, Extraoral implantation site; 
some followed for additional 16 weeks limited external validity 

Design in which implants were placed in 1 animal at Different oojective 
different times on contra-lateral sides; implants examined 
at 6 and 24 weeks after placement 

Defects introduced 2 months before implantation Inlay design 
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bone heights at the end of the experiment. Therefore, the 

authors concluded that barrier membranes do not have 

any preventive effect on bone resorption. 

The studies performed by Jensen et al. (1995) and Antoun 

et al. (2001) revealed the opposite. They found significantly 

less bone resorption in the grafts covered with a barrier 

membrane. Jensen et al. (1995) stated that a barrier 

membrane improved both graft volume incorporated and 

bone-implant interface contact in fox hounds. The other 

study was performed on humans (Antoun et al. 2001). A 

positive effect of barrier membranes on bone resorption 

at 6 months following surgery was observed, and a longer 

follow-up was recommended. 

All authors, except Alberius et al. (1992) and Gordh et al. 

(1998; 1999), used fixation screws or placed implants dur

ing the first surgery. Fixation screws can be applied in the 

GBR technique to secure the barrier membrane and/or 

graft. Alberius et al. (1992) stated that barrier membranes 

promote bone deposition in the freshly created defects. 

The onlay grafts generally resorbed, but the grafts cov

ered by a barrier membrane seemed more active, devel

oped an increased cancellous component, and showed less 

pronounced volumetric loss. 

Danos et al. (2002a-c; 2005) experimented with different 

implants, implantation sites, and different types of bone. 

In 2 of these studies the rat maxilla was augmented in 

a split-mouth design (2002b,c). In both studies histologic 

analysis demonstrated that in situations where the bar

rier membrane was not exposed to the oral environment 

during healing, the grafts were in continuity or integrated 

with the bone at the recipient site. In the majority of 

cases, however, the barrier membrane became exposed or 

the graft and implant were lost. In these cases the grafts 

presented extensive resorption and there was lack of bone 

continuity. These findings correspond to those on the non

membrane-treated sites. The authors endorsed the impor

tance of closure of the operated area. 

In the other experiments mandibular augmentation pro

cedures were tested (2002a,c; 2005). At the sites treated 

with barrier membranes, the grafts were integrated with 

the underlying or newly formed bone, and the dimensions 

of the alveolar ridge were increased. The grafts in the 

control groups presented significant gradual resorption 

and varying degrees of integration in the recipient bone. 
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The enchondral grafts showed more resorption than the 

membranous ones. No significant differences were found 

between groups treated with different types of micro

implants, except that the titanium implants demonstrated 

improved bone-implant contact. Removal of the mem

brane after a follow-up period of 5 months resulted in a 

decrease in dimensions at 11 months, with sizes similar 

to the baseline measurements (i .e. ,  the measurement at 

implantation). At 5 months the dimensions were increased 

(Donas et al. 2005). The authors concluded that bone 

grafting in combination with barrier membrane applica

tion eliminates the risk of graft resorption and ensures 

integration. Furthermore, GBR improved the predictabil

ity of bone augmentation and provided long-term volume 

stability. 

As shown in Table 2, all barrier membranes were com

posed of non-degradable ePTFE, except the degradable 

lactide-glycolide barrier membranes used by Lundgren et 

al. (1997). Statistically significant differences were found 

for height and volume of the augmented bone in favour of 

the covered transplants. 

Discussion 

In mandibular and maxillary augmentation procedures bio

degradable and non-degradable bone regenerating mem

branes are extensively applied for covering bone grafts 

and bone substitutes as part of pre-implant surgery. The 

rationale for this approach is that it may prevent resorp

tion of onlay bone grafts and hold together granular bone 

substitutes or ground bone. 

In a previous review, Nevins and Jovanovic (1997) con

cluded that large bone grafts used for ridge reconstruction 

purposes might benefit from barrier membranes because 

they reduce the inevitable resorption of bone grafts. 

However, their review included uncontrolled studies. 

More recently, clinical studies with sufficient numbers of 

patients have been performed; these studies have shown 

good results with barrier membranes in combination with 

autologous bone grafts. Nevertheless, most of these stud

ies are uncontrolled (Lorenzoni et al. 2002) or used merely 

a barrier membrane or bone substitute combined with a 

barrier membrane as a control (Buser et al. 1998). Because 



of this lack of adequate control groups, numerous articles 

were excluded from the present review, and this led to 

a minimal amount of useful data. Controlled trials com

paring a degradable collagenous membrane/bone graft 

test group and an autologous graft control group were not 

found. Most studies on the use of a degradable collagenous 

membrane have focused on bone substitutes (Norton et 

al. 2003). 

In this review, the prevention of bone resorption was cho

sen as the primary outcome variable, since the current 

method of choice is a staged approach (i.e. , bone augmen

tation preceding implant placement) (Stellingsma et al. 

2004). However, successful grafting is usually measured as 

a function of implant retention, despite significant resorp

tion of the graft (Jensen et al. 1995). 

It is difficult to draw a clinically relevant conclusion 

from the reviewed studies because of the small number 

of human studies and test sites, ambiguity, and lack of 

significant results. Because of major difference in out

come variables, measures, and study designs and lack of 

data-assessment description (Alberius et al. 1992), it was 

not possible to perform a meta-analysis. Therefore, the 

clustered effect size remains unknown. Consequently, 

the best available evidence supporting the use of barrier 

membranes to prevent bone resorption in autologous onlay 

bone grafts is weak. To actually answer the research ques

tion, randomised controlled trials should be performed 

and problems related to measuring bone volume must be 

solved. 

In 12 articles, the authors stated that barrier membrane

application was beneficial in the prevention of bone 

resorption; in 2 publications, it was not recommended that 

membranes be used to cover autologous onlay bone grafts 

(Chiapasco et al. 1999; Rasmusson et al. 1999). 

Only 6 studies demonstrated statistically significant results 

(Jensen et al. 1995; Lundgren et al. 1997; Antoun et al. 

2001; Donos et al. 2002a,c; Donas et al. 2005). However, 

the total number of test sites per group was rather small, 

i.e., 4-8 (Table 2). In contemporary science a minimum of 

10 test sites has been proven necessary to gather reliable 

evidence in in vivo experiments (ISO, 1994). All reviewed 

studies use a marginal number of test-sites. None of the 

included studies reported sample size requirements. The 

required sample sizes are much larger than those that 

have been generally used (Gunsolley et al. 1998). Three 

study designs (Table 2) performed measurements at only 

1 time point in the follow-up, and no long-term follow-up 

was reported. 

A general issue in animal experiments is interpretation of 

the data. According to Roberts et al. (1993) bone forma

tion and remodeling is about 2 and 3 times faster in rabbits 

as compared to dogs and humans, respectively. It is haz

ardous to extrapolate the results to the human situation. 

Ideally, a human model is chosen, but it can be difficult 

to attain sufficient statistical power. Unfortunately, the 

included studies performed in humans have some addi

tional drawbacks (Table 2) (Chiapasco et al. 1999; Antoun 

et al. 2001). 

Donas et al. (2002a-c; 2005) used split-mouth designs. 

Overall, their experiments were well-designed (Table 2). 

Reproducibility was tested, and short- and long-term fol

low-up periods were applied. Their conclusions were based 

on objective measures. However, most of the designs of 

the included studies had some limitations that precluded a 

valid conclusion (Table 2). 

Despite the paucity of data, it seems accepted that bar

rier membranes prevent bone resorption. Therefore, most 

research appears to be focused on the logical consequence 

of this (i.e., development of better membranes (Von 

Arx et al. 2002) or bone substitutes (Buser et al. 1998). 

Furthermore the studies yielded in this review show con

clusions based on the assumption of a positive effect size. 

However, this review shows that the available evidence is 

weak. Some preventive effect may be expected (Donas et 

al. 2002a). Research should instead focus on the question 

'Do barrier membranes prevent bone resorption in autolo

gous onlay bone grafts?' 

Thus, there is not sufficient evidence that barrier mem

branes prevent bone resorption in onlay bone grafts. This 

does not imply that this procedure is contraindicated 

in bone grafting, provided that (non-degradable) bar

rier membrane exposure is prevented during the healing 

period. Furthermore, most bone substitutes consist of 

small particles. These may be applied in combination with 

autologous bone chips or blocks, a situation that is often 

seen in clinical practice. When used with particulate bone 

products, barrier membrane application is necessary to 

secure these granules and not to prevent bone resorption. 
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In the authors' opinion, supported by the conclusions in 

the reviewed articles, the application of barrier mem

branes may have a positive effect; however, this conclu

sion remains to be firmly established. Future research with 

sufficient numbers of animals and test sites acquired by 

power-analysis, and, most importantly, randomised con

trolled trials should be executed to demonstrate clinical 

evidence in support of the use of barrier membranes. 

In  conclusion, drawn on the basis of the best available evi

dence, barrier membranes show some preventive effect 

on graft resorption.  However, the evidence whereupon 

this conclusion is based is weak. Well-designed animal 

experiments and clinical randomized controlled trials are 

necessary to provide a definitive answer to the research 

question. 
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Abstract 

Objectives: 

The tissue-biomaterial response of a new poly(DL-lactide-E-caprolactone) (PDLLCL) barrier membrane was 

compared to that of an ePTFE membrane. Furthermore it was explored whether it is valid to test these biomaterials 

only subcutaneously, when in clinical practice the barrier membranes will be applied subperiosteally. 

Material and Methods: 

In each of 36 rats a total of 4 discs, 2 PDLLCL and 2 ePTFE, were implanted subcutaneously in the back and 

subperiosteally onto the mandible. Groups of 6 rats were sacrificed at 6, 12, 26, 48, 65 and 81 weeks after 

implantation. The samples were evaluated by light microscopy using a semi-quantitative scoring method. 

Results: 

No anomalies in tissue healing were seen except that ePTFE evoked a response of phagocytes and lymphocytes. 

Folding was predominantly seen in PDLLCL. Minor differences in the tissue reaction and degradation of PDLLCL 

were seen subcutaneously when compared to subperiosteally. 

Conclusions: 

PDLLCL tested to be degradable and biocompatible. Probably, the minor differences between both implant 

sites will not influence the clinical results of the final device. Less radical surgery, a simpler histological 

procedure, and a larger number of test sites appear more decisive than the implantation site. It therefore 

seems appropriate to evaluate a biomaterial for biocompatibility and degradation subcutaneously, when the 

final application is subperiosteally. 



Introduction 

Guided bone regeneration (GBR) is an applied modality 

in maxillofacial surgery to solve the problem of bone 

deficiency. In GBR a barrier membrane covers the 

defect, prevents in-growth of fibroblasts and provides 

a space for osteogenesis within a blood clot formed in 

the defect (Hollinger et al. 1999). Although different 

barrier membranes have been developed, the ideal 

barrier membrane is not yet available. An optimal barrier 

membrane should be, among other things, biocompatible, 

synthetic and degradable (Kay et al. 1997; van Arx et al. 

2002). 

Recently, a new synthetic degradable barrier membrane 

composed of poly(DL-lactide-E-caprolactone) (PDLLCL) 

(Meek et al. 2004) has been developed for GBR. Short

term in vivo and in vitro research have shown that this 

copolymer is both degradable and biocompatible (Meek 

et al. 2004). In  the 1980s, the necessity of long-term in 

vivo-experiments has been illustrated by the occurrence 

of harmful crystalline PLLA particles after long-term 

degradation of seemingly biodegradable materials (Bergsma 

et al. 1995). Long-term biocompatibility and degradation 

testing of PDLLCL should, therefore, be implemented. 

The implantation site of the polymer influences the 

polymer behaviour in vivo (Kaminski et al. 1968). As a 

result the final device designs in maxillofacial surgery 

are usually evaluated in their eventual anatomic (i .e., 

subperiosteal) environment. Nevertheless the polymers are 

often implanted and evaluated subcutaneously (Williams 

et al. 1997) .  To our knowledge it has not been established 

that biocompatibility and degradation are similar at 

subcutaneous and subperiosteal implant sites. Therefore, 

subperiosteal rather than subcutaneous biocompatibility 

and degradation studies would be preferred for biomaterials 

that will eventually be applied subperiosteally. 

All previous in vivo tests for the PDLLCL copolymer were 

short-term studies in a subcutaneous environment, and 

not subperiostally. Furthermore, a commercially available 

nerve guide (Neurolacl!I, Polyganics, Groningen, The 

Netherlands) composed of an identical PDLLCL copolymer 

has also only been tested and applied in soft tissue (Bertleff 

et al. 2005). Thus, the copolymer PDLLCL has never been 

evaluated subperiosteally in  the long term, whereas the 

envisaged final device is a barrier membrane which will be 

applied subperiosteally. 

Therefore, the aim of this long-term experiment was to 

compare PDLLCL to ePTFE, the latter being a standard 

reference membrane in GBR studies, in a subcutaneous 

as well as a subperiosteal environment. Furthermore it 

is explored whether it is valid to test biomaterials only 

subcutaneously, when the final device will be applied in a 

subperiosteal environment. 

Material and Methods 

Materials 
A biodegradable poly(DL-lactide-E-caprolactone) (PDLLCL) 

barrier membrane was used as test material. This custom

ized copolymer sheet consists of 67-69% DL (15-85) - lac

tide and 31 -33% E-caprolactone (Vivosorbl!I, Polyganics, 

Groningen, The Netherlands). Circular discs with a diam

eter of 8.0 mm were taken from a sheet with an average 

thickness of 0.10  mm. The material was sterilized with 

ethylene oxide. 

Commercially available expanded polytetrafluoroethylene 

barrier membranes (ePTFE, Gore-Tex!!!, W.L.Gore & 

Associates, Flagstaff, USA) served as a non-degradable 

synthetic, biocompatible control. Measurements and 

treatment of ePTFE discs corresponded with that of 

PDLLCL. 

All the samples were marked with a polypropylene 4-0 

suture (Prolene®, Ethicon, Johnson & Johnson, Amersfoort, 

The Netherlands). 

Animals and study-design 
Thirty-six male Sprague-Dawley rats were operated . The 

biomaterials were positioned subcutaneously in  the back 

and subperiosteally to the mandible. A total of 4 discs, 

2 PDLLCL and 2 ePTFE were implanted in each rat. The 

sample configuration of the implants was varied to exclude 

influences of the site of implantation. 

Groups of 6 rats were sacrificed at 6, 12, 26, 48, 65 and 81 

weeks after implantation. The biomaterial and surrounding 

tissue were dissected and processed for histological light 

microscopic evaluation. 

The study protocol was approved by the animal study 
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review committee, and in accordance with Institutional 

Guidelines (University Medical Center Groningen, 

Groningen, The Netherlands). 

Surgical procedure 
The animals were anaesthetized with nitrous-oxygen

isoflurane. The mandibular hemicervical areas and the 

back were shaved and disinfected. At the submandibular 

sites incisions were made and the masseter muscle was 

exposed. At the buccal side the muscle was incised along 

the submandibular border and a muscle flap, including the 

periosteum, was raised to position the biomaterial subpe

riosteally. Care was taken not to injure the facial nerve, 

parotic duct and periosteum. The wound was closed in tis

sue layers using 4-0 resorbable sutures (Vicryl® Rapide 4-0, 

Ethicon, Johnson ft Johnson, Amersfoort, The Netherlands). 

The contralateral side was implanted with the other bio

material using the same operative procedures. 

At the subcutaneous sites 2 pockets were created in the 

back at the left and right side. Both biomaterials were 

implanted and the wound was closed using 4-0 resorb

able sutures. A single dose of Caprofen (4.0 mg/kg) and 

Temgesic (0.03 mg/kg) were administered for postop

erative pain relieve. The rats were housed in groups and 

received softened standard laboratory food for 3 days 

prior to surgery up to 4 days postoperatively. Thereafter, 

the animals received pellets. Water was administered ad 

libitum. 

At the different time intervals, the rats were anaesthe

tised with nitrous-oxygen-isoflurane and sacrificed by 

an intracardial injection of pentobarbital. The mandible 

including the masticatory muscles was explanted and fixed 

in 4% phosphatebuffered formaline solution. After fixation 

the masseter muscle region of both sides of the mandible 

was carefully explored for the reference polypropylene 

sutures. A frontal section of 0.5 cm thick was prepared 

yielding a section of the jawbone with surrounding soft 

tissue. 

The skin of the back was carefully prepared and the 

samples were located with aid of the reference sutures 

and inspected macroscopically. The samples were then 

explanted and fixed in 4% phosphatebuffered formaline 

solution ,  awaiting histology. 
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Histology 
The samples were embedded in GMA and sections of 2 µm 

were obtained. The sections were stained with Toluidin 

Blue and Toluidin Blue in combination with Basic Fuchsin as 

counterstain.  The tissue-biomaterial response was evalu

ated by light microscopy using a semi-quantitative scoring 

method. 

All parameters were scored at an ordinal scale O to 4 

(Tables 1 - 4). From each sample 1 section was evaluated 

by 2 observers. Both observers had to reach agreement for 

each sample. 

Results 

Thirty-six rats (mean weight 367 g ± 1 5  g SD, range 333-393 

g) were divided into 6 groups. No wound infection or dehis

cence did occur postoperatively and all animals gained 

weight during this long-term study. One rat had to be 

euthanized prematurely at 74 weeks due to a tumour in 

the mandible. 

Subcutaneous implants 
By macroscopic evaluation of the subcutaneous samples 

no clinical signs of inflammation or necrosis were found. 

The PDLLCL samples were rather difficult to retrieve at 

long-term intervals, due to the more degraded state of the 

biomaterial. In  the 26 to 81 weeks samples only the non

degradable suture could be seen macroscopically. During 

this period the appearance of fat and degrading biomate

rial was similar. No anomalies were observed. At all times 

the ePTFE samples were easily retrieved. The samples 

were found embedded in normal fibrous and fatty tissue. 

The results of the histological evaluation of the subcutane

ous implants are summarized in Tables 1 and 2.  Degradation 

and fragmentation increased from 6 to 81 weeks in the 

PDLLCL samples. At 81 weeks the only degradation prod

ucts of the biomaterial that could be recognized were 

some small particles inside macrophages. Also phagocyte

sis increased with time. Although the absolute number of 

phagocytes decreased in the long term, phagocyte activ

ity as well as the number of phagocytes relative to the 

amount of biomaterial still present increased . At 81 weeks 

phagocytosis was therefore maximal. Vascularization had 



Table 1 .  Histological results of subcutaneously implanted 
PDLLCL. 

"' "' "' "' "' "' .:i:. .:i:. .:i:. .:i:. .:i:. 
a, a, a, a, a, 

a, a, a, a, a, a, 
a, 3 3 3 3 3 3 N '° 00 in � '° N 'SI" '° 

Number of evaluated 
samples 

Degradation* 

Fragmentation* 0. 1 0.8 3 3 >4 

Phagocytosis* 1 .3 1 .4 2.7 2.5 4 

(Chronic) 
i nflammatory I '  0 0 0 0. 1 0 
response* 

Vascularization* 1 . 5 1 .3 1 . 1 1 .3 

Fibrous capsu le* 1 . 1  1 .6 1 . 3 1 . 1 0 

Spatial configuration: 
folding* 4 4 4 

Table 2. Histological results of subcutaneously implanted ePTFE. 

Number of evaluated 
samples 

Degradation* 

Fragmentation* 

Phagocytosis* 

(Chronic) 
inflammatory 
response* 

Vascu larization* 

Fibrous capsu le* 

Spatial configuration: 
folding* 

a, 
a, 
3 '° 

"' "' 
.:i:. .:i:. 
a, a, 
a, a, 
3 3 

N '° 
N 

0 0 

0.5 0.8 

0.5 0.6 

1 . 1  0.8 

0 0.7 

"' "' "' 
.:i:. .:i:. 
a, a, a, 
a, a, a, 
3 3 3 

00 in � 'SI" '° 

0 0 0 

0.9 

0.3 0. 1 0 

0.9 0.8 0.8 

0.6 0.8 

0.8 0.6 0 . 5  

Table 3.  Histological results of  subperiosteally implanted PDLLCL. 

Number of evaluated 
samples 

Degradation* 

Fragmentation* 

Phagocytosis* 

(Chronic) 
i nflammatory 
response* 

Vascu larization* 

Fibrous capsu le* 

Spatial configuration: 
folding* 

"' 
.:i:. 
a, 
a, 
3 '° 

"' "' 
.:i:. .:i:. 
a, a, 
a, a, 
3 3 

N '° 
N 

"' "' "' 
.:i:. .:i:. .:i:. 
a, a, a, a, a, a, 
3 3 3 

00 in 
'SI" '° � 

Table 4. Histological results of subperiosteally implanted ePTFE. 

"' "' "' "' "' .:i:. .:i:. .:i:. .:i:. .:i:. 
a, a, a, a, a, 

a, a, a, a, a, a, 
a, 3 3 3 3 3 3 N '° 00 in � '° N 'SI" '° 

Number of evaluated 
samples 

Degradation* 0 

0 0 

1 .6 1 .8 1 . 3  0.7 

0 0.3 0 0 

1 . 1 0.8 0.8 0.9 

1 . 3 0.8 0.8 0.7 1 . 5 

0 .5  0.3 0.2 0.3 0.4 1u1u111g 

• Each sample was scored on a 5 points scale 0 - 4 for each item. The means, the sum divided by the number of evaluated samples, is 
depicted for each item. Degradation: disintegration of the biomaterials from a solid to a dissolved state. Fragmentation: the falling apart 
of the biomaterial in different pieces. Phagocytosis: phagocyte activity as well as the number of phagocytes relative to the amount of 
degrading biomaterial. (Chronic) inflammatory response: presence of lymphocytes and monocytes relative to the amount of biomaterial. 
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increased and gradually returned to normal at 81 weeks. 

The fibrous capsule was similar during 6 to 65 weeks, 

whereas at 81 weeks a fibrous capsule was absent. The 

number of monocytes and lymphocytes was within a normal 

range, except at 6 and 65 weeks in 1 of 5 rats. All measure

ments were scored relatively to ePTFE. Vascularization, 

fibrous capsule and, surprisingly, phagocytosis of this non

degradable biomaterial remained stable at a lower level 

compared to PDLLCL. However, this did not apply to the 

number of monocytes and lymphocytes, which was more 

pronounced in more than half of the ePTFE samples, par

ticularly in the first year. The spatial configuration of the 

PDLLCL samples were found to fold more easily than the 

ePTFE samples after insertion. 

Subperiosteal implants 
All subperiosteal samples were retrieved at the buccal 

part of the mandible. All ePTFE samples could be detected 

macroscopically. However, in most samples the polypro

pylene reference suture was needed to detect the loca

tion where the biomaterial was situated. In the PDLLCL 

samples no biomaterial was macroscopically seen after 26 

weeks. No anomalies were observed in the tissue. 

The histological results of the subperiosteal implants 

(Tables 3 and 4) showed an increasing degradation and 

fragmentation of the PDLLCL samples from 6 to 81 weeks. 

Phagocytosis of the PDLLCL samples increased during the 

total follow up. The fibrous capsule was stable until 48 

weeks; subsequently it disappeared. Vascularization was 

increased and returned to normal levels at 81 weeks. 

The fibrous capsule and vascularization of the ePTFE sam

ples were constant throughout the experiment, whereas 

phagocytosis of small fragments was slightly increased 

during the first year. All parameters were on average at 

a lower level compared to PDLLCL, except for the raised 

amount of monocytes and lymphocytes in 3 of 5 and in 

3 of 6 rats at 6 and 48 weeks, respectively. The spatial 

configuration of PDLLCL samples were found to fold more 

often than the ePTFE samples. 

In a few cases new bone formed around the ePTFE mem

branes. New bone was also seen around the PDLLCL copo

lymer. Signs of increased resorption of the underlying bone 

were not seen. 
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Subcutaneous vs. subperiosteal implant sites 
The results of the PDLLCL samples showed that the phago

cytosis, inflammatory response, and vascularization were 

in the same range supcutaneously and subperiosteally. 

Subperiosteal implants tended to degrade and fragment 

somewhat earlier than subcutaneous implants (Fig. 1 ). 

Relatively to the ePTFE controls, thicker fibrous capsules 

were seen subperiosteally compared to subcutaneously. 

The ePTFE samples showed more phagocytosis subpe

riosteally except for the 6 and 81 weeks samples, whereas 

a higher number of monocytes and lymphocytes was 

found in the subcutaneous implants during the first year. 

Vascularization and the fibrous capsule tended to be within 

the same range at both implant sites. 

In regard to the spatial configuration more folds were 

seen in the subcutaneous compared to the subperiosteal 

PDLLCL samples, while this was hardly observed in the 

ePTFE samples. 

Discussion 

In this study PDLLCL samples demonstrated a normal tissue 

healing (Anderson 2004), which suggest biocompatibility. 

Furthermore the polymer showed to be degradable. More 

vascularization as well as thicker fibrous capsules were 

seen in the PDLLCL samples than in the ePTFE samples. 

PDLLCL implanted as foam demonstrated thinner capsules 

than in the present study and the capsules disappeared 

after 1 year (Van Minnen et al. 2007). Around the degrad

able copolymer poly(TMC-DLLA) thicker capsules similar to 

the presents study were found (Pego et al. 2003). 

Both subcutaneous and subperiosteal samples showed 

fragmentation after 6 weeks. Further degradation was first 

observed at 12 weeks subperiosteally and at 26 weeks sub

cutaneously. It is well known that the maxillofacial area is 

well perfused (Schortinghuis et al. 2005), possibly causing 

the earlier degradation subperiosteally as seen (Fig. 1 ). 

However, in our study fewer vessels were observed sub

periosteally in absolute numbers. Both in vitro (Meek et 

al. 2004) and in vivo (Den Dunnen et al. 1997) studies have 

also shown that PDLLCL is biocompatible and degradable. 

In these studies detectable degradation of the copolymers 

started at 10 to 12 weeks, respectively in vitro and in vivo. 



Fig. 1. Degradation of subcutaneous (A and B) and subperiosteal (C and D) implanted PDLLCL. Fig. A, PDLLCL (Y) at 6 weeks subcutaneously, 
shows no degradation. Fig. B, PDLLCL at 65 weeks subcutaneously, demonstrates progressed fragmentation (FY) and cellular infiltration (Cl), 
but no full degradation. A score of respectively O en 3, was assigned for degradation. Fig. C, PDLLCL (Y) at 6 weeks subperiosteally, shows a 
limited infiltration (Cl) and no fragmentation. No degradation is observed. Fig. D, PDLLCL at 65 weeks subperiosteally, shows an optimal cel
lular infiltration and a nearly complete fragmentation and degradation (DY). One remnant PDLLCL (FY) is still present. A score of respectively 
0 and 3.5 was assigned. Overall, subperiosteal implants tended to degrade and fragment somewhat earlier than subcutaneous implants. 
(PDLLCL, 6 and 65 weeks, Toluidin Blue, bar = 100 µm) 

Note that Den Dunnen et al. (1997) tested a nearly identi

cal material during a longer follow-up of 12 months. At 

12 months the biomaterial was still detected with light 

microscopy. In the present study, at 81 weeks the only 

PDLLCL biomaterials detectable by light microscopy were 

small remnants of the copolymer incorporated in mac

rophages. In a recent experiment the same copolymer as 

in the present study was implanted subcutaneously in rats 

and rabbits (Van Minnen et al. 2007). Transmission elec

tron microscopy in that study showed intracellular degra

dation products up to 3 years (in rabbits). In that study 

the PDLLCL was implanted as foams instead of sheets and, 

thus, degradation was faster since a larger surface area is 

accessible for hydrolysis and macrophage action (Agrawal 

et al. 1995). It is likely that the PDLLCL copolymer used in 

the present study will not be fully degraded after 3 years, 
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I 
Fig. 2. The PDLLCL (V) membranes tended to fold easily after 
insertion, indicating potential problems when applied as a barrier 
membrane to bony (B) defects. 
(PDLLCL, 12 weeks, Toluidin Blue/Basic Fuchsin, bar = 400 µm) 

Fig. 3. New bone (NB) formation is observed around the ePTFE 
(G) membrane. 
(ePTFE, 12 weeks, Toluidin Blue, bar == 1 00 µm) 
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Fig. 4 .  New bone (NB) is formed around the PDLLCL (V) 
membrane. 
(PDLLCL, 48 weeks, Toluidin Blue, bar = 100 µm) 

Fig. 5. In  contrary to the assumption that ePTFE is inert, infiltra
tion of cellulair tissue is seen between the lamellar structures of 
the ePTFE membranes. 
(ePTFE, 26 weeks, Toluidin Blue, bar = 25 µm, CT = connective 
tissue, ! = lamellar ePTFE, L = cellular tissue) 



although most biomaterial degraded after 81 weeks. 

Some additionally evaluated parameters were spatial con

figuration of the biomaterials and the influence of the bio

materials on bone. It has been noted that PDLLCL tended 

to fold (Fig. 2), leading to a loss of surface contact of the 

membrane to bone. The contact loss was also seen in 

ePTFE samples, but folding was almost never seen. Contact 

between the barrier membrane and bone surrounding the 

defect is a necessity in GBR. The contact loss may have a 

negative effect on the application as a barrier membrane. 

However, the clinical consequences of the folding of this 

copolymer have to be evaluated in a final device design. 

The influence of the biomaterials on bone was also evalu

ated because past studies described that degradation 

products of barrier membranes might influence bone mod

eling (Mueller et al. 2005). No influence on bone model

ing was seen in the present study except for some bone 

grown around ePTFE and PDLLCL samples (Fig. 3 and Fig. 

4, respectively). This has been reported for ePTFE in other 

studies as well (Piattelli et al. 1996). 

A remarkable finding was that, particularly at subcuta

neous sites, phagocytes were present in ePTFE samples 

(Fig. 5), although the material is considered to be inert 

and non-degrading (Calisaneller et al. 2004), with only 

a fibrous capsule formation as foreign body response. 

Moreover, monocytes and lymphocytes were seen in the 

present study. Liu et al. (2001) found a similar non-specific 

reaction with macrophages and lymphocytes with ePTFE 

and biodegradable poly(DL-lactide) membranes tested 

subcutaneously in rats. Problems with infected ePTFE 

membranes in the clinic have been encountered, due to 

tissue dehiscence of the oral mucosa (Wang & Carroll 

2001; Machtei 2001 ). The textual and structural character

istics of ePTFE membranes contributes to bacterial adhe

sion (Zucchelli, 1998). Theoretically, the samples in the 

present study could be secondary infected. However, this 

is not plausible because no dehiscence was seen and the 

surgical procedure took place via an extra-oral and sterile 

approach. No clinical signs of inflammation were observed 

either. Therefore, in the present study it seemed that the 

material itself provokes some chronic inflammatory reac

tion in the subcutaneous samples. During the total implan

tation time this phenomenon decreased, possibly due to 

an increase of tissue tolerance to ePTFE. 

At 74 weeks 1 rat developed a bone tumour in the jaw at 

the site where ePTFE was implanted. The cause is prob

ably a spontaneously developed tumour, as is frequently 

seen in older laboratory animals (Altman & Goodman, 

1979). Furthermore, the non-carcinogenicity of ePTFE was 

demonstrated in a subcutaneous implantation study in the 

flank of mice (Witherspoon et al. 2004). Moreover, in other 

larger series of rats where ePTFE is used to cover defects 

or grafts in the mandible no tumours were described 

(Schortinghuis et al. 2004; Gielkens et al. 2008). 

An important factor that can affect biocompatibility and 

degradation is the site of implantation (Williams et al. 

1997; Luttikhuizen et al. 2006). Aebischer et al. (1988) 

found differing responses to polymers when comparing 

subcutaneous and infrarenal position and Bergsma et al. 

(1995) found different tissue reactions with subcutaneous 

compared to intraosseous implants. 

Contrary to these earlier studies, tissue reactions of sub

cutaneous and subperiosteal implants in the present study 

were quite similar. However, one must consider the fact 

that parameters are scored relatively to the control of each 

corresponding implant site as well as the normal histology 

of the site. In regard to vascularization, normal histologi

cal subperiosteal tissue expresses fewer vessels compared 

to subcutaneous tissue. However, at ePTFE implant sites 

a score of 1 (i.e., normal) was both given to the differ

ent implant sites. Thus the score was determined by the 

implant at the individual defined site. The vascularization 

in the subperiosteal samples would therefore in absolute 

numbers be lower when compared to subcutaneous sam

ples. The same accounts for the size of fibrous capsules, 

which seemed thicker in the subperiosteal PDLLCL sam

ples compared to the subcutaneous PDLLCL. Expressed in 

absolute values, the subperiosteal ePTFE samples evoke 

thinner fibrous capsules than subcutaneous. Therefore the 

fibrous capsules of the PDLLCL samples are, in absolute 

values, similar at both implant sites. 

The subperiosteal degradation and fragmentation started 

at an earlier stage compared to subcutaneous, but the 

course of degradation and fragmentation was similar at 

both implant sites. In another study (Beumer et al. 1994) it 

was shown that the polymers tested degraded faster sub

cutaneously than intramuscular. In the same study most 

other parameters were similar at both sites. 
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Overall, in the present study only minor differences 

between both implant sites were observed and therefore 

the necessity of a subperiosteal study design in further 

biomaterial testing is questionable. Moreover, the fre

quently used subcutaneous study design means a simple 

and for the animal last drastic surgical procedure. Also the 

samples for histological evaluation can easily be obtained. 

Furthermore, the number of test sites in 1 animal should be 

as high as reasonably possible with respect to animal wel

fare. In the present study 6 rats per group were operated 

because only 2 samples could be placed subperiosteally. In 

a subcutaneous design 6 samples may be dorsally placed 

in rats. Because a subcutaneous design seems sufficient, 

fewer animals can be used. 

Overall, PDLLCL tested to be biocompatible and degrad

able. Although minor differences were seen, the tissue 

reaction and degradation of PDLLCL were in the same 

range subcutaneously when compared to subperiosteally. 

We may assume that these minor differences between 

both implant sites will not influence the clinical results 

of the final device. Factors such as a less complex opera

tion and a more simple histological procedure as well as a 

larger number of test sites appear decisive. Therefore, it 

seems appropriate to evaluate a biomaterial for biocom

patibility and degradation subcutaneously, even when the 

final application is subperiosteally. 
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Abstract 

Objectives: 

lntraobserver reliability and agreement were determined for microradiography (MR), micro-CT (µCT) and 

histomorphometry (HM). These 3 modalities were compared for quantitative measurements of bone formation 

and graft modeling in rat mandibular defects and grafts. 

Material and Methods: 

Twelve rats were randomly selected from a larger experiment, evaluating bone formation in rat mandibular 

defects and bone modeling in grafts. Twelve lateral microradiographs were taken of the grafts. µCT images 

were obtained from all defects and grafts (24 specimens). Defects and grafts were cut perpendicularly through 

their center. Microradiographs, µCT images and histological sections were obtained from the resulting 48 

specimens. New bone volume and graft volume were measured using image analysis software on MR and µCT 

images. Defect width and graft width were measured using images from HM, MR and µCT. The results were 

compared to each other. 

Results: 

The intraobserver reliabilities for the measurements of new bone volume by µCT, and the measurement of graft 

modeling by MR and graft volume by µCT were high. The differences between MR, HM and µCT were larger in 

defect width measurements than in graft width measurement. MR measured smaller defects than HM and µCT. 

The distance between the limits of agreement was larger in defect width measurements compared to graft 

width measurements. 

Conclusions: 

The methods of MR- and µCT-image analysis are reliable but preferably should be used in combination as to 

obtain valid conclusions. HM, MR and µCT for graft widths measurements showed more agreement than for 

defect width measurements. MR appears to overestimate bone formation. 



Introduction 

New methods of inducing bone formation or influencing 

bone graft modeling are usually evaluated in animals. 

In these animal experimental mandibular critical size 

defects (Kaban et al. 1979; Schortinghuis et al. 2003) are 

frequently used to evaluate bone formation under various 

experimental conditions (Dahlin et al. 1988; Lundgren et 

al. 1997). Traditionally, histomorphometry (HM) has been 

used to measure bone formation inside bony defects or 

bone modeling of onlay bone grafts. As HM is time consum

ing and rather expensive, an alternate technique, micro

radiography (MR), has been applied for similar purposes. 

MR was successfully introduced for the quantitative evalu

ation of new bone formation of experimentally created 

defects (Schortinghuis et al. 2003). MR proved to be fast, 

accurate and simple. Furthermore by MR the entire defect 

can easily be measured, whereas HM often involves 1 sec

tion (1 dimensional) only through the center of the defects 

(Mueller et al. 2005) or grafts (Meijndert et al. 2005). 

However, a disadvantage of MR is that only a 2 dimensional 

image is obtained, making 3 dimensional (D) volumetric 

calculations impossible. 

A recently evolved other technique is micro-computed 

tomography (µCT), where both 3D (and 2D) reconstruc

tions and volumetric measurements can be obtained (Lee 

et al. 2006). The µCT technique seems promising for the 

quantification of bone formation inside bony defects as 

well as the evaluation of bone modeling in bone grafts. 

Although µCT appears to offer more advantages than MR, 

it is not yet widely available to its high costs in comparison 

with MR. 

The aim of this study was to determine better and more 

accurate methods than the traditional HM methods to 

quantitatively evaluate new bone formation and graft 

modeling in animal studies. 

Material and Methods 

Study design 

The intraobserver reliability of MR and µCT for the 

assessment of graft size and volume, respectively, were 

determined in 12 rat mandibular grafts. Similarly, the 

intraobserver reliability of µCT for new bone formation 

was evaluated in 12 rat mandibular defects. Furthermore, 

to compare HM, MR and µCT for the evaluation of distances 

in mineralised tissue, it was decided to measure widths in 

1 dimension in 24 defect and 24 graft samples with HM, 

MR and µCT. 

To obtain these numbers of samples, 12 rats, 1 from each 

of 12 subgroups of a larger experiment, were selected. 

In that experiment in each rat a mandibular defect was 

drilled with a trephine and the resulting bone graft was 

transplanted to the contralateral side of the mandible 

using either none (control) or 1 of 3 guided bone regen

eration membranes to cover the defect or bone graft 

subgroups (for the procedure we refer to section, Surgical 

procedure). Bone modeling was evaluated at 2, 4 and 12 

weeks in the 3 membrane groups and control, yielding 12 

subgroups. 

To measure new bone volume in defects by µCT and graft 

modeling and volume with MR and µCT, respectively, the 

12 mandibles were cut into 2 halves, the right (defect) 

and left (graft) side. The 12 grafts were resized to fit in a 

frame and lateral microradiographs were taken. The grafts 

as well as the 12 defects were then embedded in poly

methylmethacrylate (PMMA). µCT images were taken from 

all samples. 

To measure defect and graft width, radiographs were taken 

to identify the location of the defect and graft area. The 

12 defects and 12 grafts were cut perpendicularly through 

their center to obtain a fixed section wherein measure

ments were performed with all techniques. Lateral micro

radiographs and µCT images were taken from the resulting 

24 defects and 24 graft specimens. A section was then 

made 1 mm from the previously identified center. These 

cross-sections were then histologically prepared to be 

evaluated by HM. 

The study protocol was approved by the Animal Study 

Review committee, and in accordance with Institutional 

Guidelines (University Medical Center Groningen, The 

Netherlands). 

Surgical procedure 
Under nitrous-oxygen-isoflurane inhalation anaesthesia, a 

1 mm diameter hole was drilled in the right mandibular 

angle of male Sprague-Dawley rats (mean weight 364 g ± 
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Fig. 1 .  Surgical procedure. In the right mandibular angle a stan
dardised 5.0 mm bicortical defect was drilled with a trephine 
around a 1 mm hole that was centrally positioned. The 4.0 mm 
graft was transplanted to the left mandibular angle and fixed by 
a slowly resorbable suture. The defect and graft were left uncov
ered in the control as shown. In the other groups the defects and 
grafts were covered with guided bone regeneration membranes. 

20 g SD, range 326-390 g). Then a standardised 5.0 mm, 

approximately 0.9 mm thick, bicortical defect was drilled 

with a trephine around the 1 mm hole that was centrally 

positioned (Kaban & Glowacki 1981 ; Schortinghuis et al. 

2005). The bone graft, approximately 4.0 mm in diameter 

(Fig. 1 ) ,  was preserved in saline. Using a 1 .0 mm dental drill 

2 holes of 1 mm diameter were drilled in the left mandibu

lar angle. The graft was then fixed to the mandibular angle 

by a 4-0 slowly resorbable suture (Monocryl®, Ethicon, 

Johnson & Johnson, Amersfoort, The Netherlands), which 

was stitched through the burr holes. The defects and 

grafts were covered by a barrier membrane or were left 

uncovered. The 3 membranes used were (1 ) a polymer 

sheet composed of 67-69% DL (1 5-85)-lactide and 31 -33% 

E-caprolactone (poly(DL-lactide-E-caprolactone)) (PDLLCL) 

(Vivosorb®, Polyganics, Groningen, The Netherlands), (2) a 

porcine bilayer collagen membrane (Geistlich Bio-Gide®, 

Geistlich Biomaterials, Wolhusen, Switzerland), and (3) 

an expanded polytetrafluoroethylene membrane (ePTFE, 

Gore-Tex®, W.L.Gore & Associates, Flagstaff, USA). The 

wounds were closed in layers. 

A single dose of Caprofen (4.0 mg/kg) and Temgesic (0.03 

mg/kg) were administered for postoperative pain relief. 

The rats were housed in groups and received softened 

standard laboratory food for 3 days prior to surgery until 

4 days postoperatively. Thereafter, the animals received 
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pellets. Water was administered ad libitum. 

After 2, 4 and 1 2  weeks, a subset of rats was anaesthetised 

by inhalation anaesthesia and sacrificed by an intracardial 

injected overdose of pentobarbital. Then the mandibles 

were explanted and fixed in 4% phosphate buffered for

maline solution. 

Microradiography 
An X-ray source (Philips PW 1 730, Eindhoven, The 

Netherlands) was used with a copper anode. The explanted 

parts of the mandible were placed between a 35 mm film 

(Fuji B and W POS/71 337) and the X-ray source and were 

exposed for 25 seconds, with a tube charge of 25 kV and 

25 mA to obtain lateral microradiographs. Care was taken 

to place the buccal plane parallel to the film to assure a 

perpendicular recording of the defect and graft. The spec

imens, embedded in PMMA, that were cut through the cen

ter of the defect and graft were exposed for 15 seconds, 

with a tube charge of 40 kV and 25 mA to obtain lateral 

microradiographs. After processing the films with a Kodak 

D-19 developer for 10 minutes, fixing, rinsing, and drying, 

the films were placed on a light box. Digital images of the 

microradiographs were recorded with a stereo microscope 

(Wild/Leitz M7 S, Heerbrugg, Switzerland) with a 10x 

magnification and a CCD camera (Scion Corporation CFW 

1 31 2M, Frederick, MD, USA) . The camera was linked to a 

personal computer equipped with a frame grabber. The 

magnified microradiographs were stored as images with a 

size of 1360 x 1024 pixels and with a resolution of 256 grey 

values. In addition, a digitised image of a micro-ruler was 

recorded for calibration . 

Micro-CT 
µCT images were obtained using the Siemens MicroCAT I I  

preclinical cone-beam CT scanner of the department of 

N uclear Medicine & Molecular Imaging of the University 

Medical Center of Groningen. The MicroCAT II is a CCD 

based camera (2048 x 3072 pixels without binning) that 

acquires data by taking a number of planar images (pro

jections) at regular angular intervals. The total rotational 

angle is adjustable as is the number of projections and 

the shutter speed. The field of view of the MicroCAT I I  

i s  cylindrically shaped and has dimensions o f  length o f  7 

cm and of diameter 5 cm or vice versa, depending on the 



orientation of the CCD sensor. The specimens, embed

ded in PMMA, were arranged in a 3D array not exceeding 

field of view dimensions in  order to prevent truncation 

artefacts. The images were obtained using the following 

parameters: (1 ) The X-ray tube voltage was set to 80 kV. 

(2) The anode current was set to 250 µA. (3) The shutter 

speed was set to 2500 ms. (4) The binning factor was set 

to 2.  (5) The number of projections was set to 500. The 

acquisition was performed over a full 360 degrees angle 

and the number of calibration exposures was set to 25. The 

standard 0.5 mm aluminium filter was employed to define 

the X-ray spectrum. The reconstructions were performed 

using a Feldkamp cone-beam algorithm for filtered back

projection with a Shepp-Logan filter and beam hardening 

correction applied. The end result consisted of 3D images 

with an isotropic voxel size of 48 x 48 x 48 µm. 

Histomorphometry 
After MR and µCT evaluation, the specimens were decalci

fied and dehydrated in  series of ethanol. The specimens 

were embedded in  G lycidyl Methacrylaat (GMA). The 

tissue blocks were cut perpendicular to the defects and 

grafts with a microtome. The resulting histological sec

tions were 2 µm thick. From all samples 2 sections were 

stained, 1 series with Toluidin Blue and 1 with Toluidin 

Blue/Basic Fuchsin. The histological sections were placed 

on a light box with a stereomicroscope (Wild/Leitz M7 S, 

Heerbrugg, Switzerland) where digital images (2048 x 1 536 

pixels) were recorded by a digital colour camera (Nikon 

Coolpix 990, Nikon Corporation, Japan) and stored. 

Measurement of new bone volume in defects 
by micro-CT 
Blind evaluation of the explanted samples was performed 

by the principal investigator. The 3D µCT data sets were 

evaluated with image analysis software (AMI RA 4.1 , Mercury 

Computer Systems, Chelmsford, Massachusetts). A sagit

tal plane perpendicular to the central axis of the defect 

and thus parallel to the mandible was determined (Fig. 2). 

Subsequently, the lateral and medial limits of the defect 

parallel to this sagittal plane were established. Every third 

2D micro-CT image between these boundaries was saved in 

a file, after manually marking the center of the defect and 

adding a calibrated digital line. I n  these images new bone 

formation was measured as a surface area. This calculation 

was computerized (Bone Growth Calculator, J .  de Vries, 

University Medical Center Groningen, The Netherlands). 

The center was automatically found and calibrated .  Then 

a 5.0 mm circle was set and new bone was automatically 

measured with a constant threshold of bone - no bone. The 

volume of new bone in the defect was calculated by multi

plying the sum of all areas by 144 µm (i .e., the thickness of 

3 CT-slides). Each specimen was evaluated twice. 

Fig. 2. Measurement of new bone volume in defects by micro-CT. A sagittal plane perpendicular to the central axis of the defect and thus 
parallel to the mandible was determined. Every third 2D micro-CT image between the lateral and medial limits of the defect was saved 
in a file. In these images new bone formation was measured as a surface area. For each sample, a volume of new bone was calculated by 
multiplying the sum of all surface areas. 
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Measurement of graft modeling ratio by MR 
and graft volume by µCT 
Blind evaluation of the explanted samples was performed 

by the principal investigator. In MR the amount of graft 

bone was expressed as the ratio of mean grey value of 

graft area to graft surrounding area. First, the mean grey 

value of the graft was obtained by measurement of 6 cir

cular areas (r = 0.1 5 mm), which were equally spread along 

the graft margin. Additionally, 6 circular areas (r = 0.15 

mm) in the graft surrounding area were marked next to 

the other circular areas but outside the graft area (Fig. 

3). The graft area consisted of mandibular bone plus graft, 

whereas the surrounding area consisted of only mandibular 

bone. The graft area, therefore, had a whiter appearance 

and higher grey value on film. Theoretically, in case of full 

Modeling ratio ,. M (graft surrounding area) 

• G (graft area) 

Fig. 3. Measurement of graft modeling ratio by microradiography. 
The mean grey value of the graft was obtained by measurement of 
6 circular areas, which were equally spread along the graft mar
gin. Additionally, 6 circular areas in the graft surrounding area 
were marked next to the other circular areas but outside the graft 
area. 

Fig. 4. Measurement of bone volume in grafts by micro-CT. A 
transversal plane perpendicular to the mandible was chosen. 
Every third 2D micro-CT image between the mesial and distal lim
its of the bone graft was saved in a file. The outline of the graft 
was manually drawn in image editing software and the area of the 
graft was automatically calculated. For each sample, a volume of 
bone was calculated by multiplying the sum of all marked areas. 
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graft modeling no difference between graft surrounding 

and graft area would be observed and the ratio would be 

1. Each sample was measured twice. The measurements 

were performed using image analysis software (Optical 

Bone Calculator, J. de Vries, University Medical Center 

Groningen, The Netherlands). 

The 3D µCT data sets were evaluated with image analy

sis software (AMIRA 4.1 , Mercury Computer Systems, 

Chelmsford, Massachusetts). A transversal plane perpen

dicular to the mandible was chosen (Fig. 4). Subsequently, 

the mesial and distal limits of the bone graft were deter

mined. Every third (an interval of 144 µm) 2D µCT image 

between these boundaries was saved in a file. Each 

image depicted a millimetre scale for calibration with 

the image analysis software. Then image editing software 

(Adobe Photo Shop 8.0) was used to manually draw the 

outline of the graft. The area of the graft was automati

cally calculated by image analysing software (Graft vol

ume Calculations, J. de Vries, University Medical Center 

Groningen, The Netherlands). For each sample, a volume of 

bone was calculated by multiplying the sum of all marked 

areas by 144 µm (i.e., the thickness of 3 CT slides). Each 

specimen was evaluated twice. 

Comparison of HM, MR and µCT for defect 
and graft width measurements 
To assess the relationship of HM, MR and µCT in the meas

urement of distances in mineralised tissue by each of the 

3 techniques the defect and graft widths were measured 

at the cutting edge in the center of the defects and grafts. 

The MR sections were evaluated from the lateral side, 

whereas with µCT and HM cross-sectional samples were 

evaluated. For these purposes image analysis software 

(Scion Corporation CFW 1312M, Frederick, MD, USA) was 

applied. Blind evaluation of the explanted samples was 

performed by the principal investigator. Parallel tangents 

were drawn at the defect and graft rims and the distance 

in pixels was measured automatically between these tan

gents. The rims were defined as the most inner point of 

bone inside the defect and most outer point of the grafted 

bone. Each measurement was repeated 3 times and then 

averaged. The mean distances on the histological sections 

were measured in millimetres, and then compared to the 

corresponding microradiographs and µCT images. 



Statistical analyses 
The intraobserver reliability for the measurements of new 

bone volume by µCT and the measurements of the graft 

modeling ratio by MR and graft volume by µCT were deter

mined in terms of limits of agreement and intraclass corre

lation coefficient (ICC) (Strout & Fleiss 1979). The limits of 

agreement, described by Bland and Altman (1986), equal 

the mean change in scores of repeated measurements ± 

1.96 * the standard deviation of these changes. 

The agreement between HM, MR and µCT for defect and 

graft width measurements was determined by calculating 

the limits of agreement. 

Results 

The intraobserver reliability for the measurements of new 

bone volume by µCT and the measurement of the graft 

modeling ratio by MR and graft volume by µCT is repre

sented in Table 1. The mean changes in scores between 

2 consecutive measurements were small (Fig. Sa - Sc). 

Outlier was PDLLCL at 12 weeks (Fig. Sa and Fig. Sb). 

Calculating the reliability of measuring new bone volume 

and graft modeling ratio and volume resulted in ICCs of 

0.99, 0.96 and 0.98, respectively (Table 1). Each of these 

results indicates high intraobserver reliability. 

The graft width measurements showed more agreement 

than the defect widths measurements (Table 2). This was 

determined by the fact that the differences between MR, 

HM and µCT were larger in defect width measurements 

than in graft width measurement. MR measured smaller 

defects than HM and µCT. The distance between the limits 

of agreement was also larger in the defect width measure

ments compared to the graft width measurements, indica

ting more agreement for graft width measurements (Table 

2, Fig. 6a - 7c). Outliers in the defect width measurements 

(collagen at 2 weeks, the mesial (Fig. 6a) and distal (Fig. 

6b) sample, and ePTFE at 2 weeks, the mesial and distal 

sample (Fig. 6c)) were less extreme than the outliers in the 

graft width measurements (ePTFE at 12 weeks, the mesial 

and distal sample (Fig. 7a and 7b) and PDLLCL at 2 weeks, 

the mesial and distal sample (Fig. 7c)). 

Table 1. The intraobserver reliability for the measurements of new bone volume by micro-CT and the measurements of the graft modeling 
ratio and volume by microradiography and micro-CT, respectively. 

Bone volume µCT 

Graft modeling ratio MR 

Graft volume µCT 

Difference between means 

I I ll :  

Limits of agreement 

[-1 . 32 - 1 .62] 

[-0.046 - 0.048] 

[-0.70 - 0.60] 
----... 

0. 99 [0. 97 - 1 .00] 

0.96 [0.85 - 0.99] 

0.98 [0.92 - 0.99] 

Table 2. The agreement between microradiography, micro-CT and histomorphometry for defect and graft width measurements. 

Defect µCT - HM 

Defect MR - HM 

Defect µCT - MR 

Graft µCT - HM 

Graft MR - HM 

Graft µCT - MR 

Difference between means Limits of agreement 

[-2.39 - 2.75] 

[-1 .82 · 3.52] 
[-2.22 - 2.02] 
[-2.73 - 1 .91]  

[-0.42 - 0.68] 
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Fig. 5a. lntraobserver agreement of micro-CT evaluation of new 

bone volume in defects. 
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Fig. 5b. lntraobserver agreement of microradiographic evaluation 

of graft modeling ratio. 
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defect width measurements. 
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Fig. 6b. Agreement between microradiography and histomor
phometry for defect width measurements. 
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defect width measurements. 
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graft width measurements. 

Discussion 

The defect measurements of µCT images showed to be very 

reliable in the present study. Other studies report a high 

accuracy and reproducibility (Park et al. 2007). A remark

able uncertain outline of the original 5.0 mm defect makes 

the defect measurements less reliable. However, this was 

only seen in the single outlier, i.e., the 12 weeks PDLLCL 

sample (Fig. 5a). Therefore, µCT appears to be a good 

technique to assess new bone formation in standardised 

defects. In a longitudinal study design it must be possible 

to monitor more irregular defects with a minimal number 

of animals. Moreover, new analysing software, such as the 

software used in a recently published animal study (Oest 

et al. 2007), make the µCT procedure less time consuming 

than in the present study. 

An MR technique for measuring bone graft modeling was 

chosen that could focus on the ratio of grey values of the 

graft area in relation to the graft surrounding area rather 

than on graft size (Schortinghuis et al. 2003). This was pri

marily because it was not possible to take the microradio

graphs perpendicular to the grafts, what resulted in oval 

shaped graft areas on the microradiographs. Furthermore, 

the major change of the modeling grafts was not a dimin

ishing area and diameter but a changing ratio of grey values 
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of the graft area to the graft surrounding area. A ratio of 

grey values was chosen since a mean grey value of the 

graft area alone would not suffice. Variations between and 

within the underlying bone as well as variations in grey 

values due to digitizing of the microradiographs would pre

vent a valid outcome in the case without ratio. 

The difference between the grafted area and the area sur

rounding the graft which obviously diminished between 

2 and 12 weeks was reflected by an increasing ratio of 

grey values with time. Nevertheless, all measurements are 

within the range 0.82 to 1.01. Future research with larger 

groups should reveal whether it is possible to distinguish 

between different treatment groups. 

The results of MR suggest that the graft area lost mineral 

or height. However, only 3D µCT can differentiate between 

a thick layer of minimally mineralised bone and a thin 

layer of maximally mineralised bone. The graft volume 

measurements of µCT images showed a high rate of reli

ability, similar to MR image measurements, although the 

µCT images in this study, processed by the present-day 

available scanner and software do not show the preferred 

contrast and resolution as is seen in MR. The perimeters 

of graft bone, new bone and original bone were harder 

to differentiate than expected, making the evaluation of 

the 12 weeks groups potentially less reliable. However, it 

appears to be possible to obtain reliable scores, provided 

1 observer uses strict criteria. Evaluation with multiple 

investigators might have provided more accurate conclu

sions. lnterobserver reliability could then be evaluated. 

However,it appears feasible to compare group results with 

this technique in future experiments. 

To determine the relationship between HM, MR and µCT 

for the evaluation of measuring distances in mineralised 

tissue, measurements were performed at the cutting edge 

in defect and graft samples (Schortinghuis et al. 2003). 

The defect measurements showed less agreement than 

the graft measurements, although µCT and HM performed 

with a small difference in defect width measurements (Fig. 

6a). Calibration of µCT for bone remains difficult (Tuan & 

Hutmacher 2005). However, the high agreement between 

HM and µCT indicate that the boundary of bone - no bone 

applied to the µCT 3D data set was apparently well chosen 

in the present experiment. On the contrary, MR results 

differed significantly from the other 2 modalities. With MR 



less defect width and thus more mineralised tissue was 

measured than with HM and µCT. Outliers did not account 

for this difference. Possibly, artefacts originating in the 

preparation of the samples might be the cause. A notable 

finding was that a mineralised rim could be seen by MR in 

the samples that showed extreme differences, although 

no (mature) bone was present at these locations in HM. A 

possible lower threshold for bone applied in the bone - no 

bone boundary in MR compared to HM could cause this dif

ference. Moreover, in HM mature bone was measured since 

young bone cells in premature bone could not be applied 

as a reliable borderline in HM. MR does not differenti

ate between mature and premature bone. Therefore, MR 

probably measured a mineralised rim of premature bone, 

while HM defined this as unorganised young bone cells. 

Schortinghuis et al. (2003) also mention that premature 

bone causes differences between HM and MR measure

ments, although the difference between means they found 

was smaller. The criterion of bone - no bone in HM of the 

present study differs from the criterion of the past study. 

The 2 outliers in the agreement between MR and µCT 

defect width measurements were 2 weeks samples (Fig. 

6c). Corresponding to HM µCT could not reveal small miner

alised rims due to the applied bone - no bone boundary. 

The problem of thin layers of mineralised tissue was not 

seen in the graft width measurements. Probably, new 

bone was not formed around the graft or the contrast with 

the (grey) background around the graft is to low to detect 

a rim of new bone. A rim of new bone in defects is more 

easily seen with the high contrasting (dark) background in 

the defects. 

Therefore, in the grafts width measurements a large 

extent of agreement was seen. This is expressed in small 

differences between means as well as in levels of agree

ment. Outliers were found in the 12 weeks group when 

comparing MR and µCT to HM (Fig. 7a and 7b). These grafts 

were rather difficult to differentiate from the underlying 

bone, presumably due to modeling and incorporation. HM 

showed a higher contrast and, therefore, the graft could 

be identified yielding large differences with MR and µCT. 

I n  a study that compared HM, MR and µCT for an evaluation 

of porosity of bone cement, a lower agreement between 

the techniques was found (Cox et al. 2006). 

MR and µCT have advantages compared to HM, although 

evaluation at a cellular level is not possible with MR and 

µCT. µCT appears to have the most advantages although 

the current software and scanners do not yet obtain the 

contrast and resolution of MR. 

In conclusion, defect and graft measurements with MR and 

µCT are reliable when strict criteria are applied. The com

bination of the 3 techniques is preferred to obtain valid 

conclusions. MR appears to overestimate bone formation 

in defects compared to HM (and µCT) and difficulties could 

occur in graft groups where modeling and graft incorpora

tion are almost complete (such as in the 12 weeks group in 

this study). Future experiments where the described tech

niques are applied should reveal the feasibility of these 

techniques in both experimental and clinical research .  
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Abstract 

Objectjves: 

In implant dentistry, it is debated whether or not a barrier membrane should be applied to cover autologous 

onlay bone grafts when augmenting the jaw. The effect of 3 membranes with regard to modeling with resorption 

and incorporation of autologous onlay bone block grafts was examined. 

Mater;at and Methods: 

192 male Sprague-Dawley rats were treated. A 4.0 mm diameter bone graft was harvested from the right 

mandibular angle and transplanted to the left. Poly(DL-lactide-E-caprolactone), collagen and expanded 

polytetrafluoroethylene membranes were used to cover the grafts. The controls were left uncovered. Graft 

resorption at 2, 4 and 12 weeks was evaluated by post-mortem microradiography and micro-CT. 

Results: 

Overall, the analysed data did not show differences between the 4 groups. 

Conclus;on: 

It was demonstrated that the indication of barrier membrane-use, to prevent bone modeling with resorption 

and to enhance incorporation of autologous onlay bone block grafts, is at least disputable. 



Introduction 

Sufficient bone is necessary for predictable osseointegra

tion of dental implants and satisfactory aesthetics. The 

use of guided bone regeneration membranes has proven 

to promote bone regeneration in bony defects (McAllistar 

& Haghighat 2007). However, when a bone graft is applied 

to augment the jaw, there is a continuing debate on 

whether or not a barrier membrane should be used to 

cover the augmented site (Chiapasco et al. 1999; Donos 

et al. 2002a). The bone graft serves as a scaffold and car

rier for living cells. The barrier membrane is expected to 

prevent bone modeling with resorption by shielding the 

graft from inhibiting factors and fibroblasts (Gordh et al. 

1998) and by keeping the osteoinductive substances in 

situ (Linde et al. 1993; Zellin &. Linde 1997). This would 

enhance incorporation of the bone graft (Alberius et al. 

1992) and improve the predictability of the augmentation 

(Donos et al. 2002b). Furthermore, a barrier membrane 

serves as a space-maintainer, allowing bone regeneration 

in any remaining space (Antoun et al. 2001). 

Good clinical results of barrier membranes have been 

reported and many clinicians cover bone grafts with a bar

rier membrane (Buser et al. 1996). However, membrane 

application increases costs (Chiapasco et al. 1999) and 

has a negative effect on guided bone regeneration around 

dental implants in case of membrane exposure (Machtei 

2001). Moreover, the present best available evidence does 

not answer the question as to whether barrier membranes 

do prevent bone resorption in autologous onlay bone grafts 

(Gielkens et al. 2007). 

The objective of this study was to examine the preventive 

effect of 3 barrier membranes with regard to modeling 

with resorption of autologous onlay bone block grafts in 

the rat mandible. In addition the effect of the membranes 

on graft incorporation was measured. 

Material and Methods 

In the right mandibular angle of male Sprague-Dawley rats 

a standardised 5.0 mm circular defect was drilled with 

a trephine (Kaban &. Glowacki 1981; Schortinghuis et al. 

2003) and the obtained bone graft (4.0 mm diameter) was 

transplanted to the buccal side of the contralateral man

dibular angle and fixed with a slowly degradable suture 

(Monocryl0, Ethicon, Johnson &. Johnson, Amersfoort, The 

Netherlands) through a central 1 mm hole in the graft. 

The rats were assigned to 1 of 4 groups: 3 membrane 

groups and 1 control group, in which no membrane 

was used. The membranes used were (1) a copolymer 

sheet composed of 67-69% DL (15-85)-lactide and 31-33% 

E-caprolactone (poly(DL-lactide-E-caprolactone)) (PDLLCL) 

(Vivosorb®, Polyganics, Groningen, The Netherlands), (2) a 

bilayer collagen membrane (Geistlich Bio-Gide®, Geistlich 

Biomaterials, Wolhusen, Switzerland), and (3) an expanded 

polytetrafluoroethylene membrane (ePTFE, Gore-Tex®, 

W.L.Gore &. Associates, Flagstaff, USA). 

One side of the PDLLCL membranes was rough. These 

membranes were applied with their rough side faced to 

the bone to optimize integration and positioning. 

The wound was closed in layers using resorbable sutures 

(Vicryl® Rapide 4-0, Ethicon, Johnson &. Johnson, 

Amersfoort, The Netherlands). Postoperative pain relief 

was administered and the diet was composed of standard 

laboratory food. 

After 2, 4 and 12 weeks, rats were anaesthetised by inhala

tion anaesthesia and sacrificed by an intracardial injection 

of pentobarbital, after which the mandibles were explanted 

and fixed in phosphatebuffered formaline solution. 

The study protocol was approved by the Animal Studies 

Review Committee, and in accordance with Institutional 

Guidelines (University Medical Center Groningen, The 

Netherlands). 

Microradiography and micro-CT 
An X-ray source was used to take microradiographs of the 

explanted parts of the mandible (Schortinghuis et al. 2003). 

The mandibular buccal plane was placed parallel to the 

film to assure a rectangular recording of the graft. Digital 

images of the original microradiographs were recorded 

with a stereo microscope with a 1 Ox magnification and a 

CCD camera. The magnified images were stored as images 

with a size of 1360 x 1024 pixels and with a resolution of 

256 grey values. Then the specimens were embedded in 

polymethylmethacrylaat (PMMA). 

Micro-CT (µCT) images were obtained using a Siemens 

MicroCAT II preclinical cone-beam CT scanner. The CCD 
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sensor measured 7 x 5 cm. The specimens were arranged 

in a 3-dimensional array not exceeding field of view dimen

sions in order to prevent truncation artefacts. The images 

were obtained resulting in 3D images with an isotropic 

voxel size of 48 x 48 x 48 µm. 

Measurement of bone modeling of the graft 
and graft incorporation 
The principal investigator was blinded during the evalu

ation of the explanted samples. In the microradiographs 

the amount of bone modeling was expressed as the ratio 

of mean grey value of graft area to graft surrounding area. 

First, the mean grey value of the graft was obtained by 

measurement of 6 circular areas (r = 0.1 5 mm), which 

were equally distributed along the graft margin (Fig. 1 ). 

Additionally, 6 similar circular areas (r = 0.1 5 mm) in the 

area surrounding the graft were marked. The graft area 

consisted of original mandibular bone plus graft, whereas 

the surrounding area consisted of original mandibular bone 

only. Thus, the graft area contained a combined layer of 

bone and had, consequently, a whiter appearance and 

higher radiodensity value on fi lm. In the theoretical case 

of full graft resorption without any bone modeling, no dif

ference between graft surrounding and graft area would 

be observed and the modeling ratio would be 1 .  The mea

surements were performed using image analysis software 

M (graft surrounding area) 
Modeling ratio = 

• G (graft area) 

Fig. 1. Measurement of graft modeling ratio by microradiography. The mean grey value of the graft was obtained by measurement of 6 
circular areas, which were equally spread along the graft margin. Additionally, 6 circular areas in the graft surrounding area were marked 
next to the other circular areas but outside the graft area. 

Fig. 2. Measurement of bone volume in grafts by micro-CT. A transversal plane perpendicular to the mandible was chosen. Every third 2D 
micro-CT image between the mesial and distal limits of the bone graft was saved in a file. The outline of the graft was manually drawn 
in image editing software and the area of the graft was automatically calculated. For each sample, a volume of bone was calculated by 
multiplying the sum of all marked areas. 
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(Optical Bone Calculations, J. de Vries, University Medical 

Center Groningen, The Netherlands). 

The 3D µCT data sets were evaluated with image analy

sis software (AMIRA 4.1, Mercury Computer Systems, 

Chelmsford, Massachusetts). A transversal plane rectangu

lar to the mandible was chosen (Fig. 2). Every third (corre

sponding to an interval of 144 µm) 2D µCT image between 

the proximal and distal limits of the bone graft was saved 

in a file. The outline of the graft was manually drawn and 

then the area was calculated by image analysis software. 

For each sample, a mean volume of remaining graft was 

calculated by multiplying the sum of all marked areas by 

144 µm (i.e., the thickness of 3 CT slides). In the same way, 

in every third µCT image graft incorporation was meas

ured, which was defined as a bony connection between 

graft and mandible. The percentage of incorporation was 

defined as the length of the incorporated part of the graft 

divided by the total length of the graft. Observations were 

scored on a scale, ranging from 1 to 4: when 0-25% of the 

graft was incorporated a score of 1 was assigned, and a 

score 2, 3 and 4 were assigned in case of 26-50%, 51-75% or 

76-100% of incorporation, respectively. 

Statistical analyses 
The sample size was determined by a power analysis based 

on a 90% power with a 0.05 significance level, a 40% mean 

difference in amount of graft volume between a mem

brane-treated group and non-treated control, and a mean 

standard deviation of 29% (Chiapasco et al. 1999; Donas et 

al. 2002b). 

In a multiple regression analysis model the effect of the 

independent variables 'group' (i.e., control, PDLLCL, col

lagen, ePTFE) and 'time' (i.e. , 2, 4 and 12 weeks) and 

interactions between these variables on graft modeling 

with resorption and graft incorporation was studied. 

Results 

The sample size that was determined based on the power 

analysis did not exceed the needed sample size of a defect 

experiment executed on the contralateral side in the same 

rat. Therefore, 48 rats per group were also used in the 

present study, yielding a total of 192 rats (mean weight 

364 g ± 17 g SD, range 320-407 g). Peroperatively 6 rats had 

died. In another 6 rats the graft had fractured during drill

ing and in 3 samples the 1 mm drill hole, meant to be in 

the center, was located on the outline of the graft. These 

samples were excluded from statistical analysis because 

the validity of volume calculations in these samples could 

not be guaranteed. In 2 specimens (PDLLCL and collagen 

at 12 weeks) it was not possible to identify the grafted 

bone with µCT. These 2 samples were also excluded. 

This resulted in a median group size of 15 (range 13-16) 

for microradiography (MR) and a median group size of 11 

(range 7-11) for µCT. No wound infection or dehiscence did 

occur and all other animals gained weight. 

The graft modeling with resorption as mean ratio of grey 

values in the graft surrounding area to graft area as meas

ured with MR is presented in Table 1. The mean graft 

modeling with resorption as absolute mean volume of the 

graft as measured with µCT is presented in Table 2. Table 

3 presents graft incorporation. In Table 1-3 no differences 

were observed between membrane and control groups. 

The regression analyses of the graft modeling with resorp

tion measured as mineralization ratio and as absolute 

volume as well as graft incorporation are summarized 

in Table 4, 5 and 6, respectively. Model 1 is a regression 

model without the correction for possible effect modifica

tion (interaction effects). Model 2 is a regression model 

with correction for effect modification of time and mem

brane (i.e., PDLLCL, collagen or ePTFE). Both models are 

presented to give the reader information about the rela

tive effect of the coefficients with and without correction 

for effect modifications as interaction may dramatically 

change the value of the crude coefficients. 

The regression analyses showed that graft resorption as 

mineralization ratio was progressive in all groups. No dif

ferences between groups were seen. The graft volume as 

depicted in model 2 increased in the collagen and ePTFE 

groups, whereas model 1 shows similar results in all 

membrane groups. Most graft bone was observed in non

treated controls. Based upon model 2, graft incorporation 

increased most in collagen. Model 1 showed least incorpo

ration in the collagen groups. In general, although minor 

differences were observed, similar findings were obtained 

in membrane and control groups. 
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Table 1 .  Graft modeling with resorption as mean ratio of grey value in the graft surrounding area (m) to graft area (g + m) as measured by 
microradiography. 

Control 

PDLLCL 

Collagen 

ePTFE 

Cl = confidence interval 

2 wks (95% Cl)  
(m  / (g + m)) 

I ; , I 

I : 1  I ; , 

PDLLCL = poly(DL-lactide-E-caprolactone) 
ePTFE = expanded polytetrafluoroethylene 
m = mandible; g = graft 

4 wks (95% C l )  
(m / (g + m) )  

I : : I ; , I ' 

0.85 (0.82 - 0 .88)  

0.90 (0.88 - 0.92) 

0.88 (0.86 - 0.90)  

12 wks (95% C l )  
(m / (g + m )) 
I , , I '  I '  

0. 96 (0. 93 - 0. 99) 

0. 95 (0. 91 - 0. 99) 

0.99 (0.95 - 1 .03) 

Table 2. Graft modeling with resorption as absolute mean volume of the graft (mm3) as measured by micro-CT. 

Control 

PDLLCL 

Collagen 

ePTFE 

Cl = confidence interval 

2 wks (95% Cl)  

PDLLCL = poly(DL-lactide-E-caprolactone) 
ePTFE = expanded polytetrafluoroethylene 

Table 3. Mean graft incorporation. 

Control 

PDLLCL 

Co llagen 

ePTFE 

Cl = confidence interval 

2 wks (95% Cl)  
( 1 -4) 

1 .41 (1 .20 - 1 .62) 

2 . 1 0  (1 .74 - 2.46) 

PDLLCL = poly(DL-lactide-E-caprolactone) 
ePTFE = expanded polytetrafluoroethylene 

68 

4 wks (95% C l )  

• • • I ; ; 

5.60 (4.83 - 6. 37) 

5 .92 (4.25 - 7. 59) 

6.66 (5.09 -8.23) 

4 wks ( 95% Cl) 
( 1 -4) 

2. 71 (2.27 - 3 . 1 5) 
------

3 .00 (2. 59 - 3 .41 ) 

3 .00 (2. 73 - 3 .27) 

1 = 0-25% graft incorporation 
2 = 26-50% graft incorporation 
3 = 51 -75% graft incorporation 
4 = 76-100% graft incorporation 

1 1 2  wks (95% Cl) 

4.21 (3 .37 - 5 .05) 
------

4.80 (3. 73 -5.87) 

4.62 (3 .83 -5 .41 ) 

1 2  wks (95% Cl) 
( 1 -4) 

3.85 (3.69 - 4.01 ) 

3 .59 (3 .24 - 3.94) ----�____, 
3 .58 (3 .33- 3 .83 )  



Tab le 4. Linear regression models of graft modeling with resorption as ratio of grey value in the graft surrounding area (m) to graft area (g + 
m) as measured by microradiography. Model 1 is a regression model without the correction for interaction effects, model 2 with correction 
for interaction effects. 

Constant 

on ro 1me 

PDLLCL 

Collagen 

ePTFE 

Constant 

Control (time) 

PDLLCL 

Collagen 

ePTFE 

Interaction time*PDLLCL 

I nteraction 
time*col lagen 

Interaction time*ePTFE 

Cl = confidence interval 

Coefficients 

B (95% Cl) 

I • I • I  I • • 

0.061 (0.051 0.071 ) 

-0.009 (·0.033 - 0.014) 

0.000 (-0.024 - 0.024) 

I I I I II 

I . ,  

I I I I I 

I , .. I , :  
I I I 1 ; ,  I I •  

I II • I 1 , ;  I 1 , 1  

0.01 7 ( -0.01 2 - 0.046) 

0.01 0 (-0.020 - 0.040) 

0.01 2 (-0.01 8 - 0.041 ) 

PDLLCL = poly(DL-lactide-E-caprolactone) 
ePTFE = expanded polytetraf\uoroethylene 

Std. Error Significance 

--��ii:··�-• -•.::_.�..:.;;...:. · S-·•-�� .;,.�-LLlcli �  
I II I 

0.005 1 1 .760 0.000 

0.01 2 ·0.787 0.433 

0.01 2 -0.01 3 0.990 

I I 

0.01 1 I I 4.724 0.000 

0.032 I I - 1 .360 0. 1 76 

I I -0.620 

0.032 -0. 1 1 2  0.91 1 

0.01 5 1 . 1 50 0.252 

0.01 5 0.657 0.5 12  

0.01 5 0.790 0.431 
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Table 5 .  Linear regression models of graft modeling with resorption as absolute volume of the graft as measured by micro-CT. Model 1 is a 

regression model without the correction for interaction effects, model 2 with correction for interaction effects. 

Constant 

Control (time) 

Cl  = confidence interval 

Coefficients 

B (95% Cl)  

I 1 • ;  

- 1 .348 (-2.367 - -0. 328) 

- 1 .655 (-2.708 - -0.603) 

1 .792 (0.678 - 2.906) 

1 . 308 (0.225 - 2 .391 ) 

PDLLCL = poly(DL-lactide-E-caprolactone) 

ePTFE = expanded polytetrafluoroethylene 

70 

Std. Error Significance 

0.042 -2.330 0.022 

0. 5 15  -2.617 0.01 0 

0.513 -3. 1 14 0.002 

0.027 

0.000 

o.on -3.760 0.000 

1 .227 -2. 309 0.023 

1 .253 ·4.238 0.000 

1 .223 -3 . 149 0.002 

0. 552 1 .249 0.214 

0. 562 3 . 1 88 0.002 

0. 547 2.392 0.01 8 



Table 6. Linear regression models of graft incorporation. Model 1 is a regression model without the correction for interaction effects, model 
2 with correction for interaction effects. 

Constant 

Control {time) 

PDLLCL 

Collagen 

ePTFE 

Constant 

Control (time) 

PDLLCL 

Collagen 

ePTFE 

Interaction time*PDLLCL 

Interaction 
time*collagen 

I nteraction time*ePTFE 

Cl = confidence interval 

Coefficients 

B (95% Cl) 

1 .030 (0.683 - 1 .3n) 

0.876 (0.747 · 1 .004) 

0.037 (·0.261 - 0.335) 

-0. 1 39 (-0.449 0. 1 70) 

0.1 1 1  (-0. 1 87 - 0.408) 

I I I I 

I I ,  I • 

I 

-o.953 (-1 .n3 -0. 1 32) 

0.000 (-0.801 - 0.801 ) 

0.273 (-0.090 0.636) 

I I I 

I I • ,  (-0.3 16  - 0.409 

PDLLCL = poly(DL-lactide-E-caprolactone) 
ePTFE = expanded polytetrafluoroethylene 

Std. Error Significance 

0 . 175 5 .884 0.000 

0.065 1 3 .489 0.000 

0. 1 51 0.248 0.804 

0. 1 56 -0.891 0.375 

0 . 150 0.736 0.463 

0.303 4.655 0.000 

0. 1 35 5 . 163 0.000 

0.400 - 1 .303 0 . 195 

0.414 -2.300 0.023 

0.404 -0.001 0.999 

0. 1 83 1 .489 0. 1 39 

0 . 187 2 . 122 0.036 

0. 1 83 0.252 0.801 
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Discussion 

The present study indicates that the barrier membranes 

studied do not have a preventive effect on autologous onlay 

bone block graft resorption in the rat mandible and that no 

positive effect of these membranes on graft incorporation 

is to be expected. Furthermore, there were no differences 

between the 3 membranes. Conclusions in other studies 

were conflicting (Jensen et al. 1995; Chiapasco et al. 1999; 

Rasmusson et al. 1999; Antoun et al. 2001). A systematic 

review revealed that the best available evidence up to the 

end of 2005 does not support membrane use (Gielkens et 

al. 2007). 

The 2D perpendicular microradiographs in the present 

study indicate that the radiodensity in the graft surround

ing area in comparison to the combined radiodensity of 

the mandibular bone and graft progressively increased 

from 2 to 12 weeks (Table 4), suggesting nearly complete 

loss of volume of the graft bone at 12 weeks in all groups 

(Table 1). 

The regression analyses of the 3D µCT measurements 

(Table 5) showed effect modification between collagen 

and time as well as between ePTFE and time. This sug

gests an increase of graft volume. However, model 1 shows 

a decrease in all groups and the amount of graft bone at 

each occasion is smaller than or similar in the collagen 

and ePTFE groups compared to the control and PDLLCL 

(Table 2). Therefore the clinical relevance of these effect 

modifications is small. 

3D µCT measurements demonstrated that especially the 

12 week groups' samples have an intact graft volume 

combined with a defect in the underlying mandibular host 

bone of approximately the size of the graft. Therefore, 

the decrease in the combined radiodensity as found in 

MR seems to be the result of volume loss of host bone 

and probably a decrease of the grafts bone density. The 

defects in host bone might be caused by higher osteoclast

activity in mandibular bone due to a better perfusion. 

Covered grafts, consisting of predominantly cortical bone, 

may be less susceptible to revascularization and might rely 

on previous host bone resorption both to become revascu

larized and to model (Salata et al. 2002). 

The regression analysis demonstrates that PDLLCL and 

ePTFE showed as much incorporation as the control (Table 

72 

6). In the collagen group an effect modification between 

collagen and time was observed. This demonstrates that 

collagen was significantly altered within the time frame 

of this study. However, no more incorporation was seen 

in the collagen group at each occasion compared to the 

other groups (Table 3, Table 6: model 1 ). This apparent 

contradiction can by explained by the fact that collagen 

showed the least incorporation at 2 weeks. The increase 

of new bone per unit of time thereafter is larger compared 

to the other groups. If measurements would have been 

performed at the moment of operation (0 weeks), when 

probably no incorporation would have been measured in 

any graft, the time effect would be more valid. 

The results of MR are clinically more relevant, because the 

combined amount of bone in the graft area is represented. 

Another disadvantage of µCT was a lower than expected 

contrast. The outline of the graft was especially difficult 

to discriminate in the 12 week groups where incorpora

tion was almost complete. In this group, 2 cases were 

excluded for this reason, because the graft area could not 

be detected. 

As in other in vivo experiments (Chiapasco et al. 1999; 

Danos et al. 2002b), large confidence intervals were seen. 

However, the smaller confidence intervals seen overall in 

the membrane-treated groups compared with non-treated 

controls, suggest a more predictable treatment outcome 

by membrane application. This is in line with results in 

other studies (Donas et al. 2002a; Donas et al. 2002b). 

The relative large confidence intervals are related to the 

inter-individual variation. Graft diameter was similar in 

each specimen (4.0 mm diameter), the height varied due 

to irregular anatomy and other inter-individual differences. 

A longitudinal study design with repetitive measurements 

of each sample in sedated animals is needed for future 

research. 

The method of fixing the grafts could have been of influence 

on the results of the present study. It has been reported 

that rigid fixation of the graft is necessary for graft incor

poration and maintenance of graft volume (Raghoebar 

et al. 2006). For this reason fixation with a micro-screw 

would have been preferred. However, titanium micro

screws would have interfered with the evaluation by MR 

and µCT. Also, a non-degradable material combined with 

a degradable membrane is not rational. Degradable micro-



screws were considered to be too large to use in this study. 

Furthermore, favourable results for membrane treatment 

had been demonstrated previously when the graft was not 

fixed (Alberius et al. 1992; Gordh et al. 1998). 

An ideal barrier membrane is not yet available (Hardwick et 

al. 1994). Therefore a new degradable barrier membrane 

(PDLLCL) (Meek et al. 2004) was compared to the stan

dard non-synthetic degradable (collagen) and the standard 

synthetic non-degradable (ePTFE) reference materials. All 

membranes tested equal compared to each other and to 

the control. PDLLCL has been shown to be biocompatible 

and non-cytotoxic (Meek et al. 2004) and the polymer is 

already applied in a commercially available nerve guide 

(Neurolac®, Polyganics, Groningen, The Netherlands) 

(Bertleff et al. 2005). PDLLCL has advantages when com

pared to the reference materials, because it is biodegrad

able and synthetic (Von Arx et al. 2002; Stavropoulos et 

al. 2004). 

In conclusion, this study shows that the indication of bar

rier membrane-use to prevent bone modeling with resorp

tion and enhance incorporation of autologous onlay bone 

grafts is disputable. No differences between the mem

branes were observed. It seems that barrier membranes 

are unnecessary in bone grafting procedures. However, in 

this study only onlay block grafts were used. When par

ticulated bone is applied, a situation that is frequently 

seen in clinical practice (McAllister & Haghighat 2007), the 

barrier membrane is necessary to secure these granules 

but not to prevent bone resorption. 
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Abstract 

Objectives: 

To determine whether covering autologous onlay bone block grafts with 3 different barrier membranes prevents 

graft resorption, and to compare these membranes to each other. 

Material and Methods: 

In 192 rats a standardised 4.0 mm diameter bone graft was harvested from the right mandibular angle and 

transplanted to the left. Membranes used to cover the grafts were a new poly(DL-lactide-e-caprolactone) 

membrane, a collagen and expanded polytetrafluoroethylene membrane. The controls were left uncovered. 

Graft resorption and incorporation were measured with transversal microradiography (TMR) in the 4 groups at 

2, 4 and 12 weeks. Data were analysed using multiple regression analyses. 

Results: 

Overall, there were no differences in modeling with resorption between the 4 groups. ePTFE at 12 weeks 

showed a lower mineralization ratio and graft height of the graft as compared to the other groups. The mean 

graft incorporation was progressive and nearly identical from 2 to 12 weeks in all groups. 

Conclusions: 

Although PDLLCL has advantages when compared to the reference materials, the indication to use a barrier 

membrane to prevent bone modeling with resorption and enhance incorporation of autologous onlay bone 

block grafts is disputable. 



Introduction 

Guided bone regeneration is a commonly known technique 

for alveolar ridge augmentation in maxillofacial surgery. 

The technique has been proven to promote bone regen

eration in bony defects when covered by a barrier mem

brane (McAllistar & Haghighat 2007). When an autologous 

bone graft is used to augment the alveolar ridge, it can be 

covered with similar barrier membranes. The bone graft 

serves as a scaffold and carrier for living cells. The barrier 

membrane on top of the graft is expected to prevent bone 

modeling with subsequent resorption of the bone graft and 

the membrane may improve the predictability of the aug

mentation by enhancing bone graft incorporation (Danos 

et al. 2002b). However, due to weak evidence (Gielkens et 

al. 2007), it is still unclear if a barrier membrane should be 

used to cover the augmented site (Chiapasco et al. 1999; 

Danos et al. 2002a). 

Although different barrier membranes have been devel

oped over the years, the ideal barrier membrane is not 

yet available. Some reasons are poor space-maintaining 

capacities (Stavropoulos et al. 2004) and the necessity of 

secondary removal. An optimal membrane should be bio

compatible, occlusive, synthetic, space-maintaining, clini

cally manageable, and degradable (Hardwick et al. 1994; 

Kay et al. 1997; Von Arx et al. 2002). 

A new poly(DL-lactide-E-caprolactone) (PDLLCL) barrier 

membrane (Meek et al. 2004) might have advantages when 

compared to the currently applied barrier membranes. 

This membrane has been shown to be biocompatible and 

non-cytotoxic (Meek et al. 2004). The polymer is already 

applied in a commercially available nerve guide (Neurolac", 

Polyganics, Groningen, The Netherlands) (Bertleff et al. 

2005). Based on its chemical composition and size it can 

be expected to be occlusive, space-maintaining and flex

ible enough to adapt to the contour of the cortical bone 

and graft. 

In guided bone regeneration studies, radiology 

(Schortinghuis et al. 2003; Mueller et al. 2005), histol

ogy (Aaboe et al. 1998; Aslan et al. 2004) and histomor

phometry (Nastri & Smith 1996) are common methods to 

evaluate bone volume and to specify the various cell types 

involved. However, bone mineralization and resulting den

sity cannot be evaluated with these methods. Transversal 

microradiography (TMR) is an accurate method of measur

ing mineral content in a thin irradiated cross-section of a 

sample (Arends et al. 1997). This method has proven to be 

valid, precise, and useful for measuring mineral loss in car

ies research (Kielbassa et al. 1999; Petersson & Kambara 

2004). Therefore, it can be expected that accurate com

parisons of bone mineralization can also be made with TMR 

(Raghoebar et al. 2005). The suitability and value of TMR in 

assessing graft modeling with resorption and incorporation 

has not been described before. 

The objective of this study was first to study the preventive 

effect of a PDLLCL, collagen and expanded polytetraflouro

ethylene (ePTFE) membrane on resorption of autologous 

onlay bone block grafts in the rat mandible, and second 

the effect of the membranes on graft incorporation. 

Material and Methods 

Surgical procedure 
In the right mandibular angle of 192 male Sprague-Dawley 

rats (mean weight 364 g ± 17 g SD, range 320-407 g) a 

standardised 5.0 mm circular defect was drilled with a 

trephine (Kaban & Glowacki 1981; Schortinghuis et al. 

2003) and the obtained bone graft (4.0 mm diameter) was 

transplanted to the buccal side of the contralateral man

dibular angle and fixed with a slowly degradable suture 

(Monocryl®, Ethicon, Johnson & Johnson, Amersfoort, The 

Netherlands) through a central 1 mm hole in the graft. 

The rats were assigned to 1 of 4 groups: 3 membrane groups 

and 1 control group, in which no membrane was used. The 

membranes used were (1) a copolymer sheet composed 

of 67-69% DL (15-85)-lactide and 31-33% E-caprolactone 

(poly(DL-lactide-E-caprolactone)) (Vivosorb®, Polyganics, 

Groningen, The Netherlands), (2) a porcine bilayer colla

gen membrane (Geistlich Bio-Gide®, Geistlich Biomaterials, 

Wolhusen, Switzerland), and (3) an expanded polytetra

fluoroethylene membrane (ePTFE, Gore-Tex®, W.L.Gore & 

Associates, Flagstaff, USA). 

One side of the PDLLCL membranes was rough. These 

membranes were applied with this side faced to the bone 

to optimize integration and positioning. 

The wound was closed in layers using resorbable sutures 

(Vicryl® Rapide 4-0, Ethicon, Johnson & Johnson, 
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Amersfoort, The Netherlands). Postoperative pain relief, 

a single dose of Caprofen (4.0 mg/kg) and Temgesic (0.03 

mg/kg), was administered and the diet was composed of 

standard laboratory food. 

After 2, 4 and 12 weeks, rats were anaesthetised by nitrous

oxygen-isoflurane inhalation anaesthesia and sacrificed by 

an intracardially injected overdose of pentobarbital, after 

which the mandibles were explanted and fixed in 4% phos

phatebuffered formaline solution. 

The study protocol was approved by the Animal Studies 

Review Committee, and in accordance with Institutional 

Guidelines (University Medical Center Groningen, The 

Netherlands). 

1 .  2. 

Preparation of samples and transversal micro
radiography (TMR) 
The specimens were placed in a metal mould and embed

ded in polymethylmethacrylate (PMMA). Thereby, blocks 

with standardized dimensions were obtained to facilitate 

precise cutting and to prevent the samples from drying. 

X-rays were taken to determine the exact location of the 

grafts. Through the center of the graft, 3 cuts were made 

in the transversal plane by a circular saw blade (Buehler 

Diamond Wafering Blade (11-4244), diameter 10.2 cm x 0.3 

mm, USA) to create 2 cross-sections with a standardized 

thickness of 0.50 mm (Fig. 1 ). 

➔ 
X-ray 

➔ 
1. 

Fig. 1 .  Preparation o f  samples and transversal microradiography. Post mortem 3 cuts were made i n  the transversal plane through the center 

of the graft, located at the left mandibular angle, to create 2 cross-sections (1 . and 2.) With an X-ray source transversal microradiographs 

were taken on film. After film development the images were magnified and digitized. 

e Grey value graft 
Mineralization ratio = ----------------

• Grey value underlying mandibular bone 

Fig. 2. Graft modeling with resorption was measured as mineralization ratio, i .e., the ratio of the mean grey value of the bone graft in 

comparison to the mean grey value of the original underlying mandibular bone. The mean grey value in the 2 areas was obtained by selecting 

12 spots on each radiograph; 6 within the bone graft and 6 within the original bone. 
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The sections were placed between a 35 mm film (Fuji B 

and W POS/71337) and an X-ray source (Philips PW 1730, 

Eindhoven, The Netherlands) and exposed for 18 sec

onds with a tube charge of 25 kV and 25 mA to obtain 

the transveral microradiographs (Raghoebar et al. 2005). 

After film development, a stereo microscope (Wild/Leitz 

M7 S, Heerbrugg, Switzerland; magnification 10x) and a 

CCD camera (Scion Corporation CFW 1312M, Frederick, 

MD, USA) were used to digitize the images. By means of a 

frame grabber the images were stored on a PC (resolution: 

256 grey values / 1360 x 1024 pixels). 

Measurement of graft modeling with resorp
tion and graft incorporation 
All measurements were performed twice under blind 

conditions and were averaged. Graft resorption was mea

sured as mineralization ratio as well as graft height. The 

mineralization ratio was determined by dividing the mean 

grey value of the bone graft by the mean grey value of 

the original underlying mandibular bone. The mean grey 

value of the 2 areas was obtained by selecting 12 spots on 

each radiograph; 6 within the bone graft and 6 within the 

original bone (Fig. 2). The measurements were performed 

using image analysis software (Optical Bone Calculations, 

J. de Vries, University Medical Center Groningen, The 

Netherlands). Graft height was measured using image analy

sis software (Scion Corporation CFW 1312M, Frederick, MD, 

USA). A line was drawn between the center at the buccal 

side of the graft and the center of the lingual side of the 

graft; the length in pixels was measured automatically. 

Furthermore, graft incorporation, which was defined as a 

bony connection between graft and mandible, was mea

sured (Schortinghuis et al. 2003). The percentage of incor

poration was defined as the length of the incorporated 

part of the graft divided by the total length of the graft. 

When 0-25% of the graft was incorporated a score of 1 was 

assigned, and a score 2, 3 and 4 were assigned in case of 

26-50%, 51-75% or 76-100% of incorporation, respectively. 

Statistical analyses 
The sample size was determined by a power analysis based 

on a 90% power with a 0.05 significance level, a 40% dif

ference in graft size between a membrane-treated group 

and a non-treated control, and a mean standard deviation 

of 29% (Danos et al. 2002b; Chiapasco et al. 1999). For 

each graft a mean score per variable was calculated by 

averaging the outcomes of the 2 corresponding sections. In 

a multiple regression analysis model the effect of the inde

pendent variables 'group' (i.e., control, PDLLCL, collagen, 

ePTFE) and 'time' (i.e., 2, 4 and 12 weeks) and interactions 

between these variables on graft modeling with resorption 

and graft incorporation was studied. 

Resu lts 

During surgery 6 rats died. In another 6 rats the graft frac

tured during drilling. These samples were excluded from 

the study. Due to problems during sectioning an additional 

number of samples had to be excluded. It resulted in a 

median group size of 14 samples (range 11-15) for mineral

ization, height and incorporation measurements. 

The mean graft modeling with resorption as mineralization 

ratio, i.e., the ratio of the mean grey value of the bone 

graft in comparison to the mean grey value of the original 

underlying mandibular bone, is presented in Table 1. The 

mean graft modeling with resorption as graft height is pre

sented in Table 2. Table 3 presents graft incorporation. In 

Table 1 and 2 is observed that ePTFE at 12 weeks shows a 

lower mineralization ratio and less graft height compared 

to the other membranes and control. Table 3 shows more 

incorporation in PDLLCL at 2 weeks compared to the other 

groups. 

The regression analyses of the graft modeling with resorp

tion measured as mineralization ratio and as graft height 

as well as graft incorporation are summarized in Table 4, 5 

and 6, respectively. Model 1 is a regression model without 

the correction for possible effect modification (interac

tion effects). Model 2 is a regression model with correc

tion for effect modification of time and membrane (i.e., 

PDLLCL, collagen or ePTFE), respectively. Both models are 

presented to give the reader information about the rela

tive effect of the coefficients with and without correction 

for effect modifications, as interaction may dramatically 

change the value of the crude coefficients. The regression 

analyses showed that graft resorption as mineralization 

ratio was lower in the ePTFE groups compared to the other 

membrane groups and control. The graft height as depicted 
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Table 1 .  Graft modeling with resorption as mineralization ratio, i .e . ,  the ratio of the mean grey value of the bone graft in comparison to the 

mean grey value of the original underlying mandibular bone (Fig. 2). 

Control 

PDLLCL 

Collagen 

ePTFE 

Cl = confidence interval 

1 2 wks (95% Cl) (g / m) 

. . . .  : :  

. . . . . . . 
0.92 (0.88 - 0 .96) 

. . . . . . • , 

PDLLCL = poly(DL-lactide-E-caprolactone) 

ePTFE = expanded polytetrafluoroethylene 

g = graft bone; m = mandibular bone 

Control 

PDLLCL 

Collagen 

ePTFE 

Cl = confidence interval 

2 wks (95% Cl) (mm) 

0.28 (0.24 - 0.32) 

PDLLCL = poly(DL-lactide-E-caprolactone) 

ePTFE = expanded polytetrafluoroethylene 

4 wks (95% Cl) (g / m )  1 2  wks (95% C l )  ( g  / m )  

0 .  9 5  (0. 9 3  - 0 .  97) 

0.  95 (0. 91 - 0. 99) 0. 90 (0.87 - 0. 93) 

0.96 (0.94 - 0.98) 0.92 (0.87 - 0.97) ------·---------------
0. 99 (0. 97 - 1 .01 ) 0.82 (0. 77 - 0.87) 

4 wks (95% Cl) (mm) 

. . . . . 
. . . . . . " 

0.38 (0.32 - 0.44) 

0 .50 (0.39 - 0.61 ) 

1 2  wks (95% Cl)  (mm) 

0.44 (0.32 - 0.56) 

0.40 (0. 3 1  - 0.49) 

0 . 19  (0. 1 5  - 0.23) 

Table 3 .  Mean graft incorporation. When 0-25% of the graft was incorporated a score of 1 was assigned, and a score 2, 3 and 4 were assigned 

in case of 26-50%, 51 -75% or 76-100% of incorporation, respectively. 

Control 

PDLLCL 

Collagen 

ePTFE 

Cl = confidence interval 

2 wks (95% Cl) ( 1 -4) 4 wks (95% Cl) ( 1 -4) 

2.86 (2.41 - 3.31 ) --------
1 . 1 7  ( 1 .03 - 1 .3 1 ) 2.42 ( 1 .98 - 2.86) ------------�---
1 .79 (1 .33 - 2.25) 2.29 (1 .87 - 2.71 ) 

PDLLCL = poly(DL-lactide-E-caprolactone) 

ePTFE = expanded polytetrafluoroethylene 
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Table 4. Linear regression models of graft modeling with resorption as mineralization ratio. Model 1 is a regression model without the cor
rection for interaction effects, model 2 with correction for interaction effects. 

Constant 

Control (time) 

PDLLCL 

Collagen 

ePTFE 

Constant 

Control (time) 

PDLLCL 

Collagen 

ePTFE 

I nteraction time*PDLLCL 

I nteraction 
time*col lagen 

I nteraction time*ePTFE 

Coefficients 

B (95% Cl)  

- ·- -· ·  -- - ----� 
II I • , , , ,  

I I I I I II 

I I I 1 , 1  I II 

I I I I I II '  

I 1 , ,  I I I I 

I • I . .  

I I I  I I I I 

I I I I ,  

I I I , ,  I 1 ; 1 -0.012 (-0. 1 04 - 0.080) 

I 1 ;  I II 

I I I I ,  I I 

-0.006 (-0.047 - 0.036) 

-0.062 ( -0 . 102 - -0.022) 

Std . Error 

- ------··· ----- -------· ... 
I I I 

I I I  

I I 

I I 

I I 

I I 

0.01 5 0. 1 56 

0.045 0. 540 

0.046 -0.262 

0.045 1 .821  

0.020 - 1 . 1 94 

0.021 -0.267 

0.020 -3.030 -�·---------'---------

Cl = confidence interval 
PDLLCL = poly(DL-lactide-E-caprolactone) 
ePTFE = expanded polytetrafluoroethylene 

Significance 

0.876 

0. 590 

0.794 

0.071 

0.234 

0.790 

0.003 
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Table 5. Linear regression models of graft modeling with resorption as graft height. Model 1 is a regression model without the correction 
for interaction effects, model 2 with correction for interaction effects. 

,Model 1 

Constant 

Control (time) 

PDLLCL 

Collagen 

Coefficients 

B (95% Cl )  

• • • •- ·• � • •.L---,'"-

-0.012 (-0.050 - 0.025) 

-0.096 (-0. 1 82 - -0.009) 

-0. 1 55 (-0.243 - -0.067) 

ePTFE 1 : • 1 1 1 

-� :_lii�o_i:le __ 1 ... 2 ... � , ________ :•·��"� �--:-� 
Constant 

Control (time) 

PDLLCL 

Col lagen 

ePTFE 

-0.054 (-0. 1 3 1  - 0.023) 

-0. 1 82 (-0.41 6 - 0.052) 

-0.396 (-0.637 - -0. 1 56) 

-0.21 5 (-0.449 - 0.01 9) 

Interaction time*PDLLCL 1 1 , 

Interaction 
time*collagen 

Interaction time*ePTFE 

Cl = confidence interval 

I 11 •  I 

PDLLCL = poly(DL-lactide-e:-caprolactone) 
ePTFE = expanded polytetrafluoroethylene 

84 

Std. Error 

0.019 

0.044 

0.045 

0. 1 1 8  

0 . 1 1 8 

0.054 

0.055 

0.054 

Significance 

•. -.. 0;;.;_..�.;.oiia .. '1_,;,...�;._·,c.5�:!::•, ,;-�;J�"f!I . -�-- . :. : , ... __ ;.-
1 11 1  

-0.653 0. 51 5 
, ___________ -------

-2. 1 84 0.030 
-3 .4n 0.001 

-1 . 394 0. 1 65 

-1 . 539 0. 1 26 

-3.253 0.001 

-1 .814 0.072 

0.768 0.444 

2. 1 34 0.034 

0. 1 97 0.844 



Table 6. Linear regression models of graft incorporation. Model 1 is a regression model without the correction for interaction effects, model 
2 with correction for interaction effects. 

;•:•Model 1 

Constant 

Control (time) 

PDLLCL 

Collagen 

ePTFE 

, Model 2 

Constant 

Control (time) 

PDLLCL 

Collagen 

ePTFE 

Interaction time*PDLLCL 

Interaction 
time*col lagen 

I nteraction time*ePTFE 

Cl = confidence interval 

Coefficients 

B (95% Cl )  

0.789 (0.623 · 0.954) 

0.624 (0.244 - 1 .003) 

-0.043 (-0.430 - 0.343) 

• ·  . , :  

0.834 (-0. 1 93 - 1 .861 ) 

-0.545 (-1 .010 · -0.079) 

-0. 1 55 (-0.630 - 0.319)  

-0.295 ( -0 .  760 - 0. 1 71 )  

PDLLCL = poly(DL-lactide-E-caprolactone) 
ePTFE = expanded polytetrafluoroethylene 

Std . Error Significance 

0.084 9.406 0.000 ______ .. .,_ ___________________ _ 
0. 1 92 3 .243 0.001 -------�---------
0 . 196 -0.221 0.825 

6 . 135  

0. 520 3 .345 

0.535 0.538 _______ , _____ _ 
0.520 

0.236 

0.240 

0.236 

1 .605 

-2.3 12  

-0.647 

-1 .251 

0.000 

0.001 

0. 591 

0. 1 1 1  

0.022 

0. 5 19  

0.21 3 
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in model 2 increased only in the collagen group, whereas 

model 1 shows a decreasing graft height in this group. No 

differences were seen between the other groups. Based 

upon model 2, graft incorporation in the other groups 

increased more compared to PDLLCL, whereas model 1 

showed that PDLLCL i ncreased more compared to other 

membranes. Overall, equal results were obtained in mem

brane and control groups, although minor differences were 

observed. 

Discussion 

The results of the present study indicate that the barrier 

membranes studied do not have a preventive effect on 

autologous onlay bone block graft resorption in  the rat 

mandible. Furthermore, the results do not support the 

statement that membranes would have a positive effect 

on graft incorporation. Conclusions in other studies were 

conflicting (Jensen et al. 1995; Chiapasco et al. 1999; 

Rasmusson et al. 1999; Antoun et al. 2001 ) .  Based on the 

results of a systematic review of the literature, it was con

cluded that the best available evidence up to the end of 

2005 does not support membrane use to prevent autolgous 

graft resorption (Gielkens et al. 2007). 

In the present study graft modeling with resorption was 

evaluated as mineralization ratio and graft height. The 

mineralization was measured as a ratio between the mean 

grey values of the bone graft and of the original underly

ing mandibular bone. An absolute value of mineralization 

would have been more appropriate. However, calibration 

and validation of mineral content of different types of 

bone related to grey values of microradiographs is diffi

cult. Therefore, in the present study the grey value of the 

original underlying original bone was chosen as 100 per

cent mineralization. Theoretically the original underlying 

original bone is more or less constant. However, especially 

in the 12 weeks' samples mineral was lost in the original 

underlying bone that possibly would explain the higher 

than expected mineralization ratios. It was expected that 

graft resorption with mineral loss, demonstrated by a 

decreasing ratio, would be observed from 2 to 1 2  weeks. 

However, this was only seen in the ePTFE group (Table 

1 and 4) .  Care was taken that the mineralization of the 
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underlying original bone was measured in  areas unaffected 

by modeling with resorption . The mineralization ratio and 

graft height of ePTFE at 12 weeks was lower compared to 

other groups (Table 1 and 2) . It is known that ePTFE expo

sure to the oral environment during healing has a major 

negative effect on guided bone regeneration around den

tal implants because of infection (Machtei 2001 ) .  However, 

in the present study no exposure of the ePTFE membranes 

was observed. 

Graft height increased only in the collagen groups from 2 

to 1 2  weeks (Table 5). However, model 1 shows a decreas

ing graft height in the collagen group and the graft height 

at each occasion is smaller than or similar to the other 

groups (Table 5). Therefore the clinical relevance of the 

effect modification between time and collagen is small. 

A notable finding was the rather large graft height in the 

control groups compared to the membrane groups (Table 

2). Unrestrained growth of bone in the graft surrounding 

region was seen in some control samples, which might 

explain the high means and large confidence intervals in 

the controls. The smaller confidence intervals seen overall 

in the membrane-treated groups suggest a more predict

able treatment outcome by membrane application. This 

is in line with results in other studies (Donas et al. 2002a; 

Danos et al. 2002b). 

The mean incorporation was progressive from 2 to 1 2  

weeks i n  all groups. Most incorporation of  the graft was 

seen in the PDLLCL groups compared to the other groups. 

However, since model 2 (Table 6) showed that there was 

effect modification between PDLLCL and time, incorpo

ration of the graft beneath the PDLLCL membrane was 

significantly altered within the time frame of this study, 

suggesting a decreasing incorporation. This apparent con

tradiction can by explained by the fact that PDLLCL showed 

already a large amount of incorporation at 2 weeks. The 

increase of graft incorporation per unit of time thereafter 

is less compared to the other groups, although the amount 

of incorporation at each occasion was larger. If measure

ments would have been performed at the moment of 

operation (0 weeks), when probably no graft incorporation 

would have been measured in any graft, the time effect 

would be more valid. 

The method of fixing the grafts in the present study could 

have been of influence on the study. Although favourable 



results for membrane treatment had been demonstrated 

previously when the graft was not fixed (Alberius et al. 

1992; Gordh et al. 1998), rigid fixation with a micro-screw 

would have been preferable (Raghoebar et al. 2006). 

However, titanium micro-screws would have interfered 

with the evaluation by TMR and degradable micro-screws 

were too large to use in this study. 

In this study the new degradable barrier membrane 

(PDLLCL) (Meek et al. 2004) was compared to the stan

dard non-synthetic degradable (collagen) and the standard 

synthetic non-degradable (ePTFE) reference materials. 

Although the graft of the ePTFE 12 weeks group dem

onstrated more resorption than the grafts in the other 

groups, generally all membranes tested equal compared 

to each other and to the control. PDLLCL has been shown 

to be biocompatible and non-cytotoxic (Meek et al. 2004). 

PDLLCL has advantages when compared to the reference 

materials, because it is biodegradable and synthetic (Von 

Arx et al. 2002; Stavropoulos et al. 2004). However, since 

the control group without a membrane performed equally 

well, the indication to use barrier membranes to prevent 

bone modeling with resorption and enhance incorporation 

of autologous onlay bone block grafts is disputable accord

ing to our measurements. 

Mineralization cannot be measured as accurately in 

microradiography compared to TMR, because of varying 

thickness of the mandible (and graft). Clear high quality 

and resolution pictures were obtained with TMR, and dif

ferences in mineralization could be observed. However, 

the procedure is time consuming and only 2 sections per 

sample are examined. 

When TMR is applied in caries research, sections with a 

maximum thickness of 80 to 150 µm are used (Arends et al. 

1997). Because only mineralized tissues are involved, these 

thin sections have sufficient strength. The sections of the 

autologous bone grafts contained a relatively large amount 

of soft tissue, making them vulnerable. Therefore, larger 

dimensions were chosen, resulting in a section thickness of 

0.50 mm. A disadvantage of this increased thickness is that 

neither individual bone trabeculae nor their orientation 

could be made visible on the radiographs. 

In conclusion, membranes and controls have an equal 

effect on bone graft modeling and incorporation. It seems, 

therefore, that barrier membranes are unnecessary in 

bone grafting procedures with autologous onlay bone 

block grafts. When particulated bone is applied, a situa

tion that is frequently seen in clinical practice (McAllister 

& Haghighat 2007), the barrier membrane is necessary to 

secure these granules but probably does not prevent bone 

resorption. For clinicians an evidence-based approach is 

recommended when developing a treatment plan for bone 

augmentation cases (McAllister & Haghighat 2007). 
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G.ore-Tex® as barrier membranes in rat 

m�n.dt�u lar defects . An evaluation by 

microradiography and micro-CT 
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Vivosorb®, Bio-Gide® and Gore-Text!! as barrier membranes in rat mandibular defects. 
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Abstract 

Objectives: 

The objectives of this study were to determine whether a new degradable synthetic barrier membrane 

(Vivosorbfl) composed of poly(DL-lactide-E-caprolactone) (PDLLCL) can be useful in implant dentistry and to 

compare it with collagen and expanded polytetrafluoroethylene (ePTFE) membranes. 

Material and Methods: 

In 192 male Sprague-Dawley rats, a standardised 5.0 mm circular defect was created through the right angle 

of the mandible. New bone formation was evaluated by post-mortem microradiography and micro-CT (µCT) 

imaging. Four groups (control, PDLLCL, collagen, ePTFE) were evaluated at 3 time intervals (2, 4 and 12 weeks). 

In the membrane groups the defects were covered; in the control group the defects were left uncovered. Data 

were analysed using a multiple regression model. 

Results: 

New bone formation could be detected by post-mortem microradiography in 163 samples and by µCT imaging 

in 110 samples. Bone formation was progressive in 12 weeks, when the mandibular defect was covered with a 

membrane. Overall, more bone formation was observed underneath the collagen and ePTFE membranes than 

the PDLLCL membranes. 

Conclusions: 

In contrast to uncovered mandibular defects, substantial bone healing was observed in defects covered with a 

PDLLCL membrane. However, bone formation in PDLLCL covered defects tended to be less than in the defects 

covered with collagen or ePTFE. The high variation in the PDLLCL samples at 12 weeks may be caused by the 

moderate adherence of this membrane to bone compared with collagen. These results indicate that further 

study is needed to optimize the properties of PDLLCL membranes. 



Introduction 

For predictable osseointegration of dental implants and 

good aesthetics, the presence of sufficient bone is neces

sary. Bone deficiency is therefore considered a major prob

lem, and an extensive number of treatment modalities for 

alveolar ridge augmentation have been used in an attempt 

to solve this problem. Applied treatment modalities are 

guided bone regeneration (Nyman 1991), transplantation 

of autologous bone grafts (Antoun et al. 2001; Von Arx et 

al. 2002; Donos et al. 2002), bone substitutes (Zitzmann et 

al. 2001), or a combination of these (Hallman et al. 2005). 

As early as in the 1950s, it was stated that the presence of 

a blood clot is necessary for new bone formation (Murray 

et al. 1957). In guided bone regeneration, a barrier mem

brane prevents in-growth of fibroblasts and provides a 

space for osteogenesis within the clot (Hollinger et al. 

1999). Furthermore, the barrier membrane would exclude 

inhibiting factors and preserve growth factors (Ogiso et 

al. 1991; Zellin & Linde 1997). Although different barrier 

membranes have been developed, the ideal barrier mem

brane is not yet available. Non-degradable membranes 

have better space-maintaining properties than degradable 

membranes, but non-degradable membranes need to be 

removed in a second operation (Stavropoulos et al. 2004). 

Also, when exposed to the oral cavity, early removal of 

these membranes is frequently necessary because of 

infection (Machtei 2001; Wang & Carroll 2001). Degradable 

membranes are often animal derived, and may lead to 

disease transmission from animal to people (von Arx et 

al. 2002). An optimal membrane should be biocompatible, 

occlusive, synthetic, space-maintaining, clinically manage

able, and degradable (Hardwick et al. 1994; Kay et al. 

1997; von Arx et al. 2002). 

In order to optimize membrane function, a new degradable 

membrane has been developed (Vivosorb®) (Meek et al. 

2004). This membrane might have advantages compared 

with the currently existing barrier membranes. It is com

posed of poly(DL-lactide-E-caprolactone) (PDLLCL), which 

is biocompatible and non-cytotoxic (Meek et al. 2004). 

The polymer is already applied in a commercially avail

able nerve guide (Neurolacrz, Polyganics, Groningen, The 

Netherlands) (Bertleff et al. 2005). Based on its chemical 

composition and size, it can be expected to be occlusive, 

space-maintaining, and flexible enough to adapt to the 

contour of the cortical bone. 

The aim of this study was to evaluate PDLLCL as a guided 

bone regeneration membrane for bone formation in rat 

mandibular defects, and to compare it with a collagen and 

expanded polytetrafluoroethylene membrane. 

Material and Methods 

Under nitrous-oxygen-isoflurane inhalation anaesthesia, 

a standardized 5.0 mm circular defect was drilled with a 

trephine in the right mandibular angle of male Sprague

Dawley rats (Kaban & Glowacki 1981; Schortinghuis et al. 

2003). Four groups were studied: 3 membrane groups and 

1 control group. The membranes used were (1) a polymer 

sheet composed of 67-69% DL (15-85)-lactide and 31-33% 

E-caprolactone PDLLCL (Vivosorb®, Polyganics, Groningen, 

The Netherlands), (2) a type 1 and 3 porcine bilayer colla

gen (Geistlich Bio-Gide®, Geistlich Biomaterials, Wolhusen, 

Switzerland), and (3) an expanded polytetrafluoroethyl

ene membrane (ePTFE, Gore-Tex®, W.L.Gore & Associates, 

Flagstaff, USA). One side of the PDLLCL membranes was 

rough. The membranes were applied with this rough side 

faced to the bone to optimize integration and positioning. 

In the membrane-treated groups, the defect was covered 

with a barrier membrane on the buccal and lingual side 

(Fig. 1). In the control group no membrane was used. 

The wound was closed in layers using 4-0 resorbable 

sutures (Vicryl® Rapid 4-0, Ethicon, Johnson & Johnson, 

Amersfoort, The Netherlands) (Schortinghuis et al. 2003). 

A single dose of Caprofen (4 mg/kg) and Temgesic (0.03 

mg/kg) was administered for post-operative pain relief. 

The diet was composed of standard laboratory food. 

After 2, 4 and 12 weeks, a subset of rats in each group 

was anaesthetized by nitrous-oxygen-isoflurane inhalation 

anaesthesia and sacrificed by an intracardial injected over

dose of pentobarbital. Then the mandibles were explanted 

and fixated in 4% phosphate-buffered formaline solution. 

The study protocol was approved by the Animal Studies 

Review Committee, and in accordance with Institutional 

Guidelines (University Medical Center Groningen, The 

Netherlands). 
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Fig. 1. A 5.0 mm diameter defect was drilled in the right 

mandibular angle. The defect was left uncovered in the 

control as shown. In the other groups the defects were 

covered on the buccal and lingual side with barrier 

membranes. 

Microradiography and micro-CT 
An X-ray source (Philips PW 1730, Eindhoven, The 

Netherlands) was used to take microradiographs of the 

explanted parts of the mandible on a 35 mm film (Fuji B 

and W POS/71337). Care was taken to place the mandibu

lar buccal plane parallel to the film to assure a rectangular 

recording of the defects. After development of the film, 

digital images of the original microradiographs of the man

dibular defects were recorded with a stereo microscope 

(Wild/Leitz M7 S, Heerbrugg, Switzerland) with a magnifica

tion 10x and a CCD camera (Scion Corporation CFW 1312M, 

Frederick, MD, USA). The camera was linked to a personal 

computer equipped with a frame grabber. The magnified 

images were stored as images with a size of 1360 x 1024 

pixels and with a resolution of 256 grey values. Then the 

specimens were embedded in polymethylmethacrylate. 

Micro-CT (µCT) images were obtained using the Siemens 

MicroCAT II pre-clinical cone-beam CT scanner. The CCD 
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sensor measured 7 x 5 cm. The specimens were arranged 

in a 3-dimensional (3D) array not exceeding field of view 

dimensions in order to prevent truncation artefacts. The 

images were obtained resulting in 3D images with an iso

tropic voxel size of 48 x 48 x 48 µm. 

Measurement of new bone formation 
The principal investigator was blinded during the evalua

tion of the explanted samples. In the microradiographs the 

amount of new bone formation was expressed as a percen

tage of defect closure using image analysis software (Scion, 

Scion Corporation, Frederick, MD, USA) (Schortinghuis et 

al. 2004). First, based on the difference in grey values, the 

individual threshold of bone/no-bone boundary was deter

mined for each digitized microradiograph. Subsequently, 

this threshold was applied to the 5.0 mm defect as a whole 

and the remaining defect area was computed automati

cally. Finally, the remaining defect area was expressed as 

a percentage of the original defect size (diameter 5.0 mm) 

(Fig. 2). 

The 3D µCT data sets were evaluated with image analy

sis software (AMIRA 4.1, Mercury Computer Systems, 

Chelmsford, MA, USA). First, a sagittal plane perpendicu

lar to the central axis of the defect was determined. Then 

the lateral and medial limits of the defect parallel to this 

plane were established. Every third (corresponding to an 

interval of 144 µm) 2D µCT image between these limits 

was saved in a file. A mean bone/no-bone threshold was 

determined and applied to all data. For each sample, a 

mean volume of new bone in the 5.0 mm defect area was 

calculated by multiplying the sum of all areas of new bone 

by 144 µm (i.e., the thickness of 3 CT slides) (Fig. 3). 

Samples in which the defect was in continuum with the 

apex, which contains odontogenic cells, of the rats con

tinuously erupting incisor (Levy 1971) were excluded from 

analysis, as were those with fractures in the mandibles. 

Statistical analyses 
The sample size was determined by a power analysis based 

on 90% power with a 0.05 significance level, a 20% differ

ence in new bone formation between a membrane-treated 

group and non-treated control, and a standard deviation of 

18% (Schortinghuis et al. 2004, 2005). 

In a multiple regression analysis model, defect closure 



Fig. 2. Microradiographic evaluation of the defects. A 5.0 mm diameter circle was selected corresponding to the original defect. Based on 

the difference in grey values, the threshold of bone/no-bone boundary was determined for the selected area and applied. The remaining 

defect area was computed automatically and expressed as a percentage of the original defect size. 

Fig. 3. Measurement of new bone volume in defects by micro-CT. A sagittal plane perpendicular to the central axis of the defect and thus 

parallel to the mandible was determined. Every third 2D micro-CT image between the lateral and medial limits of the defect was saved in a 

file. In these images, new bone formation was measured as a surface area corresponding to the microradiographic evaluation. 

was predicted as a function of the independent variable 

'group' (i .e. ,  control, PDLLCL, collagen and ePTFE) and 

'time' (i .e., 2 ,  4, and 12 weeks) and interactions of these 

variables. 

Results 

One hundred and ninety-two rats (mean weight 364 g ± 1 7  

g SD, range 320-407 g )  were assigned to 1 of 4 groups of 

48 rats: 3 membrane groups and 1 control group. During 

surgery 6 rats had died. In 5 rats, a continuum of the 

defect and apex of the incisor was observed. In 12 rats 

the mandibular border fractured during dri lling, and in 7 

rats a fracture was found during evaluation of the images. 

These specimens were excluded from statistical analysis 

and resulted in a median group size of 14 (range 1 0-1 6) 

for microradiographic (MR) evaluation and a median group 

size of 10  (range 6-1 1 )  for µCT. No wound infection or 

dehiscence occured and all other animals gained weight. 

The mean percentages of defect closure in all groups as 

found with MR are presented in Table 1 ,  and the mean 

volumes of new bone in the defects as evaluated by µCT 

are summarized in Table 2. The regression analyses of the 

mean percentages and volumes in  MR and µCT are sum

marized in Tables 3 and 4, respectively. 
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Table 1 .  Percentage of defect closure as measured by microradiography. 

PDLLCL 

Control 

Collagen 

ePTFE 

Cl = confidence interval 

2 wks (95% Cl )  

22.8  ( 16 .9  - 28.7) 

60.2 (44. 1 - 76.3) 

40.6  (32. 5 - 48.7) 

PDLLCL = poly(DL-lactide-E-caprolactone) 
ePTFE = expanded polytetrafluoroethylene 

4 wks (95% Cl )  

26.  9 ( 1 8.0 - 35 .8)  
------

88. 7 (81 .0  - 96.4) 

60. 9 (51 .6 - 70.2) 

Table 2 .  Absolute volume of new bone (mm3) in the original defect as measured by micro-CT. 

PDLLCL 

Control 

Collagen 

ePTFE 

2 wks (95% Cl)  

' .  

1 .97 (0.91 - 3.03) 

4 wks (95% Cl )  

3 .58 (2. 1 0  - 5.06) 

9 .54 (7.67 - 1 1 .41 ) 

5 .93 (4.41 - 7.45) 

Note: estimated mean volume in case of complete defect closure is 16.81 m m3 

Cl = confidence interval 
PDLLCL = poly(DL-lactide-E-caprolactone) 
ePTFE = expanded polytetraf\uoroethylene 
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1 2  wks (95% Cl)  

89.8 (85 . 1  - 94.7) 

1 2  wks (95% Cl)  

4.59 (2.41 - 6.77) 

14. 1 3  ( 1 1 .04 - 1 7.22 )  

1 5. 1 5  ( 1 2.09 - 1 8.21 ) 



Table 3. Linear regression model of defect closure as measured by microradiography. Model 1 is a regression model without the correction 
for interaction effects, model 2 with correction for interaction effects. 

Model 1 

Constant 

Contro l {time) 

PDLLCL 

Collagen 

ePTFE 

Constant 

Control {time) 

PDLLCL 

Collagen 

ePTFE 

Interaction time*PDLLCL 

Interaction 
ti me* co I lagen 

Interaction time*ePTFE 

Cl = confidence interval 

Coefficients 

B (95% C l )  

I I I I 1 ,  

I 

I ,  I ___ .. , 
I I '  

0. 1 75 (-0.01 8 - 0.331 ) 

0.050 (-0.01 9 0. 1 1 9) 

0.007 ( -0.204 - 0.217) 

0.356 (0. 1 38 - 0. 575) 

-0.027 (-0.230 - 0. 176) 
I I I 

I 1 :  I II ' I 

I I , ,  I 

PDLLCL = poly(DL-lactide-E-caprolactone) 
ePTFE = expanded polytetrafluoroethylene 

Std. Error 

I 1 ,  

0.01 7 

0.041 

0.041 

0.040 

0.079 

0.035 

0. 107 

0. 1 1 0  

0 . 103 

0.048 

0.049 

0.046 

Significance 

II 

9. 1 52 0.000 

6.289 0.000 

1 3. 269 0.000 

9. 326 0.000 

2 .208 0.029 

1 .433 0. 1 54 

0.063 0.949 

3.224 0.002 

-0.264 0.792 

2.487 0.01 4 

1 .785 0.076 

4.21 3 0.000 
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Table 4. Linear regression model of defect closure as measured by micro-CT. Model 1 is a regression model without the cor

rection for interaction effects, model 2 with correction for interaction effects. 

Constant 

on ro 1me 

PDLLCL 

Collagen 

ePTFE 

Coefficients 

B (95% Cl) 

- 1 . 1 

5.463 (3.057 - 7.869) 

Std. Error 

0.094 

1 .21 8 

1 .21 3 

t�ci�, 2 �==��-:.13��-·-:· --��=�:\
=
:.5£:3."I:i�� ----------

Constant 

Control (time) 

PDLLCL 

Collagen 

ePTFE 

I nteraction time*PDLLCL 

I nteraction 
time*collagen 

0. 1 22 (-0.246 - 0.491 ) 0 . 186 

-3 .534 (·7. 377 - 0.308) 1 .937 

-0.381 (-4 .359 - 3 . 598) 2.006 

1 .896 

0.256 

0.870 (0.373 - 1 .366) 0.250 

9.661 

2.348 

4.502 

3 .671 

2.081 

0.659 

- 1 . 825 

-0. 1 90 

· 1 . 61 5  

3 .839 

3.476 

I nteraction time*ePTFE 1 . 1 50 (0.662 - 1 .638) 0.246 4.673 

Cl = confidence interval 
PDLLCL = poly(DL-lactide-E-caprolactone) 
ePTFE = expanded polytetrafluoroethylene 

1 00 

Significance 
-- -_.- L � I ... ·,. ·• '. .... _· .� 
-r!,� ..-:1�� 

0.000 

0.021 

0.000 

0.000 

0.040 

0.512 

0.071 

0.850 

0 . 109 

0.000 

0.001 

0.000 



Discussion 

The results of the present investigation indicate that bone 

formation in a defect does occur underneath the new 

PDLLCL membranes. The regression analyses show that all 

membranes allow more bone formation than the control. 

In the collagen group more bone was formed than in the 

ePTFE and PDLLCL groups. However, because model 2 

(Table 3) showed no significant B for the interaction term 

collagen*time, bone formation beneath the collagen mem

brane was not significantly modified within the time frame 

of this study. This apparent contradiction can by explained 

by the fact that collagen already showed a large amount of 

new bone at 2 weeks. The increase of new bone per unit 

of time thereafter is less compared with the other mem

branes, although the amount of bone at each occasion is 

larger. If measurements would have been performed at 

the moment of operation (0 weeks), when probably no 

bone would have been measured in any defect, the time 

effect would be more valid . 

Overall, more bone formation was observed in rats treated 

with collagen or ePTFE membranes compared with PDLLCL . 

Results in the collagen and ePTFE-treated defects are in 

accordance with results from previous studies (Dahlin et 

al. 1988; Schortinghuis et al. 2004, 2005; McAllister & 

Haghighat 2007). Therefore, in clinical practice PDLLCL 

in its current composition cannot be expected to give as 

much bone in-growth in defects as the control membranes. 

Other synthetic degradable membranes also showed less 

bone in-growth compared with collagen and ePTFE (Aaboe 

et al. 1998; Wiltfang et al. 1998). A recently developed 

polylactide membrane (Mueller et al. 2005) and a calcium 

alginate film (He et al. 2007) showed promising results in 

rabbits. However, the former study did not include a suit

able control group and the latter described defect closure 

qualitatively. Therefore, a relevant comparison with the 

new PDLLCL membrane is not possible. 

PDLLCL-treated rats at 12 weeks showed a poor defect clo

sure in comparison with the other membrane groups and 

the confidence interval is about twice as large as in the 

other groups. This may be caused by degradation prod

ucts. It is known from degradation studies that PDLLCL 

disintegrates from 10 weeks post-operatively and causes 

a mild foreign body reaction (Meek et al. 2004). However, 

these studies were performed in vitro and subcutaneously, 

whereas the present study was performed at a subper

iosteal site. It is known that degradation characteristics 

differ between in vitro and in vivo studies (Bergsma et 

al. 1995) and that implant locations with differences in 

the local inflammatory microenvironment result in vary

ing degradation (Luttikhuizen et al. 2006). Another, more 

plausible cause could be the poor tissue-adherence to the 

underlying bone. Possibly, membrane movement caused 

by masticatory actions may have allowed soft tissue in

growth beneath the PDLLCL membrane, which may explain 

the considerable variation in the amount of bone forma

tion. The samples where membrane movement might have 

appeared, performed worse compared with the control 

membranes. The PDLLCL samples with a successful amount 

of new bone in-growth at 12 weeks performed similar to 

the successful ones of the control membranes, demon

strating the potency of PDLLCL as a barrier membrane. 

During the first surgical procedures it became clear that 

PDLLCL adhered less to the underlying bone as compared 

with collagen. Nevertheless, it was decided not to fix the 

newly designed membrane. If a new barrier membrane 

would show satisfactory outcomes only with fixation, then 

this would be a major disadvantage for clinical practice and 

such a membrane would not be capable of competing with 

the already available degradable collagen membranes. 

Overall, the confidence intervals of the groups were rather 

large, as in most in vivo guided bone regeneration experi

ments (Vesala et al. 2002; Schmidmaier et al. 2006). For 

this reason, a relatively large sample size was required . 

Thus, the required sample sizes are much larger than have 

generally been used (Gunsolley et al. 1998). To reduce 

the total amount of animals, longitudinal studies could be 

executed. µCT could be valuable in these studies in which 

repetitive measurements in sedated animals could be 

taken. This technique was not yet available when the pres

ent study was approved. Furthermore, provided that stan

dard models and outcome measures are applied, data from 

different studies could be pooled in a meta-analysis. In this 

study, 2 methods of measuring new bone are applied to 

come to a more valid conclusion. MR and µCT both showed 

an increase in bone in-growth from 2 to 12 weeks for the 

membrane groups. It appears that more bone in-growth 

in the control group evaluated by µCT was measured at 2 
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weeks; however, this difference is statistically and clini

cally irrelevant. In µCT bone in-growth relative to com

plete defect closure appears to happen slower compared 

with the results in MR. However, defect closure may start 

with a thin layer of new bone, which then grows thicker 

(Schmidmaier et al. 2006). This effect could have reduced 

the µCT results for new bone formation. Furthermore, 

when tested it appeared that MR overestimates bone 

formation in defects compared with histomorphometrics 

and µCT. However, generally, the results in both methods 

appear similar, making these findings valuable. 

The critical size defect-model as described in this rat 

experiment is a frequently applied method to test bar

rier membranes (Kaban et al. 1979; Schortinghuis et al. 

2003). MR and µCT were shown to be useful techniques to 

reliably measure new bone formation (Schortinghuis et al. 

2003; Marechal et al. 2005). This is especially the case in 

this defect model where the original outline can easily be 

retrieved. 

In this study, MR and µCT were applied to measure new 

bone formation in defects, although histomorphometry is 

considered the 'gold standard'. Histomorphometry often 

involves 1 section (1D) through the center of the defects 

(e.g., Mueller et al. 2005). On MR images the entire 

defect can easily be measured. MR has been proven to 

be fast, accurate, and simple (Schortinghuis et al. 2003). 

However, 3D volumetric calculations are impossible. By 

µCT, 3D reconstructions and volumetric measurements 

can be obtained (Lee et al. 2006). Because bone growth 

is a 3D phenomenon, µCT appears to be the most suitable 

method. However, µCT is not yet widely available and is 

rather expensive in comparison with MR. 

In the mandibular defect model, exposure to the oral 

environment is impossible due to the anatomic location 

of the defect. The major disadvantage of ePTFE is that 

it has to be removed when exposed to the oral environ

ment because of infection (Clarizio 1999). The response of 

PDLLCL to exposure to the oral environment is impossible 

to study in this model and, therefore, unknown, but this 

might be a decisive factor in clinical application. 

A blank control is essential in a good research design when 

testing a new material. Frequently, researchers (e.g., 

Stavropoulos et al. 2004) only test a new material in com

parison with a standard reference material. In this study, 
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the reference materials were collagen and ePTFE because 

these materials are the standard non-synthetic degradable 

and synthetic non -degradable reference materials, respec

tively. These membranes have been tested extensively in 

animal and clinical studies (McAllister & Haghighat 2007). 

The results of the present study have shown that, in its 

current composition, PDLLCL is not ready for application 

in clinical practice. Although the membrane allows signifi

cantly more bone in-growth than in the control group, the 

problem with adherence needs to be solved. 

In conclusion, substantial bone healing was observed in 

defects covered with a PDLLCL membrane, in contrast to 

uncovered mandibular defects. However, bone formation 

in PDLLCL-treated defects was less than in the defects 

covered with a collagen or ePTFE membrane. This indi

cates that the qualities of PDLLCL membranes need to be 

optimized to make it a clinically applicable and attractive 

barrier membrane. 
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Vivosorb® as a barrier membrane in  rat mandibular defects. 
An evaluation with transversal microradiography. Submitted. 

107 

I 



108 

Abstract 

Objectives: 

Guided bone regeneration (GBR) is a successful technique in treating bone deficiency. Application of degradable 

membranes eliminates the need of a second surgical procedure and is, therefore, preferable to application of 

non-degradable membranes. However, the currently available degradable membranes lack sufficient space

maintaining properties, 1 of the prerequisites for successful bone augmentation. Vivosorb<!i is a new degradable 

membrane composed of poly(DL-lactide-E-caprolactone) (PDLLCL). The aim of this study was to appraise its 

performance in GBR-procedures. 

Material and Methods: 

In 192 rats a 5.0 mm defect was drilled in the mandibular angle. The defects were either covered with a 

membrane (PDLLCL, collagen, or expanded polytetrafluoroethylene (ePTFE)) or left uncovered (control). Defect 

closure, mineralization and thickness of the new bone were assessed by means of transversal microradiography 

at 3 different time intervals (2, 4 and 12 weeks). The data were analysed using multiple regression analyses. 

Results: 

The membrane groups showed significantly better results than the control groups. The ePTFE and collagen 

membranes performed equally well and better than the PDLLCL membrane during this experiment. 

Conclusion: 

The results indicate that the PDLLCL membrane is not yet suitable for clinical application in its current form. 



Introduction 

In maxillofacial surgery different techniques for bone aug

mentation, including guided bone regeneration (GBR), are 

successfully used nowadays (Hammerle & Jung 2003). In 

GBR the bony defect is covered with a barrier membrane 

to prevent fast growing connective tissue from migrating 

into the defect (Aslan et al. 2004; He et al. 2007). The 

barrier membrane preserves growth factors and excludes 

inhibiting factors (Ogiso et al. 1991, Zellin & Linde 1997). 

The presence of a blood clot and an adequate amount of 

available space are prerequisites for new bone formation 

(Antoun et al. 2001; McAllister & Haghighat 2007). 

Good in vitro and clinical results have been reported 

with synthetic non-degradable expanded polytetrafluo

rethylene (ePTFE) membranes (Hammerle & Jung 2003; 

McAllister & Haghighat 2007). However, infection caused 

by dehiscent membranes (Wang & Caroll 2001; Donas et 

al. 2002) and the need of a second surgical procedure are 

recognized disadvantages (Schliephake et al. 2004). The 

application of a biodegradable membrane eliminates the 

need of a second intervention. Furthermore, the degrad

able membranes show accelerated resorption rates when 

exposed to the oral cavity, minimizing the duration of the 

inflammatory reaction and protecting the regenerated 

bone (McAllister & Haghighat 2007). 

Biodegradable membranes can be either natural (colla

gen) or synthetic. A synthetic material can be produced in 

any required amount and its macrostructure, mechanical 

properties and degradation profile can be modified in an 

attempt to optimize performance (Pego et al. 2003a,b). 

A collagen membrane tends to lose its space-maintaining 

ability during function in humid conditions (Hutmacher 

et al. 2001) and implantation of animal derived collagen 

includes a potential risk of disease transmission from ani

mal to human (Von Arx et al. 2002). Overall, synthetic bio

degradable barrier membranes appear preferable in GBR 

procedures. Although numerous membranes have been 

developed (Zellin et al. 1995; Strietzel et al. 2006), the 

ideal barrier membrane has not yet been found (Kay et al. 

1997; Von Arx et al. 2002). 

Vivosorb® is a synthetic biodegradable material com

posed of poly(DL-lactide-E-caprolactone) (PDLLCL). The 

membrane is expected to be occlusive and should be stiff 

enough to bridge a defect and at the same time flexible 

enough to adapt to the cortical bone contour. In addition, 

extensive in vivo research has proven the membrane to be 

highly biocompatible and non-cytotoxic (Meek et al. 2004; 

Jansen et al. 2004). Vivosorb® is commercially available 

as a nerve guide (Neurolac®, Polyganics, Groningen, The 

Netherlands) (Bertleff et al. 2005). Vivosorb11 may be as 

suitable and as valuable as a GBR membrane. 

So far, radiology (Schortinghuis et al. 2003; Mueller et 

al. 2005), histology (Aaboe et al. 1998; Aslan et al. 2004) 

and histomorphometry (Nastri & Smith 1996) are com

monly applied methods in GBR studies, with which bone 

volume as well as the various cell types involved can be 

assessed. However, the extent of bone mineralization and 

resulting density cannot be measured with these meth

ods. Transversal microradiography (TMR) is an accurate 

method of measuring mineral content in a thin cross-sec

tion (Arends et al. 1997). This method has proven to be 

valid, precise and useful for measuring mineral loss in car

ies research (Kielbassa et al. 1999; Petersson & Kambara 

2004). Therefore, it can be expected that accurate com

parisons of bone mineralization can be made with TMR in 

the present study (Raghoebar et al. 2005). Furthermore, 

since cross-sections are made through the defects, not 

only the amount, also the direction of bone regenera

tion can be evaluated. The suitability and value of TMR in 

assessing new bone formation should be explored. 

The aim of this study was to appraise PDLLCL as a GBR 

membrane. Therefore, its performance was compared to 

a blank control group and to the reference standard non

degradable (ePTFE) and biodegradable (collagen) mem

branes in an in vivo experiment in the mandible of the 

rat. 

Material and Methods 

Surgical procedure 
In 192 male Sprague-Dawley rats (mean weight 364 g (SD 17 

g), ranging from 320 to 407 g) a standardised circular 5.0 

mm bicortical defect was drilled with a trephine in the right 

mandibular angle (Kaban & Glowacki 1981; Schortinghuis 

et al. 2003). The defects were either covered with 1 of 3 

different barrier membranes or left uncovered in random 
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allocation, resulting in 4 evenly distributed experimental 

groups (n = 48). In the first group no membrane was used 

to cover the defects. In  the second group the defects 

were covered with the biodegradable PDLLCL membrane 

(Vivosorb®, Polyganics, Groningen,  The Netherlands). In 

the third and fourth group bilayer collagenous membranes 

(Geistlich Bio-Gide®, Geistlich Biomaterials, Wolhusen, 

Switzerland) and ePTFE membranes (Gore-Tex®, W. L. Gore 

& Associates, Flagstaff, USA), respectively, were applied. 

The wound was closed in layers using resorbable sutures 

(Vicryl® Rapide 4-0, Ethicon, Johnson & Johnson, 

Amersfoort, The Netherlands). Postoperative pain relief, 

a single dose of Caprofen (4.0 mg/kg) and Temgesic (0.03 

mg/kg), was administered and the diet was composed of 

standard laboratory food. 

At 3 different time intervals (2, 4 and 12 weeks), the rats 

were anaesthetised by nitrous-oxygen-isoflurane inhalation 

anaesthesia and sacrificed by an intracardially injected 

overdose of pentobarbital, resulting in 12 subgroups (n = 

1 6). The mandibles were explanted and fixed in 4% phos

phatebuffered formaline solution. 

The study protocol was approved by the Animal studies 

review committee, and in accordance with I nstitutional 

Guidelines (University Medical Center Groningen, The 

Netherlands). 

Preparation of samples and transversal micro
radiography (TMR) 
The specimens were placed in a metal mould and embed

ded in polymethylmethacrylate (PMMA). Thereby, blocks 

with standardized dimensions were obtained to facilitate 

precise cutting and to prevent the samples from drying. 

X-rays were taken to determine the exact location of the 

defects. Through the center of the defect, 3 cuts were 

made in the transversal plane with a circular saw blade 

(Buehler Diamond Wafering Blade, diameter 10.2 cm x 

0.3 mm, USA) to create 2 cross-sections with a standard

ized thickness of 0.50 mm (Fig. 1). With an X-ray source 

(Philips PW 1730, Eindhoven, The Netherlands) transver

sal microradiographs were taken on a 35 mm film (Fuji B 

and W POS/71337) and exposed for 18 seconds with a tube 

charge of 25 kV and 25 mA to obtain the transversal micro

radiographs (Raghoebar et al. 2005). After fi lm develop

ment, a stereo microscope (Wild/Leitz M7 S, Heerbrugg, 

1 1 0  

Switzerland; magnification 10x) and a CCD camera (Scion 

Corporation CFW 1312M, Frederick, MD, USA) were used 

to digitize the images. By means of a frame grabber the 

images were stored on a personal computer (resolution: 

256 grey values / 1 360 x 1024 pixels). 

Measuring new bone formation 

All measurements were performed twice under (single-) 

blind conditions and were averaged. The overall quality 

of the newly formed bone was assessed with 3 differ

ent methods. The amount of mineralization of the newly 

formed bone was determined by dividing the mean grey 

value of the newly formed bone by the mean grey value 

of the original mandibular bone, outside the defect. The 

mean grey values of the 2 areas were obtained by select

ing 1 2  spots on each radiograph; 6 within the new bone 

and 6 within the original mandibular bone (Fig. 2). The 

measurements were performed using image analysis soft

ware (Optical Bone Calculator, J. de Vries, Biomedical 

Engineering Groningen, The Netherlands). The second 

method aimed at comparing the defect closure between 

groups. The percentage of defect closure was defined as 

the length of the newly formed bone (Schortinghuis et 

al. 2003) in the defect divided by the total length (i .e., 

width) of the original defect. When 0-25% of the width of 

the defect was filled with newly formed bone a score of 

1 was assigned. A score 2, 3 and 4 were assigned in case 

of 26-50%, 51-75% or 76-1 00% of newly formed bone com

pared to the original defect width, respectively. The third 

method assessed the thickness of new bone. The mean 

thickness of the newly formed bone (Schortinghuis et al. 

2003) was divided by the mean thickness of the bone across 

the borders of the defects. These ratings were scored 1 to 

4, similarly to defect closure. 

Statistical analysis 

The required sample size was determined by a power 

analysis based on 90% power with a 0.05 significance level, 

a 20% difference in new bone formation between a mem

brane-treated group and non-treated control, and a stan

dard deviation of 18% (Schortinghuis et al. 2004,2005). 

In a multiple regression analysis model the outcome vari

ables mineralization of new bone, defect closure and 

thickness of new bone were separately predicted as a 



➔ ➔ 
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Fig. 1 .  Schematic view of a rat mandible and the defect's location; cross-sections were made through the center of the defects as shown, 
creating 2 sections per mandible suitable for transversal microradiography. The sections were radiographed 1 by 1 .  

Fig. 2 .  The amount of mineralization of the newly formed bone was determined by dividing the mean grey value of the newly formed bone 
by the mean grey value of the original mandibular bone (outside the original defect). The mean grey values of the 2 areas were obtained by 
selecting 12 spots on each radiograph; 6 (white) within the new bone and 6 (grey) within the original mandibular bone. An open (left) and 
a closed (right) defect are shown. 

function of the independent variables 'group' (i.e., con

trol, PDLLCL, collagen and ePTFE), ' time' (i.e., 2, 4 and 12 

weeks) and interactions between these variables. 

Results 

Six rats did not survive the surgery. In 12 rats the man

dibular border fractured during or after the surgery. In 3 

cases the apex of the large lower incisor was damaged 

by the drilling process. An additional number of samples 

was damaged during preparation of the cross-sections. 

These groups of specimens were excluded from analysis. It 

resulted in a median group size of 13 samples (range 7 to 

14) for mineralization ratio, defect closure and thickness. 

All animals gained weight postoperatively, and neither 

dehiscence of the membranes nor wound infection was 

seen in the course of recovery. 

The mean mineralization ratios, i.e., the ratio of the mean 

grey value of the newly formed bone divided by the mean 

grey value of the original mandibular bone (outside the 

original defect), is presented in Table 1. Defect closure 

scored as the relative length of the newly formed bone in 

the defect to the total length (i.e., width) of the original 

defect is presented in Table 2. Table 3 presents the thick

ness of newly formed bone in all groups as found with TMR 

scored as the thickness of the newly formed bone divided 

by the mean thickness of the bone across the borders of 

the original defects. Tables 1-3 show that collagen and 

ePTFE membranes performed equally well and better than 

the PDLLCL membrane during this experiment. 
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The regression analyses of the mineralization ratio, defect 

closure and thickness of newly formed bone are summa

rized in Tables 4, 5 and 6, respectively. Model 1 is a regres

sion model without the correction for possible effect 

modification (interaction effects). Model 2 is a regression 

model with correction for effect modification by time and 

membrane (i.e., PDLLCL, collagen or ePTFE). Both models 

are presented to give the reader information about the 

relative effect of the coefficients with and without effect 

modifications, as correction for interaction dramatically 

changes the value of the crude coefficients. The regres

sion analyses showed that the mineralization of the newly 

formed bone is higher in the collagen and ePTFE group 

compared to the control and PDLLCL. Most defect closure 

was in the collagen and ePTFE group. The bone thickness 

in the ePTFE groups is larger than the other membrane 

groups and control. 

Table 1 .  Mean values and confidence intervals for mineralization rate, i .e. ,  the ratio of the mean grey value of the newly formed bone 

divided by the mean grey value of the original mandibular bone (outside the original defect) (Fig. 2). 

2 wks (95% Cl) (%) 4 wks (95% Cl) (%) 1 2  wks (95% Cl) (%) 

Contro l 

PDLLCL 

Col lagen 

ePTFE 

Cl = confidence interval 

' . ' . ' . 

0.61 (0.57 - 0.65) 

0. 56 (0. 53 - 0 .59) 

0.60 (0.57 - 0 .63) 

PDLLCL = poly(DL-lactide-E-caprolactone) 

ePTFE = expanded polytetraf\uoroethylene 

- --- -- -

' ' ' . . ' . 

' , ' ' ' 

0.68 (0.66 - 0.70)  

0.75 (0.71 - 0.79) 

0.64 (0. 57 - 0.71 ) 

0.81 (0. 75 - 0.87) -----------
0.84 (0. 78 - 0. 90) 

Table 2. Mean values and confidence intervals for defect closure. When the length of the newly formed bone in the defect was 0-25% of the 

total length (i.e., width) of the original defect a score of 1 was assigned, and a score 2, 3 and 4 were assigned in case of 26-50%, 51 -75% or 

76-100%, respectively. 

Contro l 

PDLLCL 

Collagen 

ePTFE 

2 wks (95% Cl) (1 - 4) 

" 

4 wks (95% Cl )  ( 1  - 4) 12 wks (95% Cl)  ( 1  - 4) 

, . 

1 . 39 ( 1 . 1 5 - 1 .63) 

Cl = confidence interval 

PDLLCL = poly(DL-lactide-E-caprolactone) 

ePTFE = expanded polytetraf\uoroethylene 
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1 .93 (1 . 5 1 - 2 .35) 2.27 ( 1 .63 - 2.91 ) - ��----.--- ---------------------
3.35 (2. 82 - 3 .88) 3 .68 (3 .38 - 3.98) 

2. 1 5  ( 1 .81 - 2.49) 3 .32 (2.98 - 3 .66) 



Table 3. Mean values and confidence intervals of thickness of newly formed bone. When the mean thickness of the newly formed bone was 
0-25% of the mean thickness of the bone across the borders of the defects a score of 1 was assigned, and a score 2, 3 and 4 were assigned in 
case of 26-50%, 51 -75% or 76-100%, respectively. 

Control 

PDLLCL 

Col lagen 

ePTFE 

Cl = confidence interval 

2 wks (95% Cl) (1 - 4) 

1 .86 (1 . 58 - 2 . 14) 

2.09 (1 .63 - 2 .55) 

1 .85 (1 . 57 - 2 . 13 )  

1 .  75  (1 .46 - 2.04) 

PDLLCL = poly(DL-lactide-E-caprolactone) 
ePTFE = expanded polytetrafluoroethylene 

4 wks (95% Cl) (1 - 4) 1 2  wks (95% Cl) (1 - 4) 

2.62 (2. 17  - 3 .07) -�--
2.58 (2.34 - 2.82) 3 . 50 (3. 1 9 - 3 .81 ) 

Table 4. Linear regression models of mineralization of newly formed bone. Model 1 is a regression model without the correction for interac
tion effects, model 2 with correction for interaction effects. 

Constant 

Control (time) 

PDLLCL 

Collagen 

ePTFE 

Constant 

Control (time) 

PDLLCL 

Col lagen 

ePTFE 

Coefficients 

B (95% Cl) 

I , . I ,  

I I , ,  I 1 ,  I 1 : :  

I I I I I 1 : :  

I 1 , 1  I II ' I 

I I I I I 

I , • , I ' I • 

I I , I I I I I 

I 1 , 1  I • I I 

Std. Error 

I I 

0.01 1 

0.026 

0.026 

0.026 

0.052 

0.022 

0.066 

-0.257 (-0.386 -0. 1 27) 0.066 

-0.206 (-0.334 - -0.078) 0.065 

0.041 (-0.017 0.099) 0.029 

0 . 149 (0.092 - 0.206) 0.029 

Significance 

6.070 0.000 

1 .425 0. 1 56 

2 .310 0.022 

4.080 0.000 

1 3 .475 0.000 

-1 . 1 74 0.242 

-0.902 0.368 

-3 .916 0.000 

-3 . 1 78 0.002 

1 .402 0. 1 63 

5 . 142 0.000 

Interaction time*PDLLCL 

I nteraction time*collagen 

Interaction time*ePTFE 5 . 1 1 3  0.000 --�0.147 (0.090 - 0.204) _o_.0_2_9 _________________________ __ 

Cl = confidence interval 
PDLLCL = poly(DL-lactide-E-caprolactone) 
ePTFE = expanded polytetrafluoroethylene 
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Table 5. Linear regression models of defect closure. Model 1 is a regression model without the correction for interaction effects, model 2 
with correction for interaction effects. 

Constant 

Control (time) 

PDLLCL 

Collagen 

ePTFE 

Constant 

Control (time) 

PDLLCL 

Collagen 

ePTFE 

Interaction time*PDLLCL 

Interaction 
time*collagen 

Interaction time*ePTFE 

Cl = confidence interval 

I Coefficients 

-0.206 (-0.659 - 0.247) 

0.637 (0.474 - 0.800) 

0.792 (0.406 - 1 . 1 78) 

1 .803 (1 .426 - 2. 1 8 1 )  

1 .225 (0.849 - 1 .600) 

' - · ' . ,  

-0.479 (-1 .499 - 0.541 ) 

-O.n3 (-1 .734 - -0. 1 89)  

- 1 . 1 86 (-2. 1 37 - -0.234) 

0.573 (0. 1 27- 1 .019)  

1 .208 (0.783 - 1 .632) 

1 . 1 30 (0.708 1 . 551 ) 

PDLLCL = poly(DL-lactide-E-caprolactone) 
ePTFE = expanded polytetrafluoroethylene 

1 14 

, Significance 

0.229 -0.879 0.371 

0.082 7.742 0.000 

0. 1 95 4.053 0.000 

0. 1 91 9.440 0.000 

0. 1 90 6.440 0.000 

0.382 4.057 0.000 

0 . 165 -1 .005 0.31 7 

0.516 -0.928 0.355 

0.486 - 1 . 588 0. 1 1 5  

0.481 -2.463 0.01 5 

0.226 2.538 0.01 2 

0.21 5 5.622 0.000 

0.21 3 5.300 0.000 



Table 6. Linear regression models of thickness of newly formed bone. Model 1 is a regression model without the correction for interaction 
effects, model 2 with correction for interaction effects. 

Coefficients 

B (95% Cl)  Std. Error 

�:��9�(i�_.::- .,._,_,.,. I• �_,. - .,"'t 
- - . � ... � ___ _... _________ � ·�.M..._�.•�--�--·"·� �.� ���-

Constant 

Control (time) 

PDLLCL 

Collagen 

ePTFE 

Constant 

Control (time) 

PDLLCL 

Collagen 

ePTFE 

I •  I • • 

I •  , I , 0.076 

0 . 179 

0 . 178 

-0.224 (-0.538 - 0.091 ) 0. 1 59 

-0.693 ( - 1 .644 - 0.258) 0.481 

-0.961 ( - 1 . 890 -0.032) 0.470 

- 1 . 582 (-2.501 - -0.663) 0.465 
Interaction time*PDLLCL 1 

I nteraction 
time*col lagen 

I nteraction time*ePTFE 

I • ' I I :t 0.207 

1 .099 (0.691 - 1 .506) 0.206 

-1 .404 

- 1 .440 

-2.045 

-3.404 

3 . 324 

5 .334 ·---------·---------

Cl = confidence interval 
PDLLCL = poly(DL-lactide-E-caprolactone) 
ePTFE = expanded polytetrafluoroethylene 

Significance 

0.000 

0.004 

0.003 

0. 1 62 

0. 1 52 

0.043 

0.001 

0.010 

0.001 

0.000 
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Discussion 

In the present study, application of a barrier membrane 

clearly showed a beneficial effect on bone regenera

tion in a defect compared to the control group. This is 

in accordance with findings in other publications (Aaboe 

et al. 1998; Aslan et al. 2004; He et al. 2007). However, 

in an experimental study in the minipig, it was found 

that a satisfying degree of bone regeneration can also be 

acquired when the defect is only covered by periosteum 

(Wiltfang et al. 1998). Hammerle and Jung (2003) con

cluded that the relative amount of bone formation was 

usually more favourable when an ePTFE membrane was 

used. It was stated that collagen membranes lacked physi

cal strength to maintain adequate space in larger defects. 

By contrast, in the present study no large differences in 

performance were noted between the collagen and ePTFE 

membranes and most defect closure was in the collagen 

group. McAllister and Haghighat (2007) concluded that 

generally, collagen membranes performed in a similar 

manner to ePTFE with respect to defect fill, but showed 

less soft tissue exposure problems. In the present study 

no membrane dehiscence was observed. Overall, a larger 

amount of more mineralised and thicker newly formed 

bone was observed in rats treated with collagen or ePTFE 

membranes compared to PDLLCL. 

In our experiment, application of a PDLLCL membrane 

showed a beneficial effect on defect closure and bone 

thickness compared to the blank control group. After 12 

weeks, 25% of the defects had fully closed by new bone 

apposition. However, in some of the specimens barely gap 

bridging had taken place. Therefore, the confidence inter

val for defect closure in the PDLLCL group at 12 weeks was 

larger than in the other 2 membrane groups. Three possi

ble explanations can be given for these findings. First, dur

ing surgery, the PDLLCL membrane appeared to be some

what sticky, resulting in folding of the membrane. Because 

of the small bucco-lingual dimensions of the defects, it 

is possible that the buccal membranes eventually made 

contact with the lingual membranes and stuck together in 

the center of the defect, thereby occluding the available 

space for bone apposition. Secondly, the membrane's stiff

ness was higher than expected, and the membrane did not 

adhere to the bone. Considering the site of application, 
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where movements of the masseter muscle are evident, it 

is plausible that some membranes may have moved dur

ing their functional period. This has probably resulted in 

marginal gaps, allowing fibrous tissue cells to migrate and 

proliferate into the defect. The problem of membrane 

movement could possibly be solved by fixing it, but this 

would make the procedure more laborious and, there

fore, less attractive to clinical use. A third explanation 

for the observations may be the formation of degradation 

products and a subsequent inflammatory reaction. Mild 

foreign body responses have been observed in subcutane

ous degradation studies (Meek et al. 2004). This immune 

response and acidic degradation products might resorb 

some of the new bone (Strietzel et al. 2006), resulting in 

less volume and density. This might explain the decrease 

in mineralization from 4 to 12 weeks seen in the PDLLCL 

group. Inflammatory reactions adjacent to biodegradable 

materials have been documented, ranging from mild to 

severe (Fennis et al. 2005; McAllister & Haghighat 2007). 

Other authors stated however, that these processes do not 

interfere with bone healing (Aslan et al. 2004, Mueller et 

al. 2005). Resorption rates show great variability and are 

influenced by factors as local pH and material composition 

(McAllister & Haghighat 2007). From degradation studies it 

is known that PDLLCL starts disintegrating 10 to 12 weeks 

after subcutaneous implantation (Meek et al. 2004). In the 

present experiment it was implanted at a subperiosteal 

site, which may alter the disintegration process. 

TMR results showed that the initially formed bone was less 

radiopaque than mature bone. Bone volume and density 

increased more or less simultaneously over time. Different 

patterns of bone apposition in the defects could be seen 

(Fig. 3). In some specimens, the defects closed quickly by 

means of a thin rim of bone adjacent to the membrane, 

followed by an increase in bone thickness. Other pictures 

showed a more gradual inward migration of bone from 

the borders towards the center, almost directly maintain

ing the original bone thickness. Some pictures showed 

multiple small bone islets across the defect, which then 

coalesced. The 2 first mentioned mechanisms were seen 

most frequently. Mueller et al. (2005) studied defect 

closure in rabbit calvariae and reported that first new 

bone apposition took place at the borders of the defect. 

They observed complete gap bridging in most of their 



Fig. 3. Three different patterns of defect closure: (1 ) A quick formation of a thin rim of bone along the membrane was 
observed in a number of specimens (image: ePTFE, 4 weeks); (2) Gradual inward migration of new bone from the borders 
towards the center of the defect. Original bone thickness is almost fully maintained (image: ePTFE, 4 weeks); (3) In some 
of the samples multiple bone islets were observed in the earlier stages of regeneration (image: collagen membrane, 4 
weeks). 
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samplesafter 6 to 8 weeks. 

TMR proved to be useful to assess defect closure, bone 

thickness, and, moreover, mineralization. Clear high qual

ity and resolution pictures were obtained, and differences 

in mineralization could be observed. However, the proce

dure is time consuming and only 2 sections per samples 

can be examined. 

In caries research using TMR, sections with a maximum 

thickness of 80-1 50 µm are used (Arends et al. 1997) .  

These thin sections have sufficient strength. By  contrast, 

our sections contained a relatively large amount of soft 

tissue, making them vulnerable. Therefore, larger dimen

sions were chosen, resulting in a section thickness of 0.50 

mm. A disadvantage of this increased thickness is that 

neither individual bone trabeculae nor their orientation 

are visible on the radiographs. Therefore, no statements 

could be made about bone remodeling. Furthermore, saw

ing thicker sections could not fully prevent damage to the 

specimens, and some data loss occurred for this reason .  

Most excluded samples were coming from the 2 weeks 

control and 2 weeks PDLLCL groups, presumably because 

the amount of regenerated bone was low and the percen

tage of soft tissue was most prominent in these groups, 

resulting in fractures postoperatively or during the sawing 

procedure. 

Based on this in vivo experiment, it was concluded that 

the PDLLCL in its current composition is not ready for 

application in clinical practice. Although the membrane 

allows more bone in-growth than in the control group, its 

performance was inferior to the commonly used collagen 

and ePTFE membranes due to insufficient space-maintain

ing properties. 
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Discussion 

In the 1990s clinicians started to cover bone grafts with 

barrier membranes in bone augmentation procedures 

(Buser et al. 1996). The barrier membranes would prevent 

the resorption of these grafts (Gordh et al. 1998; Von Arx 

& Buser 2006). However, the debate whether onlay bone 

grafts should be covered with barrier membranes or not 

still continues (Chiapasco et al. 1999; Danos et al. 2002a). 

The primary aim of this thesis was to study whether bar

rier membranes prevent resorption of autologous onlay 

bone grafts. From the results of our investigations, we 

conclude that barrier membranes do not prevent resorp

tion of autologous onlay bone block grafts. 

Research has been performed, showing good results 

achieved with barrier membranes in combination with 

autologous bone grafts (Antoun et al. 2001; Jardini et al. 

2005). However, because of the lack of adequate control 

groups, many of these publications do actually not provide 

a sufficient evidence based answer (Carpio et al. 2000; 

Von Arx & Buser 2006). Moreover, it was 1 of the reasons 

that we could include only a minimal number of articles in 

our review. The major problem arising from the reviewed 

studies to come to a clinically relevant conclusion was the 

small number of human studies, the marginal number of 

test-sites, ambiguity and lack of significance. In none of 

these studies sample size requirements were reported. 

Most studies included in the review showed conclusions 

reasoned from the assumption of a positive effect size. 

Due to major differences in outcome variables, measures 

and study designs (i.e., clinical heterogeneity) and lack of 

data-assessment description, it was not possible to per

form a meta-analysis. The clustered effect size remained, 

therefore, unknown. Nonetheless, based on the reviewed 

literature there might be a positive effect of applying bar

rier membranes. However, in our (controlled) experiments 

we found that barrier membranes do not prevent autolo

gous bone block graft resorption. 

In this thesis, the techniques applied to measure graft 

modeling with resorption were micro-CT (µCT), microra

diography (MR) and transversal microradiography (TMR). 

The advantage of µCT in comparison to other modali

ties is that the whole region of interest (e.g. , graft or 

defect) can be evaluated in 3 dimensions, enabling volume 

124 

measurements. In the experiment evaluated by µCT, the 

graft volumes appeared to benefit from the collagen and 

ePTFE membranes, as analysed in a regression model 

with correction for effect modification by time and mem

branes. However, more bone volume is present in the con

trol group at all times and the model without correction 

for effect modification shows a decrease of graft volume 

in all groups. Baseline values at 2 weeks appeared to dif

fer although we have assumed that the group means of 

the graft volume were equal when transplanted (i.e., at 0 

weeks). The disadvantage of the regression analysis is that 

it does not take into account the values at the moment of 

transplantation. A pilot experiment in which the graft (and 

defect) size are evaluated directly following the operation 

would, in retrospect, have precluded this ambiguity. A 

longitudinal design might have offered the most accurate 

conclusions. 

The MR results are based on a 2 dimensional evaluation. 

On examination of the microradiographs of the grafted 

areas it became evident that it was not possible to use MR 

for graft area measurements as proposed by Schortinghuis 

et al. (2003). For these reasons, a MR technique for mea

suring bone graft modeling was chosen that could focus 

on the ratio of grey values rather than on graft size. The 

decreasing ratios of the grafted area compared to the 

graft surrounding area in all groups suggest nearly com

plete loss of volume of the grafted bone at 12 weeks. 

However, the bone within the graft area is depicted as a 

combined radiodensity of graft and overprojected original 

underlying mandibular bone on the 2D microradiographs. 

Due to µCT and TMR it is now known that loss of graft 

volume and mineral did not occur as MR suggested since 

the 3D µCT and 2D TMR measurements did not show a 

tendency of volume, height or mineral loss of the bone 

grafts. It must be noted that, especially in the 12 week 

groups, samples showed an intact graft volume combined 

with a defect in the underlying mandibular host bone of 

approximately the size of the graft. Similarly, especially 

in the 12 weeks samples, it appeared that mineral was 

lost in the original underlying bone, possibly causing the 

higher than expected mineralization ratios. Theoretically 

the mineralization of the original underlying bone is more 

or less constant. 

The decrease in radiodensity of the grafted area as found 



in MR seems to be the result of volume loss of the underly

ing host bone and probably a decrease of bone density. The 

defects in host bone might be caused by higher osteoclast

activity in mandibular bone due to a better perfusion. 

Covered grafts, consisting of predominantly cortical bone, 

may be less susceptible to revascularization and might rely 

on previous host bone resorption both to become revascu

larized and to model (Salata et al. 2002). 

A notable finding with TMR was the low mineralization 

ratio and low height of ePTFE covered grafts at 1 2  weeks, 

compared to all other groups. A significant cause of these 

findings could not been found. No infections were observed 

in our study (Machtei 2001 ). 

Advantages of barrier membrane application other than the 

prevention of graft resorption would be enhanced incorpo

ration and predictability of the treatment outcome (Gordh 

et al. 1998; Danos et al. 2002b). The incorporation was 

evaluated in µCT-slides and transversal microradiographs. 

Overall incorporation increases from 2 until 12 weeks in 

both membrane covered and control sites. No differences 

between groups were seen and therefore it is concluded 

that no additional effect from membrane application on 

graft incorporation is to be expected. However, increased 

predictability of the outcome of the bone augmentation 

was indicated by smaller confidence intervals in barrier 

membrane-treated groups compared to the controls. 

The original reason to use TMR in this thesis was to describe 

the resorption process at a more detailed 'microscopic' 

level. Ordinary microradiography cannot measure miner

alization as accurately as TMR, because of varying thick

ness of the mandible (and graft). The sections of the grafts 

contained a relatively large amount of soft tissue, making 

them vulnerable. Therefore, larger dimensions were cho

sen, resulting in  a section thickness of 0.50 mm compared 

to 80 to 1 50 µm in caries research (Arends et al. 1997) .  A 

disadvantage of this increased thickness is that detailed 

information as individual bone trabeculae and their ori

entation are not visible on the radiographs. Therefore, 

no statements can be made about bone remodeling at a 

'microscopic' level. 

In  this thesis ratios of grey values of the area of interest 

(i .e., graft bone or new bone in defects) compared to the 

original mandibular bone, were evaluated to study bone 

modeling. A mean grey value of the area of interest alone 

would not suffice, since variations between and within the 

underlying bone as well as variations in grey values due to 

digitizing of the microradiographs would prevent a valid 

outcome. An absolute value of mineralization of the area 

of interest would have been most appropriate. However, 

calibration and validation of mineral content of different 

types of bone related to grey values of microradiographs 

is  difficult. Another problem when measuring with tech

niques using X-ray is the validation of the 'bone-no bone' 

threshold (Tuan &. Hutmacher 2005). In  this thesis, it was 

sufficient to compare groups to answer the research ques

tions. Therefore, the reliability was more important than 

the validity (since possible systematic errors occurred in 

all groups). However, to study the relationship between 

µCT, MR and the 'gold standard' histomorphometry in  

graft and defect width measurements (Schortinghuis et  al. 

2003), a series of samples was evaluated by all methods. 

I ntraclass correlation coefficients for intraobserver reli

ability showed that the methods used in this thesis were 

very reliable. An unclear perimeter of the original defect 

as well as unclear perimeters of grafts made the evalu

ation of the 12 weeks groups more difficult. However, it 

appeared to be possible to obtain reliable scores, provided 

1 observer uses strict criteria. 

The relationships between the modalities were also stud

ied. The defect measurements showed less agreement 

than the graft measurements. MR appeared to overesti

mate bone formation in defects compared to HM and µCT. 

The high agreement between HM and µCT indicate that 

the boundary of 'bone-no bone' applied to the µCT 3D 

data set was apparently well chosen in the experiments. 

Conclusions based on µCT are not only reliable but also 

rather valid. Considering the fact that the whole graft or 

defect is measured i n  µCT in contrast with HM which mea

sures usually 1 or 2 sections only, the validity of µCT would 

be superior to HM. Overall, it is thus in any case feasible 

to compare group results with this technique. 

In conclusion, this thesis shows that only minor differ

ences between the barrier membranes were observed 

on autologous bone block graft modeling and incorpora

tion. However, it is hazardous to extrapolate the results 

to the human situation. Ideally, a human model is chosen 

but the problem of obtaining sufficient statistical power is 

considerable. Meijndert et al. (in press) studied the effect 
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of barrier membrane application in 93 partially edentu

lous patients. It was concluded that barrier membranes 

do not prevent autologous onlay bone graft resorption. It 

seems therefore that barrier membranes are unnecessary 

in bone grafting procedures. However, in this study only 

onlay block grafts were used. When particulated bone is 

applied, a situation that is frequently seen in clinical prac

tice (McAllister & Haghighat 2007), the barrier membrane 

is necessary to secure these granules but probably not to 

prevent bone resorption (Meijndert et al. 2005). 

The secondary aim of this thesis was to evaluate a new 

degradable synthetic barrier membrane, manufactured out 

of poly(DL-lactide-E-caprolactone) (Vivosorb®, Polyganics, 

Groningen, The Netherlands). The in vivo application as a 

barrier membrane (defect and graft coverage) was stud

ied. Furthermore biocompatibility was evaluated. 

Since the copolymer had only been tested in a short

term in vivo implantation studie (Meek et al. 2004) it was 

decided to perform a long-term implantation study. The 

implantation site of the polymer influences the polymer 

behaviour in vivo (Kaminski et al. 1968). As a result the 

final device designs in maxillofacial surgery are usually 

evaluated in their eventual anatomic (i.e., subperiosteal) 

environment (Von Arx et al. 2002). Nevertheless the poly

mers are often implanted and evaluated subcutaneously 

(Williams et al. 1997). It was explored whether it is valid 

to test biomaterials only subcutaneously, when the final 

device will be applied in a subperiosteal environment. In 

conclusion, the PDLLCL samples tested to be biocompat

ible. Although minor differences were seen, the tissue 

reaction and degradation of PDLLCL were in the same 

range subcutaneously when compared to subperiosteal 

implants. We may assume that minor differences between 

both implant sites do not influence the clinical results of 

the final device. Factors as a less radical operation and 

a more simple histological procedure as well as a larger 

number of test sites appear decisive. Therefore, it seems 

appropriate to evaluate a biomaterial for biocompatibil

ity and degradation subcutaneously, even when the final 

application is subperiosteally. 

Remarkable findings were the spatial configuration of 

PDLLCL and the tissue reaction to ePTFE, a standard 

reference material. PDLLCL tended to fold in the major

ity of cases, leading to a loss of surface contact of the 
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barrier membrane to bone. The contact loss was also seen 

in ePTFE samples, but folding was almost never seen. 

Folding of PDLLCL when applied as a barrier membrane 

can be a disadvantage with respect to defect and graft 

coverage. PDLLCL is an amorphous polymer and there

fore it is not likely that during degradation tension forces 

develop causing the folding. Probably, the glass transi

tion temperature below room temperature as well as the 

low molecular degradation products make the copolymer 

sticky. Muscle movement may fold the polymer which then 

sticks together. 

A notable finding was that, particularly at subcutaneous 

sites, monocytes and lymphocytes were present in ePTFE 

samples, although the material is considered to be inert 

and non-degrading (Calisaneller et al. 2004), with only a 

fibrous capsule formation as foreign body response. Liu et 

al. (2001) found a similar non-specific reaction with mac

rophages and lymphocytes with ePTFE and biodegradable 

poly(DL-lactide) membranes tested subcutaneously in rats. 

In the present study it seemed that the material itself pro

voked some chronic inflammatory reaction in the subcu

taneous samples. During the total implantation time this 

reaction decreased, possibly due to an increase of tissue 

tolerance to ePTFE. 

The folding of PDLLCL might be a factor that influenced 

the results in the defect studies. Moreover, during the first 

surgical procedures it became clear that PDLLCL adhered 

less to the underlying bone as compared to collagen. 

Nevertheless, it was decided not to fix the newly designed 

barrier membrane. If a new barrier membrane would show 

satisfactory outcomes only with fixation, then this would 

be a major disadvantage for clinical practice and such a 

barrier membrane would not be capable to compete to the 

already available degradable collagen membranes. ePTFE 

does also not adhere to bone, in contrast to collagen. 

However, as performed by Schortinghuis et al. (2004) the 

ePTFE membranes were fixed with 1 suture. 

Bone in-growth in defects with and without barrier mem

brane coverage was evaluated with µCT, MR and TMR. The 

regression analyses show that all membranes allow more 

bone formation than the control. In the collagen group 

more bone was formed than in the ePTFE and PDLLCL 

groups. The collagen group evaluated with MR showed 

already a large amount of new bone at 2 weeks, which 



precluded a significant effect modification of collagen over 

time. If measurements were performed at the moment of 

operation (0 weeks), when probably no bone would have 

been measured in any defect, the interaction terms could 

have been of significance. 

More bone formation was observed in rats treated with 

collagen or ePTFE membranes as compared to PDLLCL. 

Overall minor differences between µCT, MR and TMR were 

noted. One of the aims of the application of TMR was to 

obtain results for a detailed description of bone in-growth 

in defects at a 'microscopic' level. This was not possible, 

due to relative thick sections. However, it was feasible 

to differentiate 3 different patterns of bone growth in 

defects: (1) a quick formation of a thin rim of bone along 

the barrier membrane; (2) gradual inward migration of 

new bone from the borders towards the center of the 

defect whereby original bone thickness is maintained 

almost completely; (3) formation of multiple bone islets. 

Others found that bone growth in defects originated from 

the borders of the defect (Mueller et al. 2005; Strietzel 

et al. 2006). 

Overall, results in the collagen and ePTFE treated defects 

are in accordance with results from previous studies 

(Dahlin et al. 1988; Schortinghuis et al. 2004; Schortinghuis 

et al. 2005; McAllister & Haghighat 2007). Therefore, in 

clinical practice PDLLCL in its current composition cannot 

be expected to give as much bone in-growth in defects 

as the control membranes. Other synthetic degradable 

membranes showed also less bone in-growth compared 

to collagen and ePTFE (Aaboe et al. 1998; Wiltfang et al. 

1998; Mueller et al. 2005). The defect closure at 12 weeks 

in PDLLCL in comparison to the other barrier membrane 

groups demonstrated a lower group's mean and a confi

dence interval about twice as large as in the other groups. 

The PDLLCL samples with a successful amount of new bone 

in-growth at 12 weeks performed similar to the successful 

ones of the control membranes, showing the potency of 

PDLLCL as a barrier membrane. 

However, the results of the present study have shown that, 

in its current composition, PDLLCL is not ready for applica

tion in clinical practice. Although the barrier membrane 

allows significantly more bone in-growth than the control 

group, the problem with adherence and folding needs to 

be solved. 

Conclusions 

The conclusions from the work presented in  this thesis 

are: 

» Barrier membranes do not prevent resorption of 

autologous onlay bone block grafts nor enhance graft 

incorporation. The augmentation procedure might 

be more predictable due to membrane coverage as 

indicated by smaller confidence intervals in membrane

treated groups. 

» PDLLCL is biocompatible and degradable in the long 

term. 

» PDLLCL in its current composition is not ready for 

application in clinical practice, although the barrier 

membrane allows significantly more bone in-growth 

than the control group. 

» Subcutaneous biocompatibility testing is adequate when 

the final device will be implanted subperiosteally. 

» µCT and MR are reliable methods to determine bone 

modeling, µCT appears valid compared to HM. 

Future perspectives 

In this thesis we concluded that barrier membranes do 

not prevent autologous onlay bone block graft resorp

tion nor do they enhance incorporation, whereas in most 

other studies the contrary is concluded (Gordh et al. 1998; 

Antoun et al. 2001; Jardini et al. 2005). However, most 

research on barrier membranes and bone grafts do not 

include a blank control (Von Arx et al. 2002; Von Arx & 

Buser 2006). Therefore future membrane research should 

always apply a blank control group. If sufficient evidence, 

whether or not graft coverage makes sense, will be avail

able, then a blank control can be omitted. 

Bony defect treatment with barrier membranes (with

out bone grafts) is elegant and as long as minor defects 

can be treated with a barrier membrane this treatment 

modality appears preferable. Collagen membranes have 

been tested extensively and are considered the standard 

degradable reference material (McAllister & Haghighat 

2007). Apparently, not any degradable synthetic barrier 

membrane has shown to be equivalent to collagen mem

branes so far. Probably degradation products and other 
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features inherent to the polymers have effect on the bone 

modeling (Strietzel et al. 2006). This should be studied. 

Overall, the search for a synthetic degradable membrane 

is still fertile. 

Autologous bone still is considered the 'gold standard' 

as bone grafting material (Merkx et al. 1999; Antoun et 

al. 2001 ). However, harvesting of bone is painful (Kalk et 

al. 1996; Joshi & Kostakis 2004). Therefore a treatment 

modality that precludes graft harvesting is preferred. A 

lot of research on bone substitutes has been and is being 

performed (Veis et al. 2006; Simian et al. 2007; Yamada et 

al. 2007). The search for the ideal bone substitute has not 

been finished yet. 

In  this thesis different techniques based on X-ray are used 

to evaluate bone modeling. Although µCT is nowadays not 

widespread, the advantages of this technique are obvious. 

Development of better software and scanners will make it 

possible to obtain high resolution images of living animals. 

Uncomplicated calibration techniques for bone should be 

developed. Then, in longitudinal study designs it must be 

possible to monitor bone modeling in irregular defects and 

bone grafts. If this can be established, longitudinal designs 

with a minimal number of animals are feasible. 
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Summary 

Guided bone regeneration (GBR) can be described as the 

use of a barrier membrane to provide a space available for 

new bone formation in a bony defect. The barrier mem

brane protects the defect from in-growth of soft tissue cells 

and allows bone progenitor cells to develop bone within a 

blood clot that is formed beneath the barrier membrane. 

Furthermore, the membrane excludes inhibiting factors 

from outside the defect and preserves bone growth f ac

tors inside. GBR was developed in the 1950s and 1960s and 

has been applied in trauma and reconstructive surgery. In 

the 1980s, clinicians started to use barrier membranes in 

implant dentistry. The membranes were applied to recon

struct small bony defects prior to implantation or to cover 

dehiscences or fenestrations around dental implants. 

In large defects a bone graft is frequently necessary. The 

bone graft serves as a scaffold and carrier for living cells. 

However, bone grafting is not always successful because 

of graft resorption or insufficient graft incorporation. To 

enhance the predictability of bone augmentation proce

dures, in the mid1990s grafts were covered with barrier 

membranes in an attempt to prevent bone graft resorp

tion. A barrier membrane would prevent graft resorption 

and possibly would enhance graft incorporation by keeping 

the osteoinductive substances in place and secluding the 

grafted area from inhibiting factors and connective tissue 

cells. The overlying barrier membrane would maintain 

space in remaining crevices for bone regeneration. 

Although most studies have been uncontrolled, the appli

cation of barrier membranes to cover bone grafts is now 

widespread among clinicians because the reported results 

were promising. However, in maxillofacial surgery and 

implant dentistry a continuing debate exists as to whether 

a barrier membrane should be applied to cover autologous 

onlay bone block grafts when augmenting the jaw. It is 

desirable that this question is answered because the use of 

barrier membrane may have adverse effects and is rather 

expensive. 

Numerous membranes have been developed throughout 

the years. Although the standard reference materials, i.e., 

a porcine bilayer collagen membrane for biodegradable 

membranes and a synthetic expanded polytetrafluoroeth

ylene (ePTFE) membrane for non-degradable membranes, 
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have been established as being successful in covering 

defects, there are some disadvantages to their applica

tion. Collagen has poor space making properties in wet 

conditions and its composition of animal derived collagen 

may possibly lead to disease transmission from animal to 

people, at least theoretically. The ePTFE is non-degrad

able and therefore must be removed in an additional 

surgical procedure. Furthermore, the membrane has to 

be removed when exposed to the oral cavity to resolve 

an inflammatory reaction that occurs. The 'ideal' barrier 

membrane for alveolar ridge augmentation is thus not yet 

applied in clinical practice. The 'ideal' membrane should 

be both biodegradable and synthetic. A recently devel

oped Vivosorb® membrane composed of poly(DL-lactide-E

caprolactone) (PDLLCL) is biodegradable and synthetic and 

might have the required properties of an 'ideal' barrier 

membrane. 

The first aim of this thesis was to study the preventive 

effect of barrier membranes on bone resorption of autolo

gous onlay bone grafts. The second aim was to evaluate 

the newly developed PDLLCL barrier membrane by com

paring it to collagen and ePTFE barrier membranes. For 

these purposes micro-computed tomography (micro-CT), 

microradiography, and transversal microradiography were 

used in the GBR experiments. 

In Chapter 2 the available literature is critically appraised 

in a systematic literature review to identify the evidence 

for barrier membranes to prevent autologous onlay bone 

graft resorption. The primary outcome measure was bone 

resorption. The search yielded 182 articles, 32 of which 

were relevant to the study. Two observers independently 

appraised these 32 studies methodologically, yielding 14 

controlled studies. 

The articles included human and animal experiments with 

heterogenous objectives and outcome variables. Although 

most authors concluded that they had found evidence 

for the protective effect of barrier membranes on bone 

resorption in autologous onlay bone grafts, this systematic 

review revealed that the available evidence is too weak to 

support this. 

It was concluded that further evidence was needed to 

determine whether barrier membranes prevent bone 

resorption in autologous onlay bone grafts. 



In Chapter 3 the tissue-biomaterial response of the 

PDLLCL barrier membrane was compared to that of ePTFE 

in vivo in rats. Short-term subcutaneous in vivo and in 

vitro research had already shown that this copolymer is 

both degradable and biocompatible. However, long-term 

biocompatibility and degradation of PDLLCL in vivo cannot 

be assumed without proper testing, as is illustrated by the 

problems with crystalline PLLA particles in the long term 

of seemingly biodegradable materials in the 1980s. 

The implantation site of polymers influences the polymer 

behaviour in vivo. As a result the final device designs in 

maxillofacial surgery are usually evaluated in their eventual 

anatomic (i.e. ,  subperiosteal) environment. Nevertheless, 

the polymers are often implanted and evaluated subcu

taneously. To our knowledge it has not been established 

that biocompatibility and degradation are similar at sub

cutaneous and at subperiosteal implant sites. Therefore it 

was explored whether it is valid to test biomaterials only 

subcutaneously, when the final device will be applied sub

periosteally. In each of 36 rats a total of 4 discs, 2 PDLLCL 

and 2 ePTFE, were implanted subcutaneously in the back 

and subperiosteally on the mandible. Groups of 6 rats were 

sacrificed at 6, 12, 26, 48, 65 and 81 weeks after implanta

tion. The samples were evaluated by light microscopy. 

No abnormalities in tissue healing were seen except that 

ePTFE evoked a response of phagocytes and lympho

cytes. Folding was predominantly seen in PDLLCL and 

might be a problem when applied as a barrier membrane. 

Minor differences in the tissue reaction and degradation 

of PDLLCL were seen subcutaneously when compared to 

subperiosteally. 

It was concluded that PDLLCL tested to be degradable 

and biocompatible. It would be worthwhile to compare 

PDLLCL to the reference standards collagen and ePTFE 

barrier membranes on grafts and in defects. The minor 

differences between both implant sites probably will not 

influence the clinical results of the final device. Less radi

cal surgery, a simpler histological procedure, and a larger 

number of test sites appear decisive to choose a subcu

taneous implantation site for polymer testing. It seems 

appropriate to evaluate a biomaterial for biocompatibility 

and degradation subcutaneously, when the final applica

tion is subperiosteally. 

Traditionally, histomorphometry (HM) has been used to 

measure bone formation in bony defects or bone modeling 

of onlay bone grafts. An alternative technique, microra

diography (MR), was successfully introduced for the quanti

tative evaluation of new bone formation of experimentally 

created mandibular defects in rats. The entire defect can 

easily be measured in 2 dimensions (D), whereas HM often 

involves 1 section (1 dimension) through the center of the 

defects or grafts. However, 3D volumetric calculations are 

impossible with MR. A recently evolved other technique is 

micro-computed tomography (µCT), where both 3D (and 

2D) reconstructions and volumetric measurements can be 

obtained. 

In Chapter 4 MR, µCT and HM, were compared for quanti

tative measurements of bone formation and graft modeling 

with resorption in rat mandibular defects and grafts. The 

intraobserver reliability and agreement were determined 

for the 3 modalities. 

Microradiographs, µCT images and histological sections 

were obtained from 48 specimens. New bone volume and 

graft modeling with resorption were measured using image 

analysis software on MR and µCT images. Defect width and 

graft width were measured using images from MR, µCT and 

HM. 

The intraobserver reliabilities for the measurements of 

new bone volume by µCT and the measurement of graft 

modeling ratio by MR and graft volume by µCT were high. 

The differences between MR, µCT and HM were larger in 

defect width measurements than in graft width measure

ment. MR measured smaller defects than µCT and HM; 

MR appears thus to overestimate bone formation. The 

distance between the limits of agreement was larger in 

defect width measurements compared to graft width 

measurements. 

We concluded that the methods of MR and µCT image 

analysis are reliable but preferably should be used in com

bination as to obtain valid conclusions. 

The tested modalities were used in the rest of the experi

ments. In Chapter 5 the effect of PDLLCL, collagen and 

ePTFE membranes on graft modeling with resorption and 

incorporation of autologous onlay bone block grafts in rats 

were described using MR, µCT (Chapter 5 . 1 )  and transver

sal microradiography (TMR) (Chapter 5.2). 
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In the experiment a total of 192 male Sprague-Dawley 

rats were treated. A 4.0 mm diameter bone graft was har

vested from the right mandibular angle and transplanted 

to the left. The 3 barrier membranes were used to cover 

the grafts. The controls were left uncovered. Graft resorp

tion at 2, 4 and 1 2  weeks was evaluated by post-mortem 

MR, µCT and TMR. Resorption was measured as a decrease 

in mineralization ratio of the graft, graft volume and 

graft height. Data were analysed using multiple regres

sion analyses. ePTFE at 12 weeks showed a lower miner

alization ratio and graft height as compared to the other 

groups in TMR. Smaller confidence intervals were seen in 

the membrane-treated groups compared with non-treated 

controls. Overall, there were no differences in modeling 

with resorption between the 4 groups. 

Graft incorporation was measured as the length of the 

incorporated part of the graft divided by the total length 

of the graft. The mean graft incorporation was progres

sive and nearly identical from 2 to 12 weeks in all groups, 

including the control group. This demonstrates that the 

indication of barrier membrane use, to prevent bone 

modeling with resorption and to enhance incorporation of 

autologous onlay bone block grafts, is at least disputable. 

In  Chapter 6 the qualitative and quantitative effects of 

the 3 different types of membranes on bone formation in 

mandibular critical size defects in rats were evaluated. In 

the same group of 192 rats 5.0 mm defects created during 

bone graft harvesting (Chapter 5) were treated with the 

3 membranes. MR, µCT (Chapter 6 . 1 )  and TMR (Chapter 

6 .2) were used for measurements. 

Four groups (control, PDLLCL, collagen, ePTFE) were 

evaluated at 3 time intervals (2, 4 and 12  weeks). In the 

membrane groups the defects were covered; in  the control 

group the defects were left uncovered. Data were analy

sed using a multiple regression model. 

New bone was measured as area, volume and percen

tage of defect bridging. Bone formation was progressive 

in 1 2  weeks, when the mandibular defect was covered 

with a membrane. Although substantial bone healing was 

observed in defects covered with a PDLLCL membrane, 

overall, more bone formation was observed underneath 

the collagen and ePTFE membranes than the PDLLCL 

membranes. The high variation in the PDLLCL samples at 
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12 weeks may be caused by the moderate adherence of 

this membrane to bone compared with collagen. PDLLCL 

in its current composition is not ready for application in 

clinical practice, although the barrier membrane allows 

significantly more bone in-growth than the control group. 

I n  Chapter 7 the results and conclusions of the former 

chapters are compared and discussed. From the review it 

could be concluded that it is at least disputable that bar

rier membrane application prevents autologous onlay bone 

graft resorption, although most authors of the reviewed 

articles claimed a preventive effect. Most of these 

reviewed articles showed conclusions reasoned from the 

assumption of a positive effect size. 

In the experiments in this thesis, possible evidence for 

increased predictability of bone augmentation by mem

brane coverage was suggested by the smaller confidence 

intervals seen overall in the membrane-treated groups 

compared with non-treated controls. However, autolo

gous onlay block graft resorption and incorporation were 

not influenced by membranes. When particulated bone is 

applied, a situation that is frequently seen in clinical prac

tice, the barrier membrane is necessary to secure these 

granules. 

µCT and MR are reliable methods to determine bone model

ing with resorption in grafts and bone formation in defects, 

therefore groups could be compared. µCT appeared to be 

valid (with HM serving as a reference). TMR measurements 

provided less information than expected, because the 

slices were too thick to study the intended details of bone 

modeling. To overcome some of the encountered problems 

it is suggested to determine baseline values and to apply a 

longitudinal design in future research. 

In the defect studies more bone in-growth was seen in the 

PDLLCL groups compared to the control groups. However, 

its performance was inferior to the commonly used col

lagen and ePTFE membranes, possibly due to folding and 

little bone adherence as demonstrated in the degradation 

study. In this degradation study PDLLCL was tested to be 

biocompatible and degradable. ePTFE, considered to be 

highly inert and used as control, showed infiltration of 

phagocytes and lymphocytes. No cause could be found to 

explain this observation. Another conclusion was that sub

cutaneous biocompatibility testing is adequate when the 



final device will be implanted subperiosteally. 

In conclusion, in this thesis autologous onlay bone block 

graft resorption and incorporation were not influenced 

by barrier membrane coverage. Furthermore, it was con

cluded that the PDLLCL membrane is not suitable for clinical 

application in its current form and further study is needed 

to optimize the properties of PDLLCL membranes. 
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Samenvatting 

Geleide bot regeneratie (GBR) kan omschreven warden als 

het toepassen van een membraan over een botdefect als 

barriere tegen bindweefselingroei, zodat zich ongestoord 

nieuw bot in het defect kan vormen. Het membraan werkt 

daarbij als een soort tent waardoor de voorlopercellen van 

bot de gelegenheid krijgen om nieuw bot te maken in de 

bloedprop die in het defect onder het membraan wordt 

gevormd. Tevens weert het membraan botgroeiremmende 

f actoren en houdt het groeifactoren voor bot onder het 

membraan ter plaatse. Het gebruik van membranen om 

botvorming in botdefecten te stimuleren is in de 50- en 

60-er jaren van de vorige eeuw ontwikkeld en werd toen 

toegepast in de traumatologie en reconstructieve chi

rurgie. In de 80-er jaren startten clinici met het gebruik 

van membranen in de tandheelkundige implantologie om 

botdefecten te reconstrueren voordat tandheelkundige 

implantaten, ook wel 'kunstwortels' genoemd, werden 

geplaatst. Als het implantaat na plaatsing niet volledig 

door bot bedekt bleek te zijn, werden de blootliggende 

delen daarvan bedekt met membranen. 

In grate botdefecten is de toepassing van een bottrans

plantaat regelmatig nodig. Een botblokje wordt dan aan

gebracht om de kaak te verbreden of te verhogen (botaug

mentatie), alvorens implantaten geplaatst kunnen warden. 

Het bottransplantaat dient als dragermateriaal van levende 

cellen en als matrix voor nieuwe botvorming. Door trans

plantaatresorptie en onvoldoende vastgroeien van het 

transplantaat (incorporatie) is deze toepassing echter niet 

altijd succesvol. In een paging de mate van voorspelbaar

heid van botopbouw te verhogen bedekten onderzoekers 

in de 90-er jaren de transplantaten met membranen. Het 

gebruik van een membraan zou het oplossen (resorptie) 

van het bottransplantaat voork6men en mogelijk de incor

poratie van het transplantaat bevorderen door botgroei 

stimulerende stoffen ter plaatse te houden en het opge

bouwde gebied vrij te houden van remmende f actoren 

en bindweefselcellen. Er zou tevens nieuw bot gevormd 

kunnen warden in de ruimten die door het overliggende 

membraan warden gecreeerd. 

Hoewel de meeste studies met betrekking tot dit onder

werp zonder controle groep zijn uitgevoerd, is de toepas

sing van barriere membranen om bottransplantaten te 
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bedekken nu wijdverbreid omdat de gepubliceerde resul

taten veelbelovend leken. De vraag of bottransplantaten 

van lichaamseigen bot (autoloog) wel of niet bedekt dienen 

te warden met een membraan bij botopbouw is echter nog 

niet beantwoord. De voordelen van membranen moeten 

wel opwegen tegen de nadelen; zo zijn ze een substantiele 

kostenpost bij het opbouwen van de kaak. 

Er zijn in de loop der jaren vele membranen ontwikkeld 

voor toepassing in de kaakchirurgie. De standaard verge

lijkingsmaterialen zijn een varkenscollageen membraan, 

Geistlich Bio-Gide®, voor de biologisch oplosbare (biode

gradeerbare) en een synthetisch geexpandeerd polytetra

fluoroethylene (ePTFE), ook wel Gore-Tex® genaamd, voor 

de niet-degradeerbare membranen. Hoewel deze mem

branen bewezen succesvol zijn bij het bedekken van bot

defecten, kennen zij ook enkele nadelen. Collageen wordt 

slap in een natte omgeving en is daardoor minder geschikt 

voor het openhouden van ruimten voor botingroei. Ook 

bestaat er een, in ieder geval theoretisch, risico van ziek

teoverdracht van dier op mens, doordat het collageen van 

dierlijke oorsprong is. De ePTFE membraan is niet-degra

deerbaar, wat het noodzakelijk maakt om deze in een 

tweede operatieve ingreep te verwijderen. Tevens moet 

het membraan verwijderd warden in het geval het door 

het bedekkende slijmvlies heen bloat komt te liggen in de 

mondholte en hierdoor zou Leiden tot een ontstekingsre

actie. Het 'ideale' membraan voor opbouw van de kaak, 

dat zowel biodegradeerbaar als synthetisch zou moeten 

zijn, wordt nog niet toegepast in de kliniek. Een recent 

ontwikkeld membraan, gemaakt van een poly(DL-lactide

E-caprolacton) (PDLLCL) copolymeer (Vivosorb®), is zowel 

biodegradeerbaar als synthetisch en daarom mogelijk het 

'ideale' barriere membraan. 

Het doel van dit proefschrift was in de eerste plaats 

een antwoord krijgen op de vraag of barriere membra

nen daadwerkelijk de botresorptie van autologe botblok 

transplantaten op de kaak (oftewel onlay transplantaten) 

voork6men. Het tweede doel was het evalueren van een 

nieuw ontwikkelde PDLLCL membraan door deze te verge

lijken met collageen en ePTFE barriere membranen. Voor 

deze doelen werden in de transplantaat- en defectstudies 

micro-computed tomography (micro-CT), microradiografie 

en transversale microradiografie toegepast. 



In Hoofdstuk 2 werd de beschikbare literatuur op syste

matische wijze bestudeerd om bewijs te vinden voor de 

veronderstelling dat barriere membranen botresorptie 

van autologe bottransplantaten voork6men. De primaire 

uitkomstvariabele was botresorptie. De zoekstrategie 

leverde 182 artikelen op, waarvan er 32 relevant bleken 

voor deze studie. Twee onderzoekers beoordeelden deze 

artikelen onafhankelijk van elkaar op basis van methodo

logische criteria. Dit resulteerde in 14 geschikte gecontro

leerde studies. 

De artikelen bestonden uit humane en dierlijke experi

menten met heterogene doelen en uitkomstvariabelen. 

Ondanks dat de meeste auteurs concludeerden dat ze 

bewijs hadden gevonden voor het beschermende effect 

van barriere membranen ten aanzien van resorptie van 

bottransplantaten, toonde de systematische review aan 

dat het beschikbare bewijs te zwak is om deze conclusie 

te ondersteunen. 

Er werd daarom geconcludeerd dat meer bewijs nodig is 

om vast te stellen of door barriere membranen botresorp

tie van autologe bottransplantaten, die op de kaak aange

bracht warden, wordt voork6men. 

In Hoofdstuk 3 werd de reactie van het weefsel op het 

PDLLCL barriere membraan in vivo in ratten vergeleken 

met die op ePTFE. In onderhuids (subcutaan) in vivo en 

in vitro onderzoek was al aangetoond dat PDLLCL zowel 

biodegradeerbaar als biocompatibel ('weefselvriendelijk' )  

is voor de korte termijn. Echter, de biocompatibiliteit en 

degradatie van PDLLCL in vivo zouden ook moeten warden 

getest in een tang lopende studie, gezien de problemen op 

de lange termijn met kristallijne restpartikels van ogen

schijnlijk biodegradeerbare materialen in de jaren 80 van 

de vorige eeuw. 

De plaats van implantatie van polymeren bei'nvloedt het 

materiaalgedrag in vivo. Om deze reden wordt het proto

type van de uiteindelijke toepassing in de kaakchirurgie, 

bijvoorbeeld een schroef, normaliter getest op de uitein

delijk beoogde anatomische plaats van toepassing. Binnen 

de kaakchirurgie is dat meestal onder het botvlies (subpe

riostaal). Toch warden de polymeren waaruit het proto

type gemaakt gaat warden vaak onderhuids ge'implanteerd 

en geevalueerd. Voor zover bekend is echter niet bewe

zen dat biocompatibiliteit en degradatie identiek zijn op 

lokaties onder de huid en onder het botvlies. Daarom werd 

onderzocht of kan warden volstaan met het onderhuids 

testen van biomaterialen, ook wanneer de uiteindelijke 

toepassing onder het botvlies is. In ieder van 36 ratten 

werden 4 schijfjes, 2 PDLLCL en 2 ePTFE, onderhuids in 

de rug respectievelijk onder het botvlies op de onderkaak 

ge'implanteerd. Explantatie vond plaats per groep van 6 

ratten op 6, 12, 26, 48, 65 en 81 weken na implantatie. 

De weefselstukjes werden histologisch onderzocht met 

behulp van lichtmicroscopie. 

Er werden geen afwijkingen gezien in de weefselgenezing, 

behalve dat ePTFE een weefsel reactie van fagocyten en 

lymfocyten veroorzaakte. Opvouwen van het materiaal 

was voornamelijk te zien in PDLLCL; dit zou tot problemen 

kunnen leiden wanneer het toegepast wordt als barriere 

membraan. Tussen de lokatie onder de huid en onder het 

botvlies waren kleine verschillen in weefselreactie en 

degradatie van PDLLCL te zien. 

Er werd geconcludeerd dat PDLLCL degradeerbaar en bio

compatibel is. Het zou daarom waardevol zijn om PDLLCL 

als barriere membraan te vergelijken met collageen en 

ePTFE. De kleine verschillen tussen beide implantatie

plaatsen zullen waarschijnlijk de klinische resultaten van 

de uiteindelijke toepassing niet be1hvloeden. Een minder 

ingrijpende operatie, een eenvoudigere histologische pro

cedure en tevens een grater aantal implantatieplaatsen 

lijken doorslaggevende argumenten te zijn voor het onder

huids uitvoeren van biocompatibiliteits- en degradatietes

ten. Het lijkt daarom terecht dat biomaterialen onder de 

huid warden getest voor biocompatibiliteit en degradatie, 

ook wanneer de uiteindelijke toepassing onder het bot

vlies ligt. 

Van oudsher wordt histomorfometrie (HM) gebruikt om 

botvorming in botdefecten of botombouw in bottransplan

taten te meten. Bij HM warden in histologische coupes 

oppervlakten en afstanden gemeten van en in de diverse 

weefsels. Een alternatieve techniek is microradiografie 

(MR), waarbij kleine, hoogresolutie rontgenfoto's warden 

vervaardigd. Deze techniek werd succesvol ge'introduceerd 

voor de kwantitatieve evaluatie van vorming van nieuw bot 

in defecten in de onderkaak van ratten. Het hele defect 

kan gemakkelijk warden gemeten in 2 dimensies (D), ter

wijl het bij HM vaak gaat om 1 coupe (1 dimensionaal) door 
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het centrum van het defect of transplantaat. Drie dimen

sionale volumetrische metingen zijn echter niet mogelijk 

met MR. Met een andere recent ontwikkelde techniek, 

micro-CT (µCT), kunnen zowel 3D (en 2D) reconstructies 

als volumetrische metingen verricht warden bij zeer kleine 

proef monsters. 

In Hoofdstuk 4 werden MR, µCT en HM vergeleken voor 

wat betreft kwantitatieve metingen van botvorming en 

transplantaatombouw met resorptie in respectievelijk 

onderkaaksdefecten en bottransplantaten in ratten. 

Voor de 3 meetinstrumenten werden de intra-waarnemer 

betrouwbaarheid en overeenstemming bepaald. De intra

waarnemer betrouwbaarheid geeft aan in hoeverre de 

uitkomst van opeenvolgende metingen door 1 persoon van 

hetzelfde proefstukje overeenkomen; de overeenstem

ming geeft weer in hoeverre de resultaten van metingen 

van hetzelfde proefstukje met verschillende technieken 

overeenkomen . 

Van 48 monsters werden microradiografische opnamen, 

µCT beelden en histologische coupes gemaakt. Nieuw bot 

en transplantaatombouw werden gemeten met behulp van 

beeldanalyse-software op de MR en µCT beelden. De dia

meter van de defecten en transplantaatbreedte werden 

gemeten met opnamen van MR, µCT en HM. 

De intra-waarnemer betrouwbaarheden voor de metingen 

van nieuw botvolume met µCT, de metingen van transplan

taatombouw als mineralisatieverhouding van transplantaat 

en onderliggend bot met MR en het transplantaatvolume 

met µCT waren hoog. De verschillen tussen MR, µCT en 

HM waren grater in defectdiameter-metingen dan in trans

plantaatbreedte-metingen. MR, µCT en HM in transplan

taatbreedte-metingen toonden dus meer overeenstem

ming dan bij defectdiameter-metingen. Met behulp van MR 

werden kleinere defecten gemeten dan met µCT en HM; 

MR lijkt botvorming dus te overschatten. 

Geconcludeerd werd dat de methoden van MR en µCT 

beeldanalyse betrouwbaar zijn maar bij voorkeur in com

binatie gebruikt zouden moeten warden om valide conclu

sies te trekken. 

De geteste meetmethoden werden in alle overige expe

rimenten toegepast. In Hoofdstuk 5 werd met MR, µCT 

( Hoofdstuk 5.1 )  en transversale microradiografie (TMR) 

(Hoofdstuk 5 .2) het effect van PDLLCL, collageen en 
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ePTFE membranen gemeten op transplantaatombouw 

met resorptie en incorporatie van autologe bottrans

plantaten in ratten. TMR is een variatie op MR waarbij 

opnamen vervaardigd warden van een doorsnede van een 

proefmonster. 

In de experimenten werden in totaal 192 Sprague-Dawley 

ratten geopereerd. Een bottransplantaat met een diame

ter van 4.0 mm werd geoogst uit de rechter kaakhoek en 

getransplanteerd naar de linker. De 3 barriere membra

nen werden gebruikt om de transplantaten te bedekken. 

De controle-transplantaten werden onbedekt gelaten. 

Resorptie van de transplantaten werd 2, 4 en 12 weken 

postoperatief geevalueerd met post-mortem MR, µCT en 

TMR door een mineralisatieverhouding van transplantaat 

en onderliggend bot, transplantaatvolume en transplan

taathoogte te meten. De mate van incorporatie werd 

gemeten als de lengte van het ge"incorporeerde deel van 

het transplantaat gedeeld door de totale lengte van het 

transplantaat. De data werden geanalyseerd met behulp 

van multipele regressie analyses. Er werd minder spreiding 

in de uitkomsten van groepen gezien die met membranen 

waren behandeld in vergelijking tot de onbehandelde 

controles. Over het algeheel kan men stellen dat er geen 

verschillen waren in botombouw met resorptie tussen de 4 

groepen. ePTFE op 12 weken toonde een lagere minerali

satie en transplantaathoogte in vergelijking met de andere 

groepen in TMR. De gemiddelde transplantaatincorporatie 

was progressief en bijna identiek in alle groepen van 2 tot 

12 weken . Het laat zien dat de indicatie voor het gebruik 

van barriere membranen om resorptie van autologe bot

blok transplantaten op de kaak te voork6men en incorpo

ratie te vergroten op zijn minst twijfelachtig is. 

In Hoofdstuk 6 werden de kwalitatieve en kwantita

tieve effecten van de 3 verschillende typen membranen 

(PDLLCL, collageen en ePTFE) op botvorming in defecten 

in de onderkaak van ratten geevalueerd. 

In dezelfde groep van 192 ratten werden de 5 .0 mm dia

meter defecten, die achterbleven na het oogsten van de 

bottransplantaten (Hoofdstuk 5) bedekt met de 3 mem

branen. MR, µCT ( Hoofdstuk 6 . 1 )  en TMR ( Hoofdstuk 6.2) 

werden gebruikt om botvorming in de defecten te meten 

na 2, 4 en 12 weken. Tevens werd de botvorming gemeten 

in een controlegroep waar geen membraan werd gebruikt. 



De data werden geanalyseerd met behulp van multipele 

regressie. 

Nieuw bot werd gemeten als oppervlakte, volume en 

lengte. Vorming van nieuw bot werd gezien gedurende de 

12 weken, mits het defect bedekt was met een membraan. 

Hoewel substantiele botvorming werd gemeten in defec

ten bedekt met PDLLCL, werd over het algemeen meer 

bot gemeten ender het collageen en ePTFE membraan in 

vergelijking met PDLLCL. De gevonden grate variatie in 

hoeveelheid nieuw bot op 12 weken in de PDLLCL groep 

zou veroorzaakt kunnen zijn door het matige aanliggen 

van dit membraan aan het bot in vergelijking tot col

lageen. PDLLCL in de huidige samenstelling is niet klaar 

voor klinische toepassing, hoewel het barriere membraan 

significant meer botvorming toonde vergeleken met de 

onbehandelde controle groep. 

In Hoofdstuk 7 warden de resultaten en conclusies van de 

vorige hoofdstukken vergeleken en bediscussieerd. In de 

literatuurstudie werd geconcludeerd dat het op zijn minst 

twijfelachtig is dat membraangebruik transplantaatre

sorptie zou voork6men, hoewel de meeste auteurs van de 

bestudeerde artikelen een preventief effect veronderstel

len.  De meeste van deze bestudeerde artikelen toonden 

conclusies geredeneerd vanuit een aanname dat er een 

positief effect zou moeten zijn.  

I n  de experimenten die in  dit proefschrift zijn beschre

ven werd een mogelijk bewijs voor een hogere mate van 

voorspelbaarheid van botopbouw door membraangebruik 

gevonden . Dat wordt gesuggereerd door de kleinere 

spreiding in uitkomsten in de groepen die met membraan 

behandeld zijn .  Transplantaatresorptie en -incorporatie 

werden echter niet bei'nvloed door de membranen. In de 

kliniek wordt vaak gebruik gemaakt van botpartikels voor 

botopbouw. Membranen zijn in dat geval nodig om deze 

botkorrels op hun plaats te houden. 

Omdat µCT en MR betrouwbare methoden zijn om botvor

ming en resorptie te meten, konden groepen met elkaar 

warden vergeleken. µCT lijkt valide te zijn bij gebruik van 

HM als referentiestandaard. TMR metingen gaven minder 

informatie dan verwacht. De coupes waren te dik om de 

beoogde details van botombouw te bestuderen. Om enkele 

van de tegengekomen problemen in toekomstig onderzoek 

te vermijden is het aan te bevelen oak uitgangswaarden 

te bepalen om een longitudinale gegevensanalyse toe te 

kunnen passen. 

In de defectstudie werd meer botingroei gezien in de 

PDLLCL groepen vergeleken met de controlegroep. De 

veelgebruikte collageen en ePTFE membranen bleken ech

ter superieur, mogelijk doordat PDLLCL vouwt of krult en 

dat het niet makkelijk aansluit aan het bot zeals dat werd 

aangetoond in de degradatiestudie. In deze degradatiestu

die bleek PDLLCL biocompatibel en degradeerbaar te zijn.  

ePTFE, dat algemeen beschouwd wordt als zeer i nert en 

daarom vaak wordt gebruikt als controlemateriaal, toonde 

een weefselreactie met infiltratie van fagocyten en lymfo

cyten. Hiervoor kon geen oorzaak warden gevonden.  Een 

andere conclusie was dat het onderhuids testen van de 

biocompatibiliteit adequaat is, oak wanneer de uiteinde

lijke toepassing van het materiaal ender het botvlies is. 

Welbeschouwd blijkt uit dit proefschrift dat resorptie en 

incorporatie van autologe botblok transplantaten op de 

kaak niet warden bei'nvloed door het bedekken m et een 

barriere membraan.  Daarnaast kan warden geconcludeerd 

dat de huidige PDLLCL membranen niet bruikbaar zijn voor 

klinische toepassing. Verdere ontwikkeling en onderzoek is 

nodig om de eigenschappen van het PDLLCL membraan te 

optimaliseren. 
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Dankwoord 

Mijn onderzoek was niet geworden wat het nu is als ik het 

karwei alleen had moeten klaren. De kennis en kunde van 

velen zijn onmisbaar geweest. lk wil daarom een aantal 

mensen in het bijzonder bedanken. 

Prof.cir. R.R.M. Bos, geachte professor, beste Ruud. Met 

ongelimiteerd enthousiasme wist je mij te boeien voor het 

specialisme Kaakchirurgie. Na een afstudeerscriptie over 

hechtdraden en een keuze-coschap op de afdeling startte 

ik met mijn promotieonderzoek bij jou. Jouw netwerk 

en creatieve geest bleken meer dan eens zeer handig te 

zijn. lk heb de vrijheid die je mij gaf zeer gewaardeerd. 

Prijzenswaardig is je persoonlijke benadering. Bedankt 

voor de leuke tijd die we hebben gehad bij de verschil

lende congresbezoeken. 

Prof.cir. B. Stegenga, geachte professor, beste Boudewijn. 

Nag voor mijn promotieonderzoek bleek jouw hulp hard 

nodig. Toen maakte je mij op een bijzondere manier 

duidelijk hoe lastig het meten van pijn is. Hoewel ik in 

het begin nag wat moest wennen aan je indringende blik, 

raakte ik snel gewend aan je handelsmerk. Jij hebt mij 

geweldig geholpen. Het manuscript was niet van deze 

kwaliteit geweest zonder jou. lk ben je daarom zeer 

erkentelijk. Bedankt voor al je tijd, inzet en leerzame 

bijeenkomsten. 

Prof.cir. G.M. Raghoebar, geachte professor, beste Gerry. 

Toen na mijn eerste jaar onderzoek werd besloten om een 

ander pad te kiezen heb jij mij geweldig op weg geholpen. 

Jouw inhoudelijke expertise hoedde mij voor het verkon

digen van klinisch irrelevante informatie. Je onuitputtelijk 

positivisme stemde mij meer dan eens gerust, wanneer ik 

alleen maar 'beren' op de weg zag. Dank hiervoor. 

Dr. J. Schortinghuis, beste Jurjen. Jouw proefschrift was 

mijn 'Wikipedia'. lk heb een enorm voordeel gehad door 

jouw kennis en ervaring. Regelmatig kon ik na een gesprek 

met jou wel een knoop doorhakken. lk bewonder je hel

dere manier van redeneren en wil je bedanken voor al het 

correctiewerk, oak in het meest prille stadium. 

De leden van de beoordelingscommissie: Geachte Prof.cir. 

C.M. ten Bruggenkate, Prof.cir. D.W. Grijpma en Prof.cir. 

M.A.W. Merkx. lk ben u allen zeer erkentelijk dat u de tijd 

heeft genomen mijn proefschrift te beoordelen. 

Prof.cir. L.G.M. de Bont, geachte professor. Bedankt voor 

de f aciliteiten en de mogelijkheid die ik kreeg om het 

onderzoek uit te voeren op de afdeling Kaakchirurgie. Een 

goede werkplek en een prettige sfeer staan mijns inziens 

aan de basis van plezier in het werk. De afgelopen jaren 

heb ik dan oak met veel voldoening onderzoek gedaan. 

Mw. Ing. M.B.M. van Leeuwen, beste Babs. Uren heb ik 

doorgebracht bij jou op het lab. We hebben heel wat 

verhitte discussies gevoerd; dikwijls bleek achteraf dat je 

dan toch weer gelijk had. Het proefschrift is er gekomen, 

mede oak doordat je me er op wees niet te veel van de 

'snelweg' af te gaan. Je hebt me op een leuke manier weg

wijs gemaakt in de histologie. lk wil je bedanken voor al je 

hulp bij het gehele project. 

Dhr. J.L. Ruben, beste Jan. Op een gegeven moment was 

ik het goed zat met het zagen van alle monsters. lk ben 

daarom blij dat dit bij jou op het lab plaats vond. Jouw 

geestdrift, gezelligheid, humor en interesse maakten het 

werk meer dan dragelijk: het was een hele leuke periode. 

Bedankt voor je kennis, tips en hulp bij het vervaardigen 

en analyseren van de microradiografische en micro-CT 

beelden. Dankzij jou is het ans gelukt geweldig mooie 

afbeeldingen te 'photoshoppen' voor de verschillende 

artikelen. 

Dr. J.R. de Jong, beste Johan. Hartelijk dank voor alle tijd 

en energie die je gestoken hebt in je hulp bij het maken 

en interpreteren van micro-CT scans. Het was niet altijd 

even plezierig vertoeven in de kelder van het ziekenhuis, 

maar je gezelschap en je bevlogen verhalen over Linux en 

programmeren maken het een mooie tijd om op terug te 

kijken. 

Drs. E.J. Hoogeveen, beste Eelke. In 2003 werden wij 

jaargenoten. We hebben allebei een voorliefde voor 

'boardsports' dus de klik was er al snel. lk ben erg blij 

dat jij mij hebt geholpen met het onderzoek. Je bent een 
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goede schrijver, zoals oak mag blijken uit een hoofdstuk in 

dit boekwerk. Daarnaast heb ik met heel veel plezier met 

je op het lab gewerkt. Je hebt me veel werk uit handen 

genomen, daarvoor ben ik je zeer erkentelijk. 

Dr. T.G. van Kooten, beste Theo. Hartelijk dank voor je 

inbreng op het gebied van de histologie en je bijdrage aan 

in het bijzonder de startfase van mijn promotietraject. 

Prof.cir. M.C.D.N.J.M. Huysmans, geachte professor, beste 

Marie-Charlotte. lk wil je bedanken voor je kritische 

blik waarmee je een aantal van mijn artikelen hebt 

beoordeeld. 

Prof. cir. A.M.J. Paans, geachte professor. Bedankt voor de 

medewerking van u en uw afdeling aan het project. Zander 

het gebruik van de micro-CT was het onderzoek een stuk 

minder spannend geweest. 

Dhr. J. de Vries, beste Joop. Zander de door jouw ontwik

kelde computerprogramma's had mijn onderzoek nag 

wel een jaartje Langer geduurd. Hartelijk dank voor het 

automatiseren van de metingen en de gezelligheid tijdens 

de lunches. 

Dr. J.J.R. Huddleston-Slater, beste James. Bedankt voor je 

hulp met de statistiek. Je bent wat mij betreft een enorme 

aanwinst voor de afdeling. 

Beste Linda. In mijn geval kan je stellen: Zander bioma

teriaal geen onderzoek. Jullie medewerking was daarom 

van onschatbare waarde. lk wil jou, maar oak de rest van 

Polyganics, met in het bijzonder Johan Zuidema, bedanken 

voor jullie kennis, interesse en het altijd op tijd leveren 

van voldoende materiaal. 

Beste Yvonne en Hans. Bedankt voor alle uren assistentie, 

humor en gezelligheid tijdens de operaties op het dieren

lab. Arie en Flip, dank voor jullie medewerking en tips. 

Annet, Hester, Marcia en overige medewerkers van het 

CDL, oak jullie bedankt voor de samenwerking en goede 

sfeer. 

Dames van de rontgen, beste Anja, Emmy, Niki, Tiny en 
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Yvonne. Met jullie hulp was het mogelijk om het centrum 

van de defecten en transplantaten te bepalen, onmisbaar 

bij de experimenten. Hartelijk dank voor jullie hulp. 

Beste heren van de lnstrumentmakerij. Zeer bedankt voor 

de mooie attributen die jullie voor de verschillende onder

zoeken gemaakt hebben. lk wil jullie in het bijzonder 

danken voor het vervaardigen van een spatplint voor mijn 

keuken. lk heb er elke dag plezier van! 

Beste Nienke, Lisa, Karin en Harrie, ik wil jullie heel erg 

bedanken voor de gezelligheid, jullie hulp en ondersteu

ning 'boven'. 

Beste Geerten-Has en Jappe, mijn 'roomies'. lk heb een 

(te) gezellige tijd gehad met jullie op de kamer. Frustratie, 

vreugde, roddels en grappen, het was er allemaal bij. 

lk vind het jammer dat deze periode nu afgesloten is. 

Bedankt voor jullie steun. lk wil jullie heel veel succes 

wensen met het afronden van jullie eigen onderzoek, de 

vervolgopleiding, carriere en eigen praktijk. 

Beste Jiska, bedankt voor je hulp bij de proefdierexperi

menten. Fijn dat je altijd paraat stand om in te vallen. 

Beste onderzoekers, stafleden en collega's van 'beneden', 

bedankt voor alle goede en gezellige momenten, zeker oak 

op de vrijdagmiddag. 

Beste jaar- en teamgenootjes van de opleiding 

Tandheelkunde, ik wil jullie bedanken voor de interesse 

voor het onderzoek, de tips and tricks, oude tentamens en 

barrels op de donderdagen. 

Teamdocenten, drs. H. van Olm en drs. E. Hekman, beste 

Hans en Eddy, zeer bedankt voor de geweldige begeleiding 

op de kliniek. Jullie hebben me enorm geholpen de klini

sche fase zo efficient mogelijk te doorlopen zodat er vol

doende tijd voor mijn promotieonderzoek overbleef. 

Lieve Jolien en beste Harold. Het boekwerk ziet er echt 

prachtig uit. Enorm bedankt voor al het werk dat jullie me 

uit handen hebben genomen en de originaliteit waarmee 

jullie de layout en omslag hebben vormgegeven. 



Beste Michiel. Wij kennen elkaar vanaf de beginperiode 

van de studie Geneeskunde. We hebben heel veel plezier 

gehad aan de Hereweg 61 en op vakanties, met elkaar, 

de rest van de huisgenootjes en gezamenlijke studievrien

den. Oak in minder leuke tijden was jij er altijd voor een 

schouder of opbeurend gesprek. lk heb grate bewondering 

voor je scherpe, analytische geest. lk wil je heel hartelijk 

bedanken voor je vriendschap en ik ben blij dat jij vandaag 

een van mijn paranimfen wilt zijn. 

Beste Christiaan. Jij werd mijn studiemaatje bij 

Tandheelkunde. Jut en Jul, beiden in het traject voor de 

opleiding tot kaakchirurg, beiden in hetzelfde schuitje. 

Veel geklaagd, maar tenminste evenveel gelachen. lk ben 

enorm blij dat ik dit traject met jou heb kunnen doorlopen 

en dat we goed bevriend zijn geraakt. Bedankt voor je 

openheid en betrokkenheid. lk vind het erg fijn dat jij mijn 

paranimf wilt zijn. 

Lieve Hub, Annelies en Lieke. Verspreid over het land en 

toch heel dichtbij. lk ben blij dat we zo'n goede band met 

elkaar hebben. Hub en Annelies, ik wil j ullie bedanken 

voor alle kansen en vrijheden die jullie Lieke en mij gaven. 

Jullie hebben altijd enorm veel interesse getoond in onze 

werkzaamheden, hobbies en vrienden. Vooral mijn ver

richtingen als student Tandheelkunde hebben jullie van 

dichtbij mogen beleven. Hub, je bent de trotse bezitter 

van de enige brug die ik ooit gemaakt zal hebben, wees er 

zuinig op! Annelies, je bent de beste moeder die ik me kan 

wensen en Lieke, ik hoop dat ik nu wat meer rust vind in 

de weekenden en dat we elkaar wat vaker zien. 

Liefste Astrid. Het kan raar lopen tussen jaargenootjes. 

lk ben blij dat wij elkaar na de studie niet uit het oog zijn 

verloren. Bedankt voor al je hulp, steun en geduld. lk heb 

een geweldige tijd achter de rug met jou en ik hoop dat 

we nog een lange toekomst met elkaar in het verschiet 

hebben. Mijn boekje is af, jij heel veel succes met het 

afschrijven van dat van jou. 

Pepijn Gielkens, juni 2008 
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