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The craniofacial area comprises several different tissues including bone, cartilage, 
muscle, teeth, ligaments, skin and oral mucosa. Traumatic or congenital defects of one 
or more of the tissues can lead to major functional and aesthetic impairments. Facial 
deformities are commonly caused by violent assaults, falls, traffic accidents or sport 
injuries, followed by genetic disorders, cancer, ballistic injuries or infections (Tabrizi et 
al. 2010). Such deformities represent a large socio-economic burden on society. Ac-
cording to the World Health Organization (WHO), traffic injuries alone ranked tenth as 
a contributor to the global burden of disease, accounting for 75.5 million global disabili-
ty-adjusted life years (DALYs) (Murray et al. 2012).

The reconstruction of craniofacial defects has been a challenging task for physi-
cians for hundreds of years. The first primitive cranioplasty procedures, where metal 
and gourds were used to treat cranial defects, date as far back as 7000 BC (Shah et al. 
2014). From the 1500s to about the 1800s, missing teeth were forcefully collected from 
the indigent or cadavers and used as allotransplants. 

Ever since, there have been vast developments in reconstructive surgery using 
medical and dental implants. However, it was only after P. Brånemark introduced a 
two-stage threaded titanium root-form implant in 1978 that dental implantology became 
an integral part of modern- day reconstructive surgery. Currently, a plethora of medical 
and dental implant types, hence geometries, are available on the market.

Pro tempore, autologous bone grafts are still considered to be the “gold standard” 
in reconstructive bone surgery due to their low immunogenicity, simultaneous presence 
of stem cells and growth factors as well as their osteoinductive and osteconductive 
properties (Sandor & Suuronen 2008). Moreover, autologous bone possesses the in-
trinsic capacity to regenerate without the formation of scar tissue and to continuously 
remodel throughout life (Bates & Ramachandran 2007). Furthermore, autologous bone 
is histocompatible and non-immunogenic, and therefore markedly reduces immunore-
actions and the transmission of infections in-vivo.  
The treatment of large bony defects with autologous bone still remains a challenge 
since the amount of donor bone available is anatomically limited. To date, various 
donor sites such as the fibular flap, the iliac flap, the rib flap and the scapula flap are 
available to provide large vascularized and non-vascularized bone grafts for skull re-
constructions. In this context non-vascularized block grafts harvested from the iliac 
crest are commonly used for smaller sized bony defects (Goh et al. 2008). For the re-
construction of larger bony defects, vascularized fibula grafts are often used (Hidalgo 
1989). A major drawback of autogenous bone is, of course, the need for harvesting, 
which is accompanied by donor site morbidity, extended surgical operating time and 
a limited quantity of available material. In addition, the sculpturing of autologous bone 
to fit the recipient site is time consuming, manually cumbersome and subsequently re-
sults in inconsistent cosmetic outcomes.

These autologous bone-related shortcomings have led to the development of three 
major categories of substitute augmentation materials: allogeneic, xenogeneic and syn-
thetic alloplastic materials (Aichelmann-Reidy & Yukna 1998). 

Unlike autologous bone grafts, allogeneic grafts (allografts) lessen donor site mor-
bidity and are readily available from human bone banks. A drawback of allografts is, 
however, their reduced osteoinductive properties and lack of cellular components. 
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Xenogeneic grafts  (xenografts) comprise a large group of materials often used in 
implant dentistry and are commonly bovine derivatives that have undergone a series of 
processing steps to eliminate viable cells (Sandor et al. 2003). 

Alloplastic materials, on the other hand, are derived from synthetic components 
and are frequently used in reconstructive maxillofacial and implant surgery (Jensen et 
al. 1996). The major advantages of synthetic alloplastic materials are their high abun-
dance relative to natural materials, no risk of disease transmission and low antigenicity 
(Scarano et al. 2011). However, cellular and tissue response to the aforementioned bi-
omaterials can cause complications. Following the implantation of biomaterials in vivo, 
host reactions incorporate a combination of many processes including blood-material 
interactions, provisional matrix formation, inflammation (acute then chronic), devel-
opment of granulation tissue, foreign body reaction and fibrous capsule development 
(Rajesh et al. 2015).

After hard tissue reconstruction using one of the aforementioned materials, sur-
geons are often confronted with a second challenge - namely, soft tissue augmentation 
that is pivotal to attain a protective watertight closure.  To date, a variety of autogenous 
soft tissue augmentation techniques have been described and can broadly be divided 
into 3 major groups: free gingival grafts, free buccal mucosa grafts and buccal fat pad 
grafts (Petrungaro 2010). Even though it seems reasonable to assume that all soft 
tissue and bone substitutes available on the market perform in a similar way, they lack 
stem cells and growth factors. These shortcomings have consequently led to novel 
tissue engineering (TE) concepts to regenerate bone using stem or progenitor cells, 
biomaterials and bioactive molecules. Using this technology, it has become possible 
to regenerate or replace damaged tissues with laboratory-grown parts such as bone, 
cartilage, blood vessels and skin.  
The most common concept underlying tissue engineering is the  combination of a 
scaffold or matrix, living cells and/or biologically active molecules to form a ‘tissue en-
gineering construct’ that promotes the repair and regeneration of tissues. The scaffold 
is expected to support cell colonization, migration, growth and differentiation, and to 
guide the development of the required tissue or to act as a drug delivery device.

Recent advances in additive manufacturing (AM) hence bioprinting offer new possi-
bilities for the printing of biocompatible materials, cells and supporting components into 
complex 3D constructs.

AM and bioprinting offer unique ways to precisely control the matrix architecture 
in terms of size, shape, interconnectivity, branching, geometry and orientation. As a 
result, it is possible to produce biomimetic structures of various designs and material 
composition and to enhance control over the mechanical properties, biologic effects 
and degradation kinetics of the scaffold. Furthermore, AM offers new possibilities 
for the fabrication of large implants that can be designed for the specific anatomical 
needs of patients (Abou-ElFetouh et al. 2011). Pro tempore, the medical AM process is 
sporadically used to manufacture supportive structures such as reconstruction plates, 
and medical implants. Moreover, feasibility studies with the aim of assessing the ap-
plication of AM in the production of dental implants are ongoing. However as opposed 
to medical AM, bioprinting is still at a very early stage of development. Nevertheless, a 
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number of promising preclinical and animal studies have already been performed using 
bioprinted constructs.

Currently, the medical AM process used to fabricate maxillofacial constructs can 
be divided into three basic steps (Figure 1). The first step is the acquisition of 3D 
images using multi-detector row computed tomography (MDCT) or cone-beam com-
puted tomography (CBCT) technologies. The acquired MDCT and CBCT images are 
commonly saved in a Digital Imaging and Communications in Medicine (DICOM) file 
format. 

The second step in the AM process involves the conversion of the DICOM file into a 
virtual 3D surface model, hence Standard Tessellation Language (STL) file format. This 
process requires image segmentation – commonly by means of thresholding – and 
surface triangulation, which often involves a combination of interpolation and pattern 
recognition algorithms (Mitsouras et al. 2015). 

The final step in the medical AM process is the conversion of the STL model into 
a numerical control (NC) programming language, often termed g-code, to control the 
path of the printer nozzle during the AM process.

Each step in the medical AM process is a potential source of geometric errors that 
can cause distortions in the final medical model or construct (Ibrahim et al. 2009). The 
geometric accuracy of AM medical constructs largely depends on the correctness of 
the STL model, which in turn is limited by errors generated during imaging and DICOM 
to STL conversion (Huotilainen, Jaanimets, et al. 2014). It should be noted that the im-
aging parameters required for the medical AM process can differ markedly from those 
used in traditional radiographic diagnostics (Eijnatten 2014). There is general con-
sensus that the medical AM process requires thin slice thicknesses (< 0.6 mm) and a 
hard reconstruction kernel, which is not always necessary for the visualization of bony 
pathologies by a radiologist (Huotilainen, Paloheimo, et al. 2014). Furthermore, tube 
potential (kV) and tube current (mA) can influence the accuracy of an AM construct 
(Mallepree & Bergers 2009). 

figure 1
The three main steps in the medical aM process.

STLDICOM
Additive 

manufactured 
medical construct

Step 1 Imaging Step 3 Additive 
manufacturing 

Step 2 Image 
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Currently, patient-specific medical implants and in rare cases dental implants are 
fabricated using electron beam melting (EBM) and direct metal laser sintering (DMLS) 
technologies. EBM technology uses a high-power electron beam that generates energy 
to melt metal powder layer-by-layer. The electron beam is extremely fast and accurate 
and can melt several pools simultaneously. DMLS technology, on the other hand, uses 
a laser beam for the sintering of metal powder layer-by-layer (Bibb et al. 2009). As is 
the case with all metal AM technologies, the exact control of the deposition process 
during fabrication remains a challenge. Furthermore, additively manufactured metal 
parts can experience very high cooling rates, residual stress and distortion that subse-
quently cause inaccuracies; hence, ill-fitting medical constructs that inherently cause 
complications overtime. Moreover, medical titanium alloys typically have an elastic (E-) 
modulus (or Young’s modulus) of 120 GPa (Schuh et al. 2007), whilst the E-modulus of 
orbital bone ranges between 1 GPa and 5 GPa (Ong 2012). Such differences in stiff-
ness between AM printed constructs and the surrounding bony structures can cause 
irritation and resorption in the implant-to-bone interface (Al-Sukhun et al. 2012).  
Due to the inherent technical and structural problems faced in metal AM, new versatile 
materials and manufacturing technologies are sought. 

Polymers are both versatile and cheap, and they have many unique properties in 
terms of their manufacturability and production possibilities. A further advantage that 
polymers have over metals in the medical field is that polymers do not cause artefacts 
during CT and MR imaging. Therefore, polymers are being increasingly used in the 
production of dental and medical devices. 

  
Injection moulded polyurethanes have been used in medicine since the 1970s 

due to their excellent flex-life, thromboresistance, toughness and biostability. (Ward & 
Jones 2011). To date, polyurethanes have been used to fabricate a number of medical 
products such as surgical drapes, wound dressings and a variety of short-term im-
plants. However, polyurethanes are not applicable for the manufacturing of load-bear-
ing constructs often required in orthopaedic and maxillofacial surgery.  
Currently, polyether ether ketone (PEEK) and poly(methyl methacrylate) (PMMA) are 
the most commonly used polymers in reconstructive surgery. In addition, high-density, 
porous polyethylene implants “Medpor” (Medpor Biomaterial; Porex Surgical, Newman, 
GA, USA) have been used since the 1990s. Both PEEK and PMMA are thermosetting 
polymers but with different production processes and material properties. 

PMMA allows easy modelling and its smooth surface prevents tissue ingrowth, 
which makes reoperation in case of complications easier.  
PEEK, on the other hand, requires a much more complex production process than 
PMMA. It is, however, inert, and therefore non-antigenic and non-allergenic. Further-
more, PEEK allows the ingrowth of bony tissue, which increases fixation without caus-
ing capsule formation around the implant (Goiato et al. 2009).

The polyethylene used in the fabrication of Medpore implants is a high-density, 
straight-chain hydrocarbon formed by the polymerization of ethylene molecules under 
high temperature and pressure. The polyethylene is non-toxic, non-allergenic, highly 
biocompatible and flexible. To date, a wide range of studies have reported favourable 
surgical outcomes after Medpor orbital implantation (Baek 2000; Blaydon et al. 2003). 
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However, some studies have also reported postoperative complications after Medpor 
implant use. A study by Cheng et al. (2004) reported that implant exposure occurred 
in up to one-third of all patients who received Medpor orbital implants over a 2-year 
follow-up period. Shoamanesh et al. (2007) reported postoperative complications in 32 
patients who had received Medpor implants with a 14-year follow-up period. 

Considering the large variation in craniomaxillo-mandibular implant geometries, 
materials and manufacturing technologies available on the market, a better under-
standing of the biomechanical interplay of all components used in the treatment of one 
individual is pivotal. A better understanding of the biomechanical interplay of all compo-
nents is especially important in severe trauma and cancer resections, where the result-
ing defect sites can vary dramatically in both size and shape. These differences in size 
and shape subsequently lead to a wide range of different stresses within an implant 
assembly. While skull and dental implants can be fabricated with great efficiency using 
subtractive and AM technologies, their design is more challenging since it is dictated 
by multiple mechanical and clinical variables. 

Mechanical stability is pivotal for local vascularization and angiogenesis during 
bone regeneration. In an in vivo study by Lienau et al. (2005), it was shown that smaller 
interfragmentary movements led to the formation of a greater number of vessels within 
the callus, particularly in areas close to the periosteum, whereas larger movements in-
creased interfragmentary shear and reduced vascularisation during early bone healing. 

Reduced angiogenesis can jeopardize wound healing and tissue repair, and can 
subsequently lead to complications after reconstructive surgery. Therefore, it is essen-
tial to preoperatively assess the structural design of loadbearing constructs in terms of 
structural performance such as flexibility, strength, fixation and the interaction between 
screws and surrounding bony tissues (Metzger et al. 2011). Preoperative assessment 
also applies to dental implant placement since pathological strains after loading can 
cause necrosis of the bone and subsequent implant failure (Neugebauer et al. 2009). 

Such pathological strains are often dictated by implant size and geometry and the 
composition of the surrounding bone. Until recently, the majority of dental implants 
have had a cylindrical shape, though currently the trend is moving towards developing 
tapered implants that resemble tooth roots, which are supposed to have better stress 
transfer into the surrounding bone (Shi et al. 2007).

The maintenance of the implant-to-bone interface is of paramount importance in the 
determination of clinical success. To date, surprisingly few surgeons perform preoper-
ative analysis on possible stress and strain fields in implant components or local stress 
distribution at the implant-to-bone interface. 

In this context, computational finite element analysis (FEA) can be used to predict the 
mechanical and structural behaviour of stock medical, dental and AM patient-specific im-
plants (Wang et al. 2013). However, the accuracy of FEA on parts produced by additive 
manufacturing is dependent on the accuracy of the properties of the input material. Spe-
cifically, for the metal AM process, the properties are dependent upon the size parame-
ters of the printed part. Furthermore, AM parts are often anisotropic because the tensile 
strength of the layer-to-layer interface is weaker than the in-plane tensile strength. 

With the exception of FEA, little attention has been paid to the development of 
standardized methods of assessing failed dental and medical implants. In this con-
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text, micro-CT technology could serve as an important tool in the inspection of failed 
implants. The major advantage of micro-CT technology is that it is a non-invasive, 
non-destructive, versatile and reproducible technique that can be used for the 3D as-
sessment of plastic and metal fatigue.

future trends in craniomaxillofacial reconstructive surgery
Three-dimensional printing is revolutionizing the production of patient-specific medical 
constructs, but advances have been challenged by the inherent complexity of integrat-
ing multiple technologies, hence materials. These challenges have subsequently led 
to new fields of research that rely foremost on the use of artificial intelligence (AI) in 
production processes. Currently, AI, with its recent deep learning techniques, is already 
providing enhanced pattern recognition possibilities. Moreover, deep convolutional 
neural networks are currently being developed that can automatically detect and delin-
eate bony defects at an expert level. Combining back-propagation learning with high-
er-order graphical models such as topology optimization will allow processing of multi 
parametric designed constructs. In future, the combination of such novel constructs 
with robotics and tissue-engineered scaffolds will change maxillofacial surgery from its 
present analogue form to a digital form of medicine.

GeneRal aiM of This Thesis

The general aim of this thesis is to give an insight into the problems and solutions 
faced in established and novel reconstruction strategies in the craniomaxillo-mandibu-
lar skeleton. 

The specific aims of this thesis
In Chapter 1, a general introduction to the different reconstruction materials and meth-
ods used in Craniomaxillo-mandibular reconstruction is provided and discussed. Fur-
thermore, the problems related to these materials and methods are also discussed.

The aim of chapter 2 was to assess the number and types of augmentation materi-
als used  for autografts and allografts in Finland between 1994 and 2012. A further aim 
was to assess the removal rates and hence the complications associated with implants 
placed in combination with autologous bone, xenogeneic grafts and synthetic alloplas-
tic materials. 

The aim of Chapter 3 was to assess soft tissue grafting techniques and materials 
used in the oral cavity based on the current literature. 

The aim of chapter 4 was to provide an overview of current and emerging modali-
ties for reconstruction of oral and maxillofacial bone defects. Novel tissue-engineering 
approaches combined with computer-aided manufacturing are discussed in detail.

The aim of chapter 5 was to discuss the current technological and (pre)clinical 
advances of 3D bioprinting for use in craniofacial reconstruction and highlight the chal-
lenges that need to be addressed in the coming years.

The aim of chapter 6 was to assess late reconstruction of orbital and naso-orbital 
deformities. Furthermore, the complications that are faced when treating such deformi-
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ties are assessed. Novel technologies such as computer-guided surgical planning and 
additive manufacturing to produce passive fitting implants tailored for patient-specific 
needs are described in detail.

The aim of Chapter 7 was to assess the indications, results and complications of 
patients treated with porous polyethylene (Medpor®) implants. 

The aim of chapter 8 was to assess the effect of four different implant geometries 
on the strain distributions in loaded bone leading to bone loss using FEA. Furthermore, 
based on clinical cases, the consequences of bone loss around failing implants and the 
corresponding changes in the strain distribution patterns were assessed.

The aim of chapter 9 was to demonstrate the potential of microcomputed tomogra-
phy (micro-CT) technology in the assessment of retrieved dental implants. Cases are 
presented to illustrate the value of micro-CT imaging techniques in determining possi-
ble mechanical causes of dental implant failures.

Chapter 10 provides an English summary of this thesis.
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absTRacT

This study aimed to assess the use of bone augmentation materials in Finland from 
1994 to 2012 by assessing removal rates of implants placed in combination with autolo-
gous bone, xenogeneic grafts, and synthetic alloplastic materials.

The National Institute for Health and Welfare in Finland granted permission to ac-
cess raw data of the Finnish Dental Implant Register for implant augmentation materials 
and removal rates of implants placed in augmented sites from April 1994 to April 2012.

A total of 198,538 implants were placed in Finland between 1994 and 2012 in 
110,543 operations. A total of 3318 (1.7%) of the placed implants were removed during 
the observation period. Augmentations were performed on 20,812 (18.8%) operations 
during 1994–2012. The removal rates of implants placed at sites augmented with autol-
ogous bone were 2.31%, xenogeneic materials 0.91%, and synthetic alloplastic materi-
als 2.80%. The removal rate was 1.87% when no augmentation material was used.

The placement of dental implants in conjunction with bone augmentation materials 
is predictable with a low complication rate. (Implant Dent 2015;24:552–556)
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inTRoDucTion 
 
Dental implant treatment is a clinically validated and practice-proven  therapy  for  par-
tially edentulous patients and completely edentulous patients.1 Because most of the 
currently available dental implants can integrate with bone, the success rate of dental 
implant treatment is high.1

However, many patients undergoing implant treatment require alveolar augmenta-
tion because of a lack of bone tissue.2 The use of the autologous bone and bone sub-
stitutes for alveolar augmentation purposes has increased tremendously over the last 
few years because of functional and aesthetic demands.3 A large variety of augmenta-
tion materials and surgical techniques are available for alveolar augmentation. During 
the past decades, autologous bone grafts have been considered to be the gold stand-
ard and benchmark for bone substitutes. The major advantage of autologous bone 
grafts is that they incorporate certain properties that are beneficial when compared 
with other materials. Autologous bone is an organic cellularized material capable of os-
teogenesis, osteoinduction, and osteoconduction.4 Autologous bone grafts also provide 
good biomechanical structural support in procedures requiring the bridging of larger 
osseous gaps. However, harvesting autologous bone has its disadvantages: secondary 
donor site surgery, extended operating time, risk of complications, and limited amount 
of available graft material.5–7 The above shortcomings related to autologous bone have 
led to the development of 3 categories of augmentation materials, namely: allogeneic, 
xenogeneic, and synthetic alloplastic materials.8,9

Unlike autologous bone grafts, allogeneic grafts spare donor site morbidity and 
are readily available from human bone banks. They have become increasingly popular 
because of their biomechanical properties allowing surgeons to predictably sculptor 
the bone into any given form.10 To date, the most commonly used allografts in implant 
dentistry are freeze-dried bone allografts and demineralized freeze-dried bone allo-
grafts.11,12 Allografts are osteoinductive and osteoconductive and may be cortical and 
trabecular in nature. Although allografts are not without controversy because there 
are inherent risks of disease transmission and immunologic incompatibility, the risk of 
disease  transmission  can  be  virtually eliminated by freezing and irradiating the de-
ceased donor bone.13

Xenografts comprise a large group of materials often used in implant dentistry and 
are commonly bovine derivatives. Xenografts undergo a series of processing steps to 
eliminate viable cells.14–16 These include extraction of all organic components, exposure 
to virucidal agents, and sterilization.16

Alloplastic materials are derived totally from synthetic components and are being 
used more frequently in implant dentistry.17 Alloplasts such as hydroxyapatite and trical-
cium phosphate are resorbable. Alloplasts may be of granular rather than solid block 
form and vary in pore size, ranging from macroporous  to  microporous  materials.18 

Alloplastic materials may be crystalline or amorphous. All these versions of alloplastic 
materials have different properties and indications.19

The choice of specifically which of the 3 classes of materials is used depends on 
the location, size, and topography of the bony defect and working characteristics most 
preferred by the surgeon. To date, very little is known about the pattern of use of the 
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different augmentation materials and the associated survival rate of dental implants 
placed using such materials.

Finland has a long history of longterm dental implant monitoring, and to the best of 
our knowledge, it is the only country in the world with a Dental Implant Register.1,20  The 
Finnish Dental Implant  register  has  become a valuable source of information for the 
long-term assessment of dental implants even though Finland constitutes only a small 
part of the global dental implant market. The register provides comprehensive data on 
the number of implants placed and removed since the establishment of the register in 
1994.1 Since the establishment of the registry, dentists in Finland have been obliged to 
provide detailed information on the placement and removal of all dental implants.

This study focused on data available from the Finnish Dental Implant Register re-
garding the removal rate of dental implants and their associated augmentation  materi-
als. The aim of the study was to determine the pattern of use of bone augmentation ma-
terials such as autologous bone or other biomaterials in conjunction with dental implant 
treatment and to determine whether this was associated with more implant removals 
than in those implants that were placed without the use of any augmentation materials.

MaTeRials  anD  MeThoDs

A retrospective analysis of removed implants that had been placed using augmenta-
tion materials was conducted under section 4(1) of the Act on National Personal Data 
Registers kept under the Health Care System (556/ 1989, amendment 38/1993) and 
section 28(1) of the Finnish Act on the Openness of Government Activities (621/ 1999). 
The National Institute for Health and Welfare (THL) granted permission to access raw 
data in the Finnish Dental Implant Register from April 1994 to April 2012 for  this reg-
ister-based research project. All raw data were provided by THL. All data used in this 
study were not publicly available and were processed in accordance with the very strict 
rules and regulations provided by THL to the research team. The project was conduct-
ed at the Oral and Maxillofacial Unit, Department of Otorhinolaryngology, Tampere Uni-
versity Hospital and the Science Center, Pirkanmaa Hospital District, Finland.

After accessing and analyzing data provided by THL, it was apparent that data 
contained some misspelled product names. Some data concerning the time of implant 
placement or removal had been left out. In some cases, company names had been 
used instead of brand names. All data were checked and appropriately amended by 
the research team. The generic names of augmentation materials used in Finland be-
tween April 1994 and April 2012 are listed in Table 1.

The following factors were assessed: total dental implant placements, total implant 
removals, time from implant placement to removal, implant types, and augmentation 
materials used in the implant procedures.

Statistical analysis was performed using SPSS (IBM SPSS Statistics for Windows, 
Version 19.0; IBM Corp, Armonk, NY) and Excel (Microsoft Excel 2010). The differenc-
es in removal rates were analyzed with Chisquare tests. The Kruskal-Wallis test was 
used for comparisons of follow-up time distributions between augmentation groups.



25

Removal Rates of Dental Implants

2

ResulTs

A total of 198,538 dental implants, using 51 different types of dental implants, were 
placed in Finland between 1994 and 2012 in 110,543 operations. A total of 3318 
(1.7%) of the placed implants were removed during the observation period in 2684 
(2.4%) implant removal operations. However, it must be noted that some of these re-
moval operations were performed on implants that had been placed before 1994. In 
this study, only removal operations that had been performed using augmentation ma-
terials and that could be linked to implant placement operations performed between 
1994 and 2012 were assessed (Fig. 1). Therefore, information concerning the use of 
augmentation materials was available for 2126 of the removal operations. Augmen-
tation materials were used in 448 (21.1%) of these cases. However, in 72 operations, 
a combination of 2 or more augmentation materials was used, and these cases were 
omitted from the results. The final number of operations with valid augmentation infor-
mation was 2054.

The removal rates of implants placed in sites augmented with autologous bone 
were 2.31%, xenogeneic materials 0.91%, and synthetic alloplastic materials 2.80%. 
The overall removal rate when augmentations were used was 2.15% and thus a little 
bit higher (P ¼ 0.008) than the removal rate of 1.87% when no augmentation was 

Synthetic Generic Names

Abmin granules EasyGraft

Actifuse Interpore

Algipore Mediceram

Bicoral Norian

Bioglas Orthomatrix

BioGraft Osprovit

Biogran Osseoguard

Bioplant Osteofix

Bone Ceramic Osteoset

Calcitite Osteotech

Cerasorb Perioglas

Cronos RTR

Xenogeneic generic names

Bio-Oss Endobon

Table 1
Generic names of synthetic and Xenogeneic Materials used in finland
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used. However, this difference is quite small in practice. The median removal time after 
implant placement with augmentation was 196.5 days postoperatively (range 0–5831 
days). The implant fixtures placed in the augmented sites were 10 mm or longer 
(94.1%) with 13 mm being the most commonly used length (28.4%).

Unlike autologous bone grafts,
allogeneic grafts spare donor site mor-
bidity and are readily available from
human bone banks. They have become
increasingly popular because of their
biomechanical properties allowing sur-
geons to predictably sculptor the bone
into any given form.10 To date, the most
commonly used allografts in implant
dentistry are freeze-dried bone allog-
rafts and demineralized freeze-dried
bone allografts.11,12 Allografts are os-
teoinductive and osteoconductive and
may be cortical and trabecular in nature.
Although allografts are not without
controversy because there are inherent
risks of disease transmission and immu-
nologic incompatibility, the risk of dis-
ease transmission can be virtually
eliminated by freezing and irradiating
the deceased donor bone.13

Xenografts comprise a large group
of materials often used in implant
dentistry and are commonly bovine
derivatives.Xenografts undergoa series
of processing steps to eliminate viable
cells.14–16 These include extraction of
all organic components, exposure to
virucidal agents, and sterilization.16

Alloplastic materials are derived
totally from synthetic components and
are being used more frequently in
implant dentistry.17 Alloplasts such as
hydroxyapatite and tricalcium phos-
phate are resorbable. Alloplasts may be
of granular rather than solid block form
and vary in pore size, ranging frommac-
roporous to microporous materials.18

Alloplastic materials may be crystalline
or amorphous. All these versions of allo-
plastic materials have different proper-
ties and indications.19

The choice of specifically which of
the 3 classes of materials is used
depends on the location, size, and
topography of the bony defect and
working characteristics most preferred
by the surgeon. To date, very little is
known about the pattern of use of the
different augmentation materials and
the associated survival rate of dental
implants placed using such materials.

Finland has a long history of long-
term dental implant monitoring, and to
the best of our knowledge, it is the only
country in the world with a Dental
Implant Register.1,20 The Finnish

Dental Implant register has become
a valuable source of information for
the long-term assessment of dental im-
plants even though Finland constitutes
only a small part of the global dental
implant market. The register provides
comprehensive data on the number of
implants placed and removed since the
establishment of the register in 1994.1

Since the establishment of the registry,
dentists in Finland have been obliged to
provide detailed information on the
placement and removal of all dental
implants.

This study focused on data avail-
able from the Finnish Dental Implant
Register regarding the removal rate of
dental implants and their associated
augmentation materials. The aim of

Table 1. Generic Names of Synthetic
and Xenogeneic Materials Used in
Finland

Synthetic Generic Names
Abmin granules EasyGraft
Actifuse Interpore
Algipore Mediceram
Bicoral Norian
Bioglas Orthomatrix
BioGraft Osprovit
Biogran Osseoguard
Bioplant Osteofix
Bone Ceramic Osteoset
Calcitite Osteotech
Cerasorb Perioglas
Cronos RTR
Xenogeneic generic names
Bio-Oss Endobon

Fig. 1. Distribution of dental implant removal times (categorized by days) for augmentation
material groups.
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figure 1
Distribution of dental implant removal times (categorized by days) for augmentation material 
groups.
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When reviewing the 2054 removal operations, synthetic materials demonstrated the 
longest removal times from implant placement (median 264 days, n ¼ 62). Xenogeneic 
materials demonstrated the shortest removal times from the time of implant placement 
(median 102 days, n ¼ 28). Compared with these, autologous bone (median 190 days, 
n ¼ 286) and no augmentation (median 186.5 days, n ¼ 1678) had mediocre removal 
times (Fig. 1). There were statistically significant (P, 0.001) differences between the 
removal time distributions of these 4 groups; however, these differences were not large 
in practice.

Furthermore, the Finnish Dental Implant Register data were analyzed to assess 
the distribution of the use of the various augmentation materials relative to the implant 
placement and removal sites in the alveolar processes (Fig. 2). The augmentation 
materials used at each implant site can be compared to the removal rates of dental 
implants at the corresponding sites (Fig. 3). In viewing the 2 graphs in Figures 2 and 3, 
the order of magnitude is higher in the augmentation figure than in the implant removal 
figure, and there are parallel distributions of the augmentations sites in the jaws corre-
sponding with the implant removals.

Discussion

The results of this study demonstrate that few augmentation procedures are performed 
in Finland relative to the total number of dental implants placed. Autologous bone often 

figure 2
Types of augmentation materials used at each site in the mouth with autogenous bone and syn-
thetic and xenogeneic materials.
the study was to determine the pattern
of use of bone augmentation materials
such as autologous bone or other bio-
materials in conjunction with dental
implant treatment and to determine
whether this was associated with more
implant removals than in those implants
that were placed without the use of any
augmentation materials.

MATERIALS AND METHODS

A retrospective analysis of
removed implants that had been placed
using augmentation materials was con-
ducted under section 4(1) of the Act on
National Personal Data Registers kept
under the Health Care System (556/
1989, amendment 38/1993) and section

28(1) of the Finnish Act on the Open-
ness of Government Activities (621/
1999). The National Institute for Health
and Welfare (THL) granted permission
to access raw data in the Finnish Dental
Implant Register from April 1994 to
April 2012 for this register-based
research project. All raw data were
provided by THL. All data used in this
study were not publicly available and
were processed in accordance with the
very strict rules and regulations pro-
vided by THL to the research team. The
project was conducted at the Oral and
Maxillofacial Unit, Department of Oto-
rhinolaryngology, Tampere University
Hospital and the Science Center, Pir-
kanmaa Hospital District, Finland.

After accessing and analyzing data
provided by THL, it was apparent that
data contained some misspelled prod-
uct names. Some data concerning the
time of implant placement or removal
had been left out. In some cases,
company names had been used instead
of brand names. All data were checked
and appropriately amended by the
research team. The generic names of
augmentation materials used in Finland
between April 1994 and April 2012 are
listed in Table 1.

The following factors were as-
sessed: total dental implant placements,
total implant removals, time from
implant placement to removal, implant
types, and augmentation materials used
in the implant procedures.

Statistical analysis was performed
using SPSS (IBM SPSS Statistics for
Windows, Version 19.0; IBM Corp,
Armonk, NY) and Excel (Microsoft
Excel 2010). The differences in
removal rates were analyzed with Chi-
square tests. The Kruskal-Wallis test
was used for comparisons of follow-up
time distributions between augmenta-
tion groups.

RESULTS

A total of 198,538 dental implants,
using 51 different types of dental im-
plants, were placed in Finland between
1994 and 2012 in 110,543 operations.
A total of 3318 (1.7%) of the placed
implants were removed during the
observation period in 2684 (2.4%)
implant removal operations. However,
it must be noted that some of these
removal operations were performed on
implants that had been placed before
1994. In this study, only removal oper-
ations that had been performed using
augmentation materials and that could
be linked to implant placement opera-
tions performed between 1994 and
2012 were assessed (Fig. 1). Therefore,
information concerning the use of aug-
mentation materials was available for
2126 of the removal operations. Aug-
mentation materials were used in 448
(21.1%) of these cases. However, in
72 operations, a combination of 2 or
more augmentation materials was used,
and these cases were omitted from the
results. The final number of operations

Fig. 2. Types of augmentation materials used at each site in the mouth with autogenous bone
and synthetic and xenogeneic materials.

Fig. 3. Removal rates of implants placed at augmented sites related to autogenous bone,
synthetic, and xenogeneic materials reported to the register.

554 REMOVAL RATES OF DENTAL IMPLANTS PLACED WITH AUGMENTATION MATERIALS � WOLFF ET AL

Copyright © 201 Wolters Kluwer Health, Inc. Unauthorized reproduction of this article is prohibited.5



28

Chapter 2

acknowledged as the gold standard of materials still remains the material of preference 
among Finnish practitioners placing dental implants. It seems reasonable to assume 
that not all bone substitutes available on the market perform similarly and it still re-
mains unclear as to which augmentation material is the most effective at this time.17

Interestingly, when accessing the 2054 removal operations, performed in Finland 
over the past 18 years, the synthetic materials demonstrated the longest  removal  
times  (median  264 days, n ¼ 62) after implant placement, whereas the xenogeneic 
materials demonstrated the shortest removal times (median 102 days, n ¼ 28) after 
implant placement followed by autologous bone (median 190 days, n ¼ 286). Although 
the overall implant removal rate was the lowest in the xenogeneic group, 0.91% the 
implants were surprisingly removed after the shortest period in situ (median 102 days, 
n ¼ 28). Furthermore, when the removal rates of the xenogeneic group are compared 
with patients who did not require any augmentation, the implants in the xenogeneic 
group were removed on average 84 days earlier. This implies that the implants placed 
in conjunction with xenogeneic materials resulted in the least implant removals but 
were associated with the most rapid implant removal times after placement. To summa-
rize, removals for implant placements augmented by alloplastic materials occurred late 
after, whereas those augmented by xenografts seemed to require early removal, and 
both autogenous augmentations and cases without augmentation had removal rates 
between those of alloplasts and xenografts.

One of the biggest limitations of this study is the self-reported nature of the implant 
register. Even though dentists are obliged to register all placed/ removed dental im-

figure 3
Removal rates of implants placed at augmented sites related to autogenous bone, synthetic, and 
xenogeneic materials reported to the register.

the study was to determine the pattern
of use of bone augmentation materials
such as autologous bone or other bio-
materials in conjunction with dental
implant treatment and to determine
whether this was associated with more
implant removals than in those implants
that were placed without the use of any
augmentation materials.

MATERIALS AND METHODS

A retrospective analysis of
removed implants that had been placed
using augmentation materials was con-
ducted under section 4(1) of the Act on
National Personal Data Registers kept
under the Health Care System (556/
1989, amendment 38/1993) and section

28(1) of the Finnish Act on the Open-
ness of Government Activities (621/
1999). The National Institute for Health
and Welfare (THL) granted permission
to access raw data in the Finnish Dental
Implant Register from April 1994 to
April 2012 for this register-based
research project. All raw data were
provided by THL. All data used in this
study were not publicly available and
were processed in accordance with the
very strict rules and regulations pro-
vided by THL to the research team. The
project was conducted at the Oral and
Maxillofacial Unit, Department of Oto-
rhinolaryngology, Tampere University
Hospital and the Science Center, Pir-
kanmaa Hospital District, Finland.

After accessing and analyzing data
provided by THL, it was apparent that
data contained some misspelled prod-
uct names. Some data concerning the
time of implant placement or removal
had been left out. In some cases,
company names had been used instead
of brand names. All data were checked
and appropriately amended by the
research team. The generic names of
augmentation materials used in Finland
between April 1994 and April 2012 are
listed in Table 1.

The following factors were as-
sessed: total dental implant placements,
total implant removals, time from
implant placement to removal, implant
types, and augmentation materials used
in the implant procedures.

Statistical analysis was performed
using SPSS (IBM SPSS Statistics for
Windows, Version 19.0; IBM Corp,
Armonk, NY) and Excel (Microsoft
Excel 2010). The differences in
removal rates were analyzed with Chi-
square tests. The Kruskal-Wallis test
was used for comparisons of follow-up
time distributions between augmenta-
tion groups.

RESULTS

A total of 198,538 dental implants,
using 51 different types of dental im-
plants, were placed in Finland between
1994 and 2012 in 110,543 operations.
A total of 3318 (1.7%) of the placed
implants were removed during the
observation period in 2684 (2.4%)
implant removal operations. However,
it must be noted that some of these
removal operations were performed on
implants that had been placed before
1994. In this study, only removal oper-
ations that had been performed using
augmentation materials and that could
be linked to implant placement opera-
tions performed between 1994 and
2012 were assessed (Fig. 1). Therefore,
information concerning the use of aug-
mentation materials was available for
2126 of the removal operations. Aug-
mentation materials were used in 448
(21.1%) of these cases. However, in
72 operations, a combination of 2 or
more augmentation materials was used,
and these cases were omitted from the
results. The final number of operations

Fig. 2. Types of augmentation materials used at each site in the mouth with autogenous bone
and synthetic and xenogeneic materials.

Fig. 3. Removal rates of implants placed at augmented sites related to autogenous bone,
synthetic, and xenogeneic materials reported to the register.
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plants, a comparison of the number of implants sold to the number of implants placed 
shows that only approximately 70% of all dental implants are actually registered.1,20 This 
failure to register placed/removed dental implants is mainly because no sanctions are 
applied to dentists who do not comply with existing rules. In addition, the register by its 
nature does not make it possible to assess the specific reasons for implant removals 
on a case by case basis. Another potential weakness of this study was the recording 
errors that became apparent after analyzing raw data provided by the registry adminis-
trator. There were mistakes in data such as product names that had been misspelled, 
and in some cases, company names had been used instead of brand names. Although 
these were easily corrected, this may introduce some forms of bias into the study. Fur-
thermore, implant placements performed during the period 1994–2012 could result in 
continued further future implant removals.

This register study cautiously attempted to analyze the reported usage of augmen-
tation materials in a jurisdiction with an available registry with large amounts of data. 
However, the use of register data can have severe limitations, because the investiga-
tors are totally reliant on those who have created the register, on the data collection 
forms used and on the practitioners who complete the registration forms. This study 
tried to collect data regarding many aspects of augmentation using different augmenta-
tion materials. The authors are aware that practitioners might consider using different 
materials in different circumstances, and these circumstances may affect the success 
or implant removal rates in the augmented areas. The authors acknowledge the impor-
tance of this fact, but due to limitations of the register, they are unable to extend the 
analysis further in this regard. The authors caution the reader as statistical analysis 
may not truly represent the clinical scenario as their reporting in a confined register 
is limited by the design  of the forms. Although the analysis of the data may not truly 
represent the exact clinical scenarios, the value of such a register-based study is to 
establish trends during the study period rather than to establish cause and effect con-
clusions.

More in-depth long-term multicenter studies are required to provide further insight 
into the nature of augmentation procedures and dental implant survival in sites requir-
ing augmentation.21,22 To the best of our knowledge, this is the first register-based study 
assessing the removal rates of dental implants with different augmentation materials 
with over 100,000 implant procedures.

conclusion

Augmentation procedures in combination with dental implants offer good long-term 
predictable clinical success/survival rates, regardless of the type of graft materials 
used. Removals for implant placements augmented by alloplastic materials occur late 
after 201 days, whereas those augmented by xenografts seem to require early removal 
after 102 days, and both autogenous augmentations and cases without augmentation 
have removal rates, which reside between alloplasts and xenografts.
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absTRacT

Oral soft tissue augmentation or grafting procedures are often necessary to achieve 
proper wound closure after deficits resulting from tumor excision, clefts, trauma, dental 
implants, and tooth recessions.

Autologous soft tissue grafts still remain the gold standard to acquire a functionally 
adequate zone of keratinized attached gingiva. However, soft tissue substitutes are 
more commonly used because they minimize morbidity and shorten surgical time.

This review aimed to assess soft tissue grafting techniques and materials used in 
the oral cavity from existing literature. There are a large variety of materials and tech-
niques, including grafts, local flaps, allogenic derived matrices such as acellular dermal 
allograft, xenogenic tissue matrices from animal origin, and synthetic materials. 

Tissue engineering of oral mucosa represents an interesting alternative to obtain 
sufficient autologous tissue for reconstructing oral wounds using biodegradable scaf-
folds, and may improve vascularization and epithelialization, which are critical for suc-
cessful outcomes. 
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inTRoDucTion

The oral mucosa typically comprises a shiny red alveolar mucosa and a coral pink 
masticatory mucosa.1 The nonattached alveolar mucosa is thin and is mostly com-
posed of loosely affiliated collagen fibers. In contrast, the attached mucosa is fixed, 
thick, keratinized, and is composed of well-organized, dense, collagen fibers. Being 
firm, stippled, and tightly attached to the periosteum, the masticatory mucosa can re-
sist physical, thermal, and chemical insults.2

An adequate amount of attached keratinized tissue is instrumental for the mainte-
nance of teeth, periodontal ligaments, and dental implants.3 Additionally, removable 
prosthetic devices require zones of adequate attached keratinized tissue to create a 
vacuum between the mucosa and the denture base to enable proper retention.4 How-
ever, some patients lack a sufficient amount of soft tissue in their oral cavity mainly due 
to gingival recessions, infections, trauma, and tumors, and therefore, often require con-
comitant soft tissue reconstruction.5

To date, a variety of autogenous augmentation techniques have been described6 

and can broadly be divided into 3 major groups: free gingival grafts (FGG), free buccal 
mucosa grafts, and buccal fat pad grafts. However, such augmentation techniques do 
have certain shortcomings, including morbidity, necrosis of the transplanted mucosa, 
and poor color integration at the recipient site.7,8 These shortcomings have led to the 
development and use of alternative augmentation materials. Such alternative products 
can be broadly divided into different groups according to their origin: allogeneic, xeno-
geneic, and synthetic (alloplastic) materials (Table 1).

Furthermore, a few new tissueengineered constructs for soft tissue augmentation 
are being developed in research settings; hence phase I and case studies.10,39

The aim of this study is to give an overview of different soft tissue augmentation tech-
niques and materials used for soft tissue augmentation in the oral cavity. Furthermore, 
ongoing research developments in the field of tissue engineering will be discussed.

autogenous soft Tissue
Free gingival grafts. Free gingival grafting is the most widely used oral graft procedure 
to augment keratinized tissue without root coverage.40 This procedure is mainly used 
to achieve a functionally adequate zone of keratinized, hence “attached” gingiva in the 
oral cavity. The most common conditions treated with FGG are shallow vestibule, peri-
odontal pockets beyond the mucogingival line, inadequate amount of attached gingiva, 
frenum-related gingival pull, and localized gingival recessions.41 A major advantage of 
this technique is that it can be performed on a single or a group of teeth with high pre-
dictability. However, harvesting FGG has its drawbacks namely secondary donor site 
surgery, extended operating time, color and texture mismatch between tissues, and 
limitation in the amounts of available graft material.42 Furthermore, FGG are commonly 
harvested from the palate and subsequently healed by secondary intention. This heal-
ing process can take up to 4 weeks and involves significant patient morbidity.42 The lack 
of predictability in achieving total root coverage and the compromised blood supply 
must also be considered as drawbacks of this technique.43



36

Chapter 3

One novel technique of circumventing the limitations of donor graft material availa-
ble in the palate is by using self-inflating soft tissue expanders (Cylinder Dental; Osmed 
GmbH, Ilmenau, Germany), which offer enough de novo soft tissue for vertical bone 
augmentations and cause a minimal amount of complications.28 These self-inflating soft 
tissue expanders consist of an osmotic active hydrogel, a methylmethacrylate and vinyl 
pyrrolidone, which offer the possibility of controlling the expansion speed and/or the 
end volume of expansion.44 However, such expanders require 6 to 8 weeks for full tissue 
expansion.29 Clinical case studies have demonstrated that self-inflating tissue expand-
ers can be successfully used for the augmentation of atrophic alveolar ridges thereby 
enabling tension free closure of the primary wound after bone grafting.30–33 Furthermore, 
soft tissue expanders have been successfully used to treat difficult anterior palatal 
fistulas,34 cleft palate patients,35 congenital nasal hypoplasia patients,36 scalp recon-
structions, and congenital nevi reconstructions.37 Unlike conventional tissue expanders, 
self-inflating hydrogel tissue expanders do not need to be filled from an external source 
and have rather good mechanical properties. They can be manufactured in almost any 
size and shape and do not cause inflammatory reactions.29,33

Free buccal mucosa grafts. Free buccal mucosa grafts are commonly harvested 
from the lip or inner cheek.8 In the past decades, surgeons have used this technique 

Generic Name Company Origin Resorbable  
Capacity

Alloderm9 AlloDerm Regenerative Tissue 
Matrix, LifeCell

Allogen +

AS21010 A-Skin BV Allogen +

Matrix HD11 RTI Biologics, Inc. Allogen +

Epiflex12–14 German Institute for Cell and 
Tissue Replacement, Berlin, 
Germany

Allogen +

Puros Dermis Allograft 
Tissue Matrix6,15–17

Zimmer Dental Allogen +

Mucograft18–21 Geistlich Porcine +

Polycaprolactone-based
polyurethaneurea product, 
Artelon19,22–27

Artimplant Synthetic +

Self-inflating hydrogel 
tissue expander28–38

Cylinder Dental, Osmed GmbH 
Synthetic

Synthetic -

Table 1
commercially available Grafts commonly used for soft Tissue Reconstruction

Origin and resorption capacity of the different graft materials is specified. These materials can be 
classified according to their origin. Allogeneic (Dermal Matrix), Xenogeneic (Animal), and Synthet-
ic (alloplastic) materials are mostly used for soft tissue reconstruction.
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for preprosthetic surgery, after tumor ablation,45 for the closure of defects of the tongue 
and the cheek,46 or for the reconstruction of the conjunctiva and the eyelid.47 Such 
grafts have been successful and predictable, but there is a limitation in the amount of 
autogenous tissue available from any given individual.

Buccal fat pad grafts. The buccal fat pad (BFP), both as a flap and as a free graft, 
was originally used for the closure of small to medium-sized oroantral and oronasal 
communications.48–53 Recently, buccal fat pad grafts have been used for a wide variety 
of surgical procedures such as supporting bone graft augmentations,54 sinus floor pro-
cedures,55 and to provide root coverage for teeth with severe recessions.56,57 The use of 
BFP graft is becoming increasingly popular because of its reliability, ease of harvesting, 
and low complication rate.58 Furthermore, BFP grafts have shown to be a rich source of 
stem cells which can be used for clinical applications, and hence tissue engineering.59

Although autografts still remain the golden standard,60,61 they do have some disad-
vantages, including an additional harvest site with its associated pain and morbidity 
and, sometimes, poor quality and limited amount of graft material.18 To overcome these 
problems, a large amount of alternative materials for soft tissue augmentation are be-
ing used and developed to date.

allogenic Materials
Compared with autogenous grafts, allografts are readily available. Allogenic human 
acellular dermis is commonly used in reconstructive and general surgery for the treat-
ment of burns,62–64 breast reconstruction,62,65,66 and other indications such as abdominal 
wall reconstruction, ventral hernia repair, and intestinal elongation62,67,68 (Fig. 1). Allo-
genic acellular dermal matrix has been used for soft tissue reconstruction before bone 
grafting to reduce the risk of exposure and failure of the bone graft.69 Several allogenic 
materials or allografts have been described for soft tissue augmentation. Allogenic 
acellular dermis Alloderm (AlloDerm Regenerative Tissue Matrix; LifeCell Corporation, 
Bridgewater, NJ) is the most widely described dermal matrix.9 Several clinical cases 
using acellular dermal allografts to increase and restore the width of attached gingiva 
have been reported.70 Furthermore, it has also been used to treat oral mucosal defects 
resulting from tumors, trauma, oral mucosal diseases, and preprosthetic surgery.71 Der-
mal matrix grafting procedures have distinct advantages over autografts because they 
do not cause donor site morbidity. Furthermore, clinical studies have reported compa-
rable, and in some cases, superior clinical results than those attained with autogenous 
palatal tissue grafts.6 Unlike other acellular human dermis products, AlloDerm Tissue 
Matrixis produced using a nondamaging manufacturing process that allows the body to 
mount its own tissue regeneration process.9

Matrix HD (RTI Biologics, Inc., Alachua, FL) is an acellular human dermis pro-
cessed using a sterilization process that preserves the collagen structure. The dermis 
is a collagenous connective tissue with 3-dimensional intertwined fibers that retain the 
multidirectional and mechanical properties of native dermis. It supports natural tissue 
architecture, cellular revascularization and repopulation by the host tissue, preserves 
key components of the matrix, is biocompatible and safe, and is well suited for soft tis-
sue reconstructive surgical applications.11
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Epiflex is another product harvested from deceased human tissue donors and is 
commonly used for the reconstruction of deep soft tissue defects after severe trauma 
or resection of soft tissue sarcomas.12,13

Puros Dermis Allograft Tissue Matrix (Zimmer Dental, Carlsbad, CA) is an acellular 
dermal matrix which has been successfully used for the correction of iatrogenic gingival 
recessions in the esthetic zone, increasing the height and width of the zone of kerati-
nized tissue, and providing good soft tissue integration and tissue color matching. It has 
also been successfully used for correction of deep-wide gingival recessions in the max-
illa.6,15 Furthermore, it has been applied in the treatment of stress urinary incontinence.16 

The dermal graft is processed using a patented aseptic technique (Tutogen Medical, 
Alcoa, FL).15 The proprietary Tutoplast Process assures a high standard of tissue safety 
and quality with minimal risk of disease transmission.17 Puros Dermis is biocompatible 
and absorbable and assimilates into the body’s normal tissue healing process.6,15

AS210 (A-SkinBV, Amsterdam, The Netherlands) is an acellular dermal matrix 
which has been successfully used to prepare chronic ulcer wound beds before apply-
ing an autologous skin substitute, and is also the dermal matrix for tissue-engineered 
skin and oral mucosa substitutes (see below).10,39

repair, and intestinal elongation62,67,68

(Fig. 1). Allogenic acellular dermal
matrix has been used for soft tissue
reconstruction before bone grafting to
reduce the risk of exposure and failure
of the bone graft.69 Several allogenicma-
terials or allografts have been described
for soft tissue augmentation. Allogenic
acellular dermis Alloderm (AlloDerm
Regenerative Tissue Matrix; LifeCell
Corporation, Bridgewater, NJ) is the
most widely described dermal matrix.9

Several clinical cases using acellular der-
mal allografts to increase and restore the
width of attached gingiva have been re-
ported.70 Furthermore, it has also been
used to treat oral mucosal defects result-
ing from tumors, trauma, oral mucosal
diseases, and preprosthetic surgery.71

Dermal matrix grafting procedures have
distinct advantages over autografts
because they do not cause donor site
morbidity. Furthermore, clinical studies
have reported comparable, and in some
cases, superior clinical results than those
attained with autogenous palatal tissue
grafts.6 Unlike other acellular human
dermis products, AlloDerm Tissue
Matrix isproducedusing anondamaging
manufacturing process that allows the
body to mount its own tissue regenera-
tion process.9

Matrix HD (RTI Biologics, Inc.,
Alachua, FL) is an acellular human
dermis processed using a sterilization
process that preserves the collagen
structure. The dermis is a collagenous
connective tissue with 3-dimensional
intertwined fibers that retain the multi-
directional and mechanical properties
of native dermis. It supports natural
tissue architecture, cellular revascular-
ization and repopulation by the host
tissue, preserves key components of the
matrix, is biocompatible and safe, and is
well suited for soft tissue reconstructive
surgical applications.11

Epiflex is another product har-
vested from deceased human tissue
donors and is commonly used for the
reconstruction of deep soft tissue de-
fects after severe trauma or resection of
soft tissue sarcomas.12,13

Puros Dermis Allograft Tissue
Matrix (Zimmer Dental, Carlsbad,
CA) is an acellular dermalmatrixwhich
has been successfully used for the
correction of iatrogenic gingival reces-
sions in the esthetic zone, increasing
the height and width of the zone of
keratinized tissue, and providing good
soft tissue integration and tissue color
matching. It has also been successfully
used for correction of deep-wide

gingival recessions in the maxilla.6,15

Furthermore, it has been applied in the
treatment of stress urinary inconti-
nence.16 The dermal graft is processed
using a patented aseptic technique
(Tutogen Medical, Alcoa, FL).15 The
proprietary Tutoplast Process assures
a high standard of tissue safety and
quality with minimal risk of disease
transmission.17 Puros Dermis is bio-
compatible and absorbable and assimi-
lates into the body’s normal tissue
healing process.6,15

AS210 (A-SkinBV, Amsterdam,
The Netherlands) is an acellular dermal
matrix which has been successfully used
to prepare chronic ulcer wound beds
before applying an autologous skin sub-
stitute, and is also the dermal matrix for
tissue-engineered skin and oral mucosa
substitutes (see below).10,39

Xenogenic Materials
Xenogenic-derived matrices com-

monly used for oral soft tissue augmen-
tation are of porcine, bovine, or equine
origin.18,19,72–77 Xenogenic porcine col-
lagen matrices have been described as
being comparable to autogenous soft
tissue constructs.18 Porcine acellular
dermal matrix can act as a biodegrad-
able scaffold for the delivery of cells,
and furthermore preserve space for
new periodontal tissue formation,
which is a paramount for successful
periodontal tissue regeneration.78,79

A bioactive scaffold composed of
a native 3D collagen framework, puri-
fied from porcine acellular dermal
matrix (PADM), and further treated
with hydroxyapatite (HA) to promote
bioactivity and cell differentiation, was
evaluated in terms of biocompatibility
in vitro and in vivo.80 The study proved
that HA-PADM scaffolds had good
biocompatibility in animals in vivo
and appropriate biodegrading charac-
teristics in vitro using human periodon-
tal ligament cells, which were able to
proliferate and migrate into the scaf-
fold. These observations suggest that
HA-PADM scaffolds can be used as
cell carriers for periodontal tissue
regeneration.

Recently several xenogenic mate-
rials have become more readily avail-
able on themarket. The productwith the
most scientific literature is the 2-layer

Fig. 1. Photomicrographs showing the immunohistochemistry staining comparison of human
skin, and 2 types of acellular donor dermis available for transplantation, AS210 and AlloDerm.
This characterization shows staining of the basement membrane proteins with collagen IV and
laminin along with the presence of cell remnants stained with antibodies against major histo-
compatibility (MHC) Class I antigens (HLA-ABC) and MHC Class II (HLA-DR). There is retention
of the basement membrane proteins and cell remnants in all 3 of the dermal matrices. The lack
of human leucocyte antigen (HLA) staining of the acellular dermis makes it usable for allogenic
transplantation to other individuals.
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figure 1
photomicrographs showing the immunohistochemistry staining comparison of human skin, and 
2 types of acellular donor dermis available for transplantation, as210 and alloDerm. This charac-
terization shows staining of the basement membrane proteins with collagen iV and laminin along 
with the presence of cell remnants stained with antibodies against major histocompatibility (Mhc) 
class i antigens (hla-abc) and Mhc class ii (hla-DR). There is retention of the basement mem-
brane proteins and cell remnants in all 3 of the dermal matrices. The lack of human leucocyte an-
tigen (hla) staining of the acellular dermis makes it usable for allogenic transplantation to other 
individuals.
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Xenogenic Materials
Xenogenic-derived matrices commonly used for oral soft tissue augmentation are of 
porcine, bovine, or equine origin.18,19,72–77 Xenogenic porcine collagen matrices have 
been described as being comparable to autogenous soft tissue constructs.18 Porcine 
acellular dermal matrix can act as a biodegradable scaffold for the delivery of cells,

and furthermore preserve space for new periodontal tissue formation, which is a 
paramount for successful periodontal tissue regeneration.78,79

A bioactive scaffold composed of a native 3D collagen framework, purified from 
porcine acellular dermal matrix (PADM), and further treated with hydroxyapatite (HA) to 
promote bioactivity and cell differentiation, was evaluated in terms of biocompatibility in 
vitro and in vivo.80 The study proved that HA-PADM scaffolds had good biocompatibility 
in animals in vivo and appropriate biodegrading characteristics in vitro using human 
periodontal ligament cells, which were able to proliferate and migrate into the scaffold. 
These observations suggest that HA-PADM scaffolds can be used as cell carriers for 
periodontal tissue regeneration.

Recently several xenogenic materials have become more readily available on the 
market. The product with the most scientific literature is the 2-layer porcine collagen 
matrix (Mucograft; Geistlich organic material, Wolhusen, Switzerland).18–21

Nevins et al19 demonstrated that Mucograft increases the amount of attached, 
keratinized gingiva significantly in vivo. Vignoletti et al21 reported that Mucograft had a 
positive effect on wound healing of attached, keratinized gingiva and can be consid-
ered as a safe and effective method of treating gingival recessions.

Mucoderm (Botiss Dental Berlin, Berlin, Germany) is a collagen tissue matrix de-
rived from animal dermis and passes through a multi-step cleaning process which 
removes all potential tissue rejection components from the dermis. This results in a 
3-dimensional stable matrix consisting of collagen and elastin. After placement, the 
patient’s blood infiltrates into the Mucoderm graft, bringing host cells to the soft tissue 
graft surface triggering the revascularization process. Mucoderm has been used for the 
treatment of oral dehiscence, ridge preservation, root coverage, sinus floor elevations, 
and vertical augmentations.74

synthetic (alloplastic) Materials
Synthetic (alloplastic) materials have also been used for soft tissue augmentation in 
the oral cavity. For more than a decade, a degradable polycaprolactone-based polyu-
rethane urea product produced by, Artelon (Artimplant, Stockholm, Sweden) has been 
successfully used in orthopedic surgery and oral soft tissue regeneration.22–25 Artelon 
has been used for buccal soft tissue augmentation in connection with oral implant 
treatment in the esthetic zone of maxilla and has shown to increase the mucosa vol-
ume at the recipient site.26

This porous polyurethane urea product acts as a scaffold that promotes ingrowth of 
native human tissue. Artelon is biocompatible and has good mechanical properties and 
degrades slowly by hydrolysis, with a degradation time of more than 4 years.81 Artelon 
has also been used for resurfacing of joint surfaces (eg, osteoarthritis, Hallux rigidus) 
and the reinforcement and augmentation of ligaments, tendons, and soft tissues. Poly-
urethane has been found to be one of the most successful polymers for soft tissue ap-
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plications.27 Nevertheless, Artelon to the best of our knowledge has only been used in 1 
study focusing on the soft tissue augmentation of the anterior oral region.19 In this study, 
preoperative and postoperative casts were obtained and demonstrated a significant 
increase in soft tissue after 6 months.19

Tissue-engineered Three-Dimensional (3D) full-Thickness oral Mucosa
Over the years, advancements have been made in the area of soft tissue engineering. 
Such novel technologies have advantages because they overcome the limitations 
of harvesting a large autograft. Much has been learnt from skin tissue engineering. 
Already in the 1980s, cultured epithelial sheets of human skin obtained from a small 
biopsy were used to close deep third degree burns thus saving the life of the burns vic-
tim.82 A similar method was used for culturing oral epithelial cells for intraoral grafting in 
the early 90s.83 However, the aforementioned epithelial sheets have certain drawbacks: 
they are extremely fragile, often blister, and do not contain connective tissue, and 
therefore they are not suitable for full thickness mucosa transplantations.

Natural scaffolds (collagen). To construct a living connective tissue, a scaffold is 
required which will support growth of viable fibroblasts. Upon transplantation, the scaf-
fold will degrade over time and replaced by new extracellular matrix (ECM) secreted by 
fibroblasts. Natural scaffolds composed of either cadaver or animal derived de-epithe-
lialized acellular matrices or natural polymers extracted from animals are being used to 
date.73 In a randomized clinical trial, cultured gingival grafts combined with human gin-
gival fibroblasts on a biodegradable collagen scaffold have shown to be a safe method 
of generating keratinized attached gingival tissue.84 The same group reported success-
ful application of tissue-engineered gingival grafts produced by mixing collagen and 
human gingival fibroblasts for regeneration of attached keratinized gingiva.85

Synthetic and electrospun scaffolds. As an alternative to the natural scaffold, a 
number of synthetic scaffolds are to date being developed. Again lessons are being 
learnt from skin tissue engineering in which dermal substitutes have been developed 
to close chronic wounds, for example, leg and foot ulcers. The most renowned der-
mal substitute is Dermagraft (Advanced Tissue Sciences Inc., La Jolla, CA), which is 
a dermal substitute composed of a biodegradable polymer mesh with cryopreserved 
(nonviable) allogeneic dermal fibroblasts. The active component of Dermagraft is the 
extensive cocktail of cytokines and growth factors produced by the fibroblasts before 
cryopreservation. This construct has in the past undergone extensive phase III safety 
and efficacy testing for treating diabetic foot ulcers. However, no comparable construct 
is yet available for oral mucosa and Dermagraft is no longer commercially available.

More interesting are recent advancements in the field of electrospun scaffolds that can support 
viable cell growth. Electrospinning is a technique that allows the production of ultrafine fibers in 
nanometer or submicron range by electrically charging a suspended polymer droplet. Studies 
have shown that nanoscale scaffolds are capable of supporting different types of cells, better 
than micron sized fibers.88,89 Furthermore, such 3D scaffolds composed of nanoscale multifi-
brils aim to mimic the supramolecular architecture and the biological functions of the natural 
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extracellular matrix. The presence of such an ECM, constituted of proteins and polysaccha-
rides, is a key factor in the healing and regeneration of soft tissues. Moreover, the nano-fibrous 
feature of the ECM improves cell proliferation and addresses their phenotype.90 Furthermore, 
stem cells have shown to proliferate and differentiate to keratinocytes on a synthetic electro-
spun scaffold.91

Full thickness oral mucosa substitutes. The major limitation of the fibroblastpopulat-
ed scaffold is that the epithelium is absent and therefore the construct is only suitable 
for closing small lesions where re-epithelialization takes place from the wound margins. 
Ideally a full thickness construct is required consisting of a reconstructed differentiated 
epithelium on a fibroblast-populated connective tissue matrix.

Apligraf (Organogenesis, Canton, MA) is a composite graft composed of an “epider-
mal” layer of allogenic skin keratinocytes grown on a “dermal” layer of fibroblast-pop-
ulated bovine collagen gel.92,93 Production of cytokines and growth factors by the 
tissueengineered skin can influence the host cells and induce tissue regeneration and 
remodeling, which offers an interesting potential for treatment of small gingival soft-tis-
sue defects. Safety and efficacy phase III studies have been performed in diabetic foot 
ulcers and venous leg ulcers.92,94 The most recent and advanced development is an 
autologous full thickness skin or oral mucosa construct developed from 3-mm diam-
eter punch biopsies obtained from the patient to be treated. The scaffold is acellular 
donor dermis (AS210; A-Skin BV, Amsterdam, The Netherlands). Patient’s own skin 
or oral derived fibroblasts are seeded into the dermis scaffold, and epithelial cells are 
seeded on top (Fig. 2). The one-step culture procedure used ensures that the con-
struct is ready for transplantation within 3 weeks and that extremely little donor tissue 
is required. The autologous skin substitute has undergone extensive phase I testing 
with more than 100 therapy-resistant ulcers.10 Safety was confirmed and therefore the 
construct is available under a hospital exemption within The Netherlands, and a phase 
II study is now underway. The oral mucosa counterpart in the form of an autologous 
gingiva substitute has undergone proof of concept testing in closing 3 gingiva lesions 
and is now ready for more extensive phase I testing.39 If successful, this construct will 
provide a state of the art alternative to the current gold standard autograft. Importantly, 
first results indicate that it has the potential to overcome the major challenges faced in 
skin and oral substitutes which include mechanical properties, biocompatibility, struc-
tural differentiation, optimal vascularization (take rate), and good scar quality.10,39,95 Fu-
ture combinations with artificial or electrospun scaffolds will subsequently replace the 
use of donor acellular dermis thus creating a totally autologous construct.

European regulations for tissueengineered oral mucosa. Since 2006, and before in-
troduction of the recently introduced strict European regulations for Advanced Therapy 
Medicinal Products (ATMPs), numerous studies reported the use of 3D oral mucosal 
models with modified cell sources such as oral keratinocytes and fibroblasts, scaffolds, 
and culture media for production of human oral mucosal composites, which offer prom-
ising applications in studies on biocompatibility assessment of dental materials and 
oral healthcare products, in treatment of ulcers or tooth extraction sites.39,86,92,94,96 Engi-
neering of full-thickness oral mucosa overcomes the disadvantages of limited availa-
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bility and morbidity of autografts, considered the gold standard, but requires an ex-vivo 
process of production that may take up to a month and must be compliant with the 
ATMPs regulations. Tissue engineering, which involves cell culture and amplification of 
human cells ex vivo, has to be performed under Good Manufacturing Practice with clin-
ical grade culture medium components in a cleanroom facility where extensive in-pro-
cess and quality controls are incorporated to ensure patient safety.97 For these reasons, 
no human oral tissue-engineered products for clinical applications are yet commercially 
available because laboratories are busy introducing these standards. However, it is ex-
pected that in the nearby future, clinical trials will be performed followed by commercial 
production and wide-spread implementation. Novel tissue engineering techniques are 
developing rapidly and could offer an interesting alternative to obtain sufficient autolo-
gous tissue for reconstructing oral mucosa using biodegradable scaffolds.98,99

only suitable for closing small lesions
where re-epithelialization takes place
from the wound margins. Ideally a full
thickness construct is required consist-
ing of a reconstructed differentiated
epithelium on a fibroblast-populated
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Future combinations with artificial or
electrospun scaffolds will subsequently
replace the use of donor acellular der-
mis thus creating a totally autologous
construct.

European regulations for tissue-
engineered oral mucosa. Since 2006,
and before introduction of the recently
introduced strict European regulations
for Advanced Therapy Medicinal Prod-
ucts (ATMPs), numerous studies re-
ported the use of 3D oral mucosal
models with modified cell sources such
as oral keratinocytes and fibroblasts,
scaffolds, and culture media for pro-
duction of human oral mucosal compo-
sites,which offer promising applications
in studies on biocompatibility assess-
ment of dental materials and oral health-
care products, in treatment of ulcers or
tooth extraction sites.39,86,92,94,96 Engi-
neering of full-thickness oral mucosa
overcomes the disadvantages of limited
availability and morbidity of autografts,
considered the gold standard, but re-
quires an ex-vivo process of production
that may take up to a month and must be

compliant with the ATMPs regulations.
Tissue engineering, which involves cell
culture and amplification of human cells
ex vivo, has to be performed under Good
Manufacturing Practice with clinical
grade culture medium components in
a cleanroom facility where extensive
in-process andquality controls are incor-
porated to ensure patient safety.97

For these reasons, no human oral
tissue-engineered products for clinical
applications are yet commercially avail-
able because laboratories are busy intro-
ducing these standards. However, it is
expected that in the nearby future, clini-
cal trials will be performed followed by
commercial production andwide-spread
implementation. Novel tissue engineer-
ing techniques are developing rapidly
and could offer an interesting alternative
to obtain sufficient autologous tissue for
reconstructing oral mucosa using biode-
gradable scaffolds.98,99

SUMMARY AND CONCLUSIONS

The reconstruction of oral soft
tissue with autografts or grafts obtained
from the same patient can be broadly

Fig. 2. Photographs and photomicrographs comparing an autologous and a full thickness
gingival mucosal substitute constructed from two 3-mm diameter gingiva biopsies. The re-
constructed differentiated epithelium is on top of a fibroblast-populated acellular dermis. The
microscopic hematoxylin and eosin stained tissue shows sections of gingiva biopsy and the
gingiva substitute. The cultured gingiva substitute consists of a reconstructed differentiated epi-
thelium on a fibroblast-populated acellular dermis which closely represents native healthy gingiva.
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figure 2
photographs and photomicrographs comparing an autologous and a full thickness gingival 
mucosal substitute constructed from two 3-mm diameter gingiva biopsies. The reconstructed 
differentiated epithelium is on top of a fibroblast-populated acellular dermis. The microscopic 
hematoxylin and eosin stained tissue shows sections of gingiva biopsy and the gingiva substitute. 
The cultured gingiva substitute consists of a reconstructed differentiated epithelium on a fibro-
blast-populated acellular dermis which closely represents native healthy gingiva.
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suMMaRY anD conclusions

The reconstruction of oral soft tissue with autografts or grafts obtained from the same 
patient can be broadly divided into 3 major groups: free gingival grafts, free buccal mu-
cosa grafts, and buccal fat pad grafts. However, many patients undergoing such treat-
ment often require large amounts of tissue which cannot always be easily harvested 
in the oral cavity; therefore, new materials are being developed to undermine the need 
of harvesting, that is, from allogeneic, xenogeneic, and synthetic origin or alloplastic 
materials. Self-inflating soft tissue hydrogel expanders have been successfully used to 
acquire surplus amounts of soft tissue to cover bone grafts. The major advantages of 
such tissue expanders are their high biocompatibility, low complication rates, nongen-
otoxic and nonimmuno reactivity, material pureness, and safety which subsequently 
ensures a low risk of infection. However, this technique has some drawbacks, such as 
patient discomfort during expansion and waiting time of 6 to 10 weeks; and a second 
surgery is required to remove the expander and simultaneously perform a bone aug-
mentation. Besides this, only a limited amount of tissue can be expanded in compari-
son to alloplastic materials that are readily available.

Collagen matrix, which resembles the extracellular matrix, has been widely used for 
soft tissue augmentation. However, using collagen matrix for periodontal regeneration 
has its own disadvantages such as low mechanical stiffness and rapid biodegrada-
tion. Furthermore, such synthetic scaffolds lack important ECM proteins. Therefore, 
acellularized xenogenic tissues could be a promising alternative material for soft tissue 
regeneration because they maintain their 3D structure and subsequently offer good 
mechanical properties.

The use of soft tissue substitutes for augmentation purposes has increased over 
the last few years, but still has not made the commercial breakthrough comparable to 
that of bone substitutes. Nevertheless, recently, tissue-engineered three-dimensional 
(3D) oral mucosal grafts have been tested and could offer a promising alternative to 
conventional grafts. Furthermore, new synthetic electrospun nanofibrous scaffolds 
have been introduced in skin tissue engineering and could in the future also be used 
for oral tissue engineering.
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absTRacT

Additive manufacturing is the process of joining materials to create objects from digital 
3-dimensional (3D) model data, which is a promising technology in oral and maxillo-
facial surgery. The management of lost craniofacial tissues owing to congenital ab-
normalities, trauma, or cancer treatment poses a challenge to oral and maxillofacial 
surgeons. Many strategies have been proposed for the management of such defects, 
but autogenous bone grafts remain the gold standard for reconstructive bone surgery. 
Nevertheless, cell-based treatments using adipose stem cells combined with osteo-
conductive biomaterials or scaffolds have become a promising alternative to autoge-
nous bone grafts. Such treatment protocols often require customized 3D scaffolds that 
fulfi functional and esthetic requirements, provide adequate blood supply, and meet 
the load-bearing requirements of the head. Currently, such customized 3D scaffolds 
are being manufactured using additive manufacturing technology. In this review, 2 of 
the current and emerging modalities for reconstruction of oral and maxillofacial bone 
defects are highlighted and discussed, namely human maxillary sinus fl elevation as 
a valid model to test bone tissue-engineering approaches enabling the application of 
1-step surgical procedures and seeding of Good Manufacturing Practice–level adipose 
stem cells on computer-aided manufactured scaffolds to reconstruct large bone defects 
in a 2-step surgical procedure, in which cells are expanded ex vivo and seeded on re-
sorbable scaffolds before implantation. Furthermore, imaging-guided tissue-engineer-
ing technologies to predetermine the surgical location and to facilitate the manufactur-
ing of custom-made implants that meet the specifi patient’s demands are discussed. 
The potential of tissue-engineered constructs designed for the repair of large oral and 
maxillofacial bone defects in load-bearing situations in a 1-step surgical procedure 
combining these 2 innovative approaches is particularly emphasized.
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inTRoDucTion

During reconstruction of maxillofacial defects, it is necessary to not only maintain 
anatomic uniformity and appearance, but also restore tissue functions.1 To date, au-
tologous bone grafts remain the gold standard in reconstructive surgery owing to their 
osteoinductive and osteoconductive properties.2 However, the harvesting of autologous 
bone grafts causes donor-site morbidity.3 Another major disadvantage of autologous 
bone grafts is that they need to be manually sculpted into the shape of the defect site.4,5 

Therefore, less invasive treatment methods to cure bone defects are strongly preferred.
Tissue engineering is emerging as a valid alternative for autologous bone grafts to 

restore bone defects caused by trauma, tumors, or congenital deficiency. It combines 
the principles of bioengineering, cell transplantation (osteoprogenitors or stem cells), 
and biomaterial engineering (biomaterials or scaffolds).3,6,7

Computer-animated modeling and rapid manufacturing require a series of events, 
during which a computer-designed virtual 3-dimensional (3D) image becomes a solid 
clinical model for clinical application with an optimal confi (Fig 1). The current challenge 
in cellular therapies is to optimally balance the scaffold properties with the selection of 
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caused by trauma, tumors, or congenital deficiency. It

combines the principles of bioengineering, cell trans-

plantation (osteoprogenitors or stem cells), and bioma-

terial engineering (biomaterials or scaffolds).3,6,7

Computer-animated modeling and rapid

manufacturing require a series of events, during

which a computer-designed virtual 3-dimensional

(3D) image becomes a solid clinical model for clinical
application with an optimal configuration (Fig 1).

The current challenge in cellular therapies is to opti-

mally balance the scaffold properties with the selec-

tion of the most effective cell types to maximize

tissue (re)generation in a 3D supporting biodegrad-

able matrix and minimize the costs, risks, discomfort,

and burden for the patient. The authors propose that

adipose stem cells (ASCs), by culture expansion or

fresh isolation and direct reimplantation, might be

particularly suited for this purpose. The purpose of

this review is to highlight and discuss the following

2 emerging technologies to restore bone defects in

the oral and maxillofacial area: 1) computer-

animated modeling and rapid manufacturing of
custom-made scaffolds for personalized reconstruc-

tions of large bone defects and 2) humanmaxillary si-

nus floor elevation as a valid model to test bone

tissue-engineering approaches enabling the applica-

tion of 1-step surgical procedures. In these 2 models,

the use of cellular therapies, in particular those using

ASCs, promote (re)generation by introducing bioac-

tivity to the area to be reconstructed. In this review,
current technologies used in medical additive

manufacturing (AM) are discussed. In addition, the

potential of tissue-engineered constructs designed

to restore large oral and maxillofacial bone defects

in load-bearing situations using a 1-step and a 2-step

surgical procedure is emphasized.

FIGURE 1. Schematic representation of a bony reconstruction showing the 3 basic steps of the 3D printing system. 1) Acquisition of high-
definition 3D imaging data with CT. 2) Image processing, including segmentation steps and surface modeling. 3) Manufacturing with a 3D
printer. 3D, 3-dimensional; CT, computed tomography; DICOM, Digital Imaging and Communications in Medicine; MRI, magnetic resonance
imaging; STL, stereolithography.

Farr�e-Guasch et al. Application of Additive Manufacturing. J Oral Maxillofac Surg 2015.

FARR�E-GUASCH ET AL 2409

figure 1
schematic representation of a bony reconstruction showing the 3 basic steps of the 3D printing 
system. 1) Acquisition of high-definition 3D imaging data with CT. 2) Image processing, including 
segmentation steps and surface modeling. 3) Manufacturing with a 3D printer. 3D, 3-dimensional; 
cT, computed tomography; DicoM, Digital imaging and communications in Medicine; MRi, mag-
netic resonance imaging; sTl, stereolithography.
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the most effective cell types to maximize tissue (re)generation in a 3D supporting bio-
degradable matrix and minimize the costs, risks, discomfort, and burden for the patient. 
The authors propose that adipose stem cells (ASCs), by culture expansion or fresh iso-
lation and direct reimplantation, might be particularly suited for this purpose. The pur-
pose of this review is to highlight and discuss the following 2 emerging technologies to 
restore bone defects in the oral and maxillofacial area: 1) computer-animated modeling 
and rapid manufacturing of custom-made scaffolds for personalized reconstructions of 
large bone defects and 2) human maxillary sinus floor elevation as a valid model to test 
bone tissue-engineering approaches enabling the application of 1-step surgical proce-
dures. In these 2 models, the use of cellular therapies, in particular those using ASCs, 
promote (re)generation by introducing bioactivity to the area to be reconstructed. In 
this review, current technologies used in medical additive manufacturing (AM) are dis-
cussed. In addition, the potential of tissue-engineered constructs designed to restore 
large oral and maxillofacial bone defects in load-bearing situations using a 1-step and a 
2-step surgical procedure is emphasized.

current scaffolds for oral and Maxillofacial bone Tissue engineering
The use of an adequate scaffold is crucial for bone tissue engineering.5 Scaffolds for 
oral and maxillofacial bone tissue engineering are commonly made of natural or syn-
thetic biocompatible materials, such as collagen, polymers, calcium phosphate ceram-
ics, cements, bioglass, and bioactive glass ceramics.2,8-14 Furthermore, calcium phos-
phate biomaterials in the form of sintered ceramics, coatings, coral-derived ceramics, 
composites consisting of a polymer and hydroxyapatite, and porous bioglass have 
osteoinductive properties.8,15,16 Osteoinductive factors, such as bone morphogenetic 
protein (BMP)-2 and BMP-7, which are present in extracts of demineralized freeze-
dried bone, also can be applied to stimulate osteogenic differentiation of stem cells in 
tissue-engineered scaffolds.3,11,15-18

A major drawback of the currently used scaffolds is that they do not have the 
load-bearing capacity necessary to reconstruct complex bone defects because they 
are manufactured as cements, pastes, particles, and granules. Therefore, some kind 
of containment is needed to specify the final shape of the area to be reconstructed. In 
other words, tissue-engineered constructs ideally should mimic the complex original 
structure of the matrix (scaffold), the cells, and the bioactive factors to enhance graft 
functionality and the regenerative process with adequate mechanical properties.19,20 

Currently, AM titanium constructs are used as support structures for such tissue-en-
gineered scaffolds. These constructs offer sufficient structural and mechanical support.

Virtual planning and additive (layer) Manufacturing in oral and Maxillofacial Tis-
sue engineering
Reconstructive scaffolds used in the treatment of traumatic, congenital, and maxillofa-
cial skeletal deformities ideally should mimic the complex external shapes and internal 
structures, such as interconnecting pores for blood vessel and cell invasion. Therefore, 
it is crucial to fabricate medical implants that satisfy the dimensional requirements of 
these maxillofacial deformities.21 The structural and dimensional requirements can be 
met by using AM technologies often referred to as ‘‘3D printing’’ (Table 1).3,9,12,14,16,18,21-
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28 AM techniques are easily automated and integrated with imaging techniques to 
produce scaffolds that can be customized in their overall size and shape, allowing 
tissue-engineered grafts to be tailored to specific applications or even to individual pa-
tients (Fig 1). Most current medical appliances are fabricated using additive or subtrac-
tive manufacturing methods.

AM refers to different yet related technologies that can be used for building complex 
physical models and prototype parts layer by layer directly from a 3D computer-aided 
design (CAD) model. Among these technologies are liquid-based processes (stereoli-
thography, jetted photopolymer printing, and inkjet printing), powder-based processes 
(selective laser sintering, direct metal laser sintering, and 3D printing), and solid-based 
processes (fused deposition modeling and laminated object manufacturing) and can be 
used to reproduce craniofacial structures.22,23,29 These techniques have been applied 
successfully in the treatment of craniomaxillofacial bone defects.3,9,14,16,21,24,25 However, 
further studies with more cases and longer follow-up periods are necessary.

Stereolithography is an AM technology commonly used to create medical models 
for diagnosis, treatment planning, and surgical simulation.30 The technology manufac-
tures a construct by adding 1 layer at a time and curing the liquid photoreactive resin 
with an ultraviolet laser.31 This technology is slowly being adapted to different maxil-
lofacial surgical indications. These include trauma surgery, temporomandibular joint 
surgery, orthognathic surgery, secondary correction of facial and skull deformities, and 
extensive jaw pathology.3,4,32

Jetted photopolymer is an additive process that combines the techniques used in 
inkjet printing and stereolithography, but instead of using thermoplastic, it dispenses 
photosensitive liquid and can be used to fabricate medical models of high accuracy for 
preoperative planning, education, and surgical simulation.29,33 Acellular inkjet-printed 
custom-made artificial bones made of a-tricalcium phosphate have been used suc-
cessfully to treat maxillofacial deformities.21

Selective laser sintering uses a carbon dioxide laser to selectively sinter thin layers 
of powdered polymers or their composites, forming solid 3D objects.34 This technology 
is similar to stereolithography, but relies on a laser to sketch out the region to be built 
on a substrate.35 It offers possibilities of combining biodegradable polymers and bio-
active ceramics into composites. Selective laser sintering technology has been used 
successfully to develop totally biodegradable and osteoconductive nanocomposite 
scaffolds with tunable porosity and mechanical properties.34

In direct metal laser sintering fabrication, constructs are fabricated by applying a 
focused laser beam to fuse very thin layers of metal and powder layer by layer in a 
localized region.36,37 This technology allows the design and manufacture of customized 
titanium metal meshes and reconstruction plates.22 Animal and clinical studies have 
shown that implants fabricated using this method induce bone formation in the man-
dible, and all implants are functional (100% implant survival), showing good functional 
and esthetic integration after 1-year follow-up.26,37

In fused deposition modeling and laminated object manufacturing, a thermoplastic 
fiber of polymeric material is heated and selectively extruded through a nozzle in lay-
ers. This technique allows the formation of highly reproducible, bioresorbable layers 
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with a dimensional resolution of approximately 0.2 mm.38,39 The neovascularization 
potential of the scaffold designed using this new technique also makes it suitable for 
engineering large cell-scaffold constructs.12

A limitation of these techniques is that in most cases it is not possible to integrate 
cells into the scaffold fabrication process owing to high temperature or pressure, such 
as during sintering, or contact with cytotoxic solvents such as ethanol, which makes 
process parameters non-physiologic.40 To tackle this limitation, 3D bio-printing has 
been developed and is a highly promising alternative to conventional 3D printing or 
AM.

3D bioactive constructs: 3D bio-printing and bone Tissue engineering in oral 
and Maxillofacial surgery
During the previous decade, bio-printing was introduced to produce bioengineered 
structures for applications in regenerative medicine.41 Bio-printing is defined as a single 
approach combining a set of techniques incorporating cells, biologically active com-
pounds such as growth factors, and extracellular matrix components within or onto a 
printed substrate. Different material delivery methods and, hence, technologies have 
since been used, including 1) contact bio-printing (eg, dip pen lithography, [micro] extru-
sion, and soft lithography);42,43 2) contactless bio-printing (eg, laser-based forward trans-
fer)44,45 and inkjet deposition;46 and 3) other methods (eg, direct photopolymerization).47

In inkjet printing, commercial inkjet printers (eg, piezoelectric and thermal printers) 
have been modified to print micro-droplets of biological materials, including viable 
cells, with micro-scale precision and at 10-kHz printing speed.41 This technology ena-
bles engineering of cell fates using spatially controlled deposition of hormonal stimuli. 
Muscle-derived stem cells have been shown to differentiate toward osteogenic and 
myogenic lineages when BMP-2 is immobilized within the extracellular matrix (ECM) 
by inkjet printing.48 Moreover inkjet-based bioprinting has been used successfully for 
cartilage engineering.46 Printed hydrogels loaded with human chondrocytes into a car-
tilage defect firmly integrate with native tissue in 3D bio-paper, thus maintaining their 
cell phenotype and promoting ECM production by chondrocytes. Other cell types have 
been incorporated successfully in 3D structures, such as fibroblasts,44 smooth muscle 
cells,49 endothelial cells,49 and human amniotic fluid-derived stem cells.49

Inkjet printing offers the option of creating complex spatial patterns without fabricat-
ing purpose-specific lithographic masks. Because the ink nozzle does not contact the 
printed surface, possible risks of cross-contamination are dramatically decreased.46 

Furthermore, inkjet printing provides a platform on which multiple cell types can be de-
posited into a single construct.49

Structural and conformal cell printing methods create a printed cell construct fab-
ricated from the bottom upward (ie, layer by layer or cell by cell), thereby producing a 
heterogeneous cell and biomolecular structure in 3 dimensions. Structural cell printing 
requires that the scaffold, cells, and biomolecules be simultaneously or sequentially 
printed. Conformal cell printing is a hybrid approach that allows biomolecules to be 
printed on top of thin layers of prefabricated scaffolding.42 Structural and conformal cell 
printing methods enable cellular and biomolecular heterogeneity (ie, cellular and mo-
lecular patterns and cellular and molecular diversity), thereby mimicking natural tissue 
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or organs. Therefore, structural and conformal printing can be used for clinical purpos-
es in oral and maxillofacial surgery (OMS).

Mesenchymal stem cells (MSCs) can adhere, migrate, and differentiate along the 
osteogenic lineage within fused deposition modeling-designed scaffolds, and therefore 
these scaffolds are suitable for reconstruction of craniofacial defects.50 Poly(ε-caprolac-
tone)-fused deposition modeling-designed scaffolds seeded with bone-marrow derived 
MSCs have been shown to induce neovascularization after implantation in a rat model, 
which makes it suitable for maxillofacial surgery, where an adequate vascular supply is 
critical for successful tissue regeneration.50

Because branch and stem structures of human umbilical vein endothelial cells and 
human umbilical vein smooth muscle cells have been fabricated using biological laser 
printing, this technique might offer interesting possibilities in oral and maxillofacial bone 
tissue engineering, where adequate vascularization is crucial for successful bone regen-
eration.45 Bio-printing might be used in the oral and maxillofacial fi d in combination with 
ASCs in a 1-step surgical procedure for oral and maxillofacial bone tissue engineering.

ascs for oral and Maxillofacial bone Tissue engineering
Several attempts have been made in OMS to apply cell-based treatments for small 
and large bony defects using stem cells combined with osteoconductive biomateri-
als.3,11,16,18,51 A ‘‘Finnish tissue-engineering model’’ showed that is possible to harvest 
autogenous ASCs from patients and to seed these cells on a resorbable scaffold pro-
duced using computer-guided surgical planning and AM technology in a 2-step surgi-
cal procedure.16 In this Finnish model, cells are expanded ex vivo and seeded on the 
resorbable scaffold before implantation. Using these technologies, a tissue-engineered 
construct is manufactured in conjunction with ASCs or bone bioactive factors to be 
applied in mandibular large bone resection defects.16 The advantage of ASC seeding 
in AM-designed scaffolds is that these scaffolds do not require intraoperative bending, 
offer improved passive fitting, and are suitable for reconstruction of large bone de-
fects.3,16 However, the use of ASCs for clinical applications must fulfill Good Manufac-
turing Practice (GMP) requirements to ensure the safety and quality of the treatment. 
One major drawback of this novel treatment is the increased cost, which has been esti-
mated to be 10,000 V in Finland.16 If animal-derived cell culture supplements are used, 
there is a risk of contamination with endotoxins and mycoplasma.11 Furthermore, there 
is a risk of spontaneous transformation to tumor-initiating cells associated with long-
term cell passaging of stem cells.52

Another interesting cell-based treatment option for bone regeneration is the 1-step 
surgical procedure that does not require any ex vivo cell expansion53 (Fig 2). This pro-
cedure offers the possibility of intraoperative stem cell seeding on off-the-shelf scaf-
folds that can be used immediately for bony reconstruction.53-55

These tissue-engineering approaches aim to regenerate osseous tissue by com-
bining biomaterials, bioactive molecules, and stem cells. Computer-aided deposition 
of biological materials has been investigated for cell-by-cell engineering of tissue 
replacements by placing small volumes of biomaterials, including living cells, in prede-
fined 2-dimensional or 3D patterns (‘‘cell printing’’ or ‘‘bio-printing’’), allowing control 
of cell positioning.44,49 One reliable source of stem cells for bone regeneration is autol-
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Clinical Application of AM for Immediate
Reconstruction of Large Bone Defects in
the Oral and Maxillofacial Region

For adequatebone formation,notonly are thebiocom-

patibility and osteo-conductivity of the biomaterials

used important, but also crucial is osteoinduction of

the primitive, undifferentiated, and pluripotent cells

into bone-forming cells.2,53 This can be achieved with

the addition of osteoinductive growth factors15,17,57 or
by using osteoinductive materials, such as calcium

phosphate-based materials2,8 and by the incorporation

of AM techniques, such as selective laser sintering, in

the oral and maxillofacial field.29,30,34

AM confers reproducible control over cell posi-

tioning, surpassing uneven, random, and slow cell

distribution within the scaffold and yields a defined

scaffold structure with regard to external shape and

internal morphology for successful clinical application
(Fig 3). Moreover, incorporation of osteoprogenitor

cells such as ASCs can improve bone regeneration

and can be successfully applied for the reconstruction

of large mandibular defects without the need for

ectopic bone formation, allowing successful

FIGURE2. Image display of 1-stage and 2-stage procedures using bone substitutes in combination with 2-week expanded (2-stage procedure)
or freshly isolated adipose stem cells (1-stage procedure) for treatment of large oral and maxillofacial bone defects. Top, One-stage procedure.
1)Adipose tissue is harvested by liposuction. 2) The adipose tissue and liposuction fluid are collected in syringes. 3) The filled syringes are trans-
ferred into a Celution 800/CRS system (Cytori Therapeutics, Inc, San Diego, CA). This device washes, digests, and centrifugates the adipose
tissue to obtain the fresh vascular fraction containing the adipose stem cells. After isolation of the stromal vascular fraction, cells can be briefly
stimulated with growth factors before seeding the stimulated cells onto a 3D printed scaffold material. 4) The freshly isolated adipose stem cells
are seeded onto the scaffold. Unattached cells are washed off, and the scaffold is combined with stem cells. 5) During the short attachment
period of the cells (30 minutes), the patient is prepared for the surgical procedure (ie, maxillary sinus floor elevation). 6) The tissue-
engineered construct containing the scaffold and adipose stem cells is inserted immediately into the patient, and the space created in the maxil-
lary sinus is filled with the 3D printed construct combinedwith adipose stem cells. 7) The wound is closed. Bottom, Two-stage procedure. 1)Cells
are cultured and expanded on tissue culture plastic for 10 days. 2) Adipose stem cells are collected by FACS analysis. 3) Adipose stem cells are
cultured again for a few days. 4)Cells are seeded on the scaffolds. 5) The tissue-engineered construct containing the scaffold and adipose stem
cells is inserted immediately into the patient, and the space created is filled. 6) In the 2-stage procedure, 3D stereolithographic medical skull
models are fabricated using the patient’s preoperative computed tomographic non-compressed Digital Imaging and Communications in
Medicine voxel-based dataset. The medical skull models allow visualization and assessment of the planned resection defects and are used
to pre-bend commercially available reconstruction plates and titanium meshes for later use in the reconstructions. The 2-stage procedure has
often been performed in conjunction with 3D printed reconstruction plates. 3D, 3-dimensional; FACS, fluorescence-activated cell sorting.
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figure 2
image display of 1-stage and 2-stage procedures using bone substitutes in combination with 
2-week expanded (2-stage procedure) or freshly isolated adipose stem cells (1-stage procedure) 
for treatment of large oral and maxillofacial bone defects. Top, one-stage procedure.
Adipose tissue is harvested by liposuction. 2) The adipose tissue and liposuction fluid are collect-
ed in syringes. 3) The filled syringes are transferred into a Celution 800/CRS system (Cytori Thera-
peutics, inc, san Diego, ca). This device washes, digests, and centrifugates the adipose tissue to 
obtain the fresh vascular fraction containing the adipose stem cells. after isolation of the stromal 
vascular fraction, cells can be briefly stimulated with growth factors before seeding the stimulat-
ed cells onto a 3D printed scaffold material. 4) The freshly isolated adipose stem cells are seeded 
onto the scaffold. unattached cells are washed off, and the scaffold is combined with stem cells. 
5) During the short attachment period of the cells (30 minutes), the patient is prepared for the sur-
gical procedure (ie, maxillary sinus floor elevation). 6) The tissue-engineered construct containing 
the scaffold and adipose stem cells is inserted immediately into the patient, and the space created 
in the maxillary sinus is filled with the 3D printed construct combined with adipose stem cells. 7) 
The wound is closed. bottom, Two-stage procedure. 1) cells are cultured and expanded on tissue 
culture plastic for 10 days. 2) adipose stem cells are collected by facs analysis. 3) adipose stem 
cells are cultured again for a few days. 4) cells are seeded on the scaffolds. 5) The tissue-engi-
neered construct containing the scaffold and adipose stem cells is inserted immediately into the 
patient, and the space created is filled. 6) In the 2-stage procedure, 3D stereolithographic medical 
skull models are fabricated using the patient’s preoperative computed tomographic non-com-
pressed Digital imaging and communications in Medicine voxel-based dataset. The medical skull 
models allow visualization and assessment of the planned resection defects and are used to 
pre-bend commercially available reconstruction plates and titanium meshes for later use in the 
reconstructions. The 2-stage procedure has often been performed in conjunction with 3D printed 
reconstruction plates. 3D, 3-dimensional; FACS, fluorescence-activated cell sorting.
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ogous adipose tissue, which provides an abundant amount of ASCs.16 The harvesting 
of adipose tissue is simple and causes less morbidity compared with standard bone 
and bone marrow harvesting techniques. In addition, ASCs can be retrieved in large 
numbers from adipose tissue and can be easily expanded in vitro and induced to dif-
ferentiate into the osteogenic lineage.15,17,56,57 ASCs attach and proliferate adequately 
when seeded on scaffolds such as calcium phosphates.3,15,16,18 ASC-seeded scaffolds 
are used to create well-vascularized custom-made implants in vivo. The vascularization 
can be accounted for by the angiogenic properties of ASCs.11 ASCs have been applied 
successfully to patients without a history of radiation therapy to reconstruct segmental 
mandibular defects resulting from ameloblastoma resection.16 ASCs also have been 
used successfully to treat bony cranial defects, frontal sinus infections with failed 
conventional nonsurgical and surgical treatment, recurrent ameloblastomas requiring 
segmental mandibular resection, and chronic nasal septum perforation.18 For clinical 
application of ASCs, isolation and in vitro cell expansion in GMP-class clean rooms is 
required according to standard operating procedures.3,16,18

Currently, the approach most widely used to replace the functions of pathologically 
altered tissue aims to transplant cells into a 3D supporting biodegradable matrix, which 
becomes capable of replacing the functions of the pathologically altered tissue.58 Re-
cently, a new approach has been introduced in which ASCs are applied immediately 
after isolation to the patient, allowing a 1-step surgical procedure, thereby avoiding ex-
pensive cell culture procedures and another surgical operation. In this new cell-based 
tissue-engineering approach, stem cells are combined with an osteoconductive scaf-
fold and growth factors and applied immediately to the patient.53-55

In addition to ASCs, cultured or uncultured in the form of stromal vascular fraction 
obtained from excised adipose tissue or lipoaspirate, bone marrow MSCs have been 
used successfully in oral and maxillofacial applications.6,12,14,23 These stem cells are char-
acterized by a self-renewal capacity, a long lifespan, and the potential to differentiate 
into several lineages, including bone, cartilage, muscle, and fat. Although bone marrow 
is a frequently used source for MSCs, relatively small cell numbers can be isolated from 
bone marrow. In contrast, 100- to 1,000-fold larger numbers of MSCs have been found 
per volume in adipose tissue.59 Adipose tissue can be harvested from patients by min-
imally invasive methods and in general is abundantly available. Therefore, ASCs con-
stitute a promising tool for tissue-engineering approaches targeting skeletal defects.56 

Growth factors also might be useful for bone regeneration. An example of growth factors 
used in clinical applications is BMPs, which are involved in bone development and in-
duce differentiation of MSCs toward the osteochondrogenic lineage. Especially BMP-2 
and BMP-7 are under evaluation for tissue-engineering approaches targeting skeletal 
defects and are already available as clinically approved recombinant proteins.3,11,15-18,54,57

clinical application of aM for immediate Reconstruction of large bone Defects 
in the oral and Maxillofacial Region
For adequate bone formation, not only are the biocompatibility and osteo-conductivity 
of the biomaterials used important, but also crucial is osteoinduction of the primitive, 
undifferentiated, and pluripotent cells into bone-forming cells.2,53 This can be achieved 
with the addition of osteoinductive growth factors15,17,57 or by using osteoinductive ma-
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terials, such as calcium phosphate-based materials2,8 and by the incorporation of AM 
techniques, such as selective laser sintering, in the oral and maxillofacial field.29,30,34

AM confers reproducible control over cell positioning, surpassing uneven, random, 
and slow cell distribution within the scaffold and yields a defined scaffold structure with 
regard to external shape and internal morphology for successful clinical application 
(Fig 3). Moreover, incorporation of osteoprogenitor cells such as ASCs can improve 
bone regeneration and can be successfully applied for the reconstruction of large 
mandibular defects without the need for ectopic bone formation, allowing successful 
rehabilitation with dental implants.3,16 In addition, the adipose tissue-derived fresh stro-
mal vascular fraction contains not only ASCs but also other cell populations, such as 
endothelial progenitors. The high frequency of endothelial progenitors found in the adi-
pose stromal vascular fraction makes them excellent candidates for osteogenic regen-
erative therapy, in which angiogenesis is crucial for an adequate bone formation.60,61 

Not only AM but also subtractive manufacturing technologies, which use a block of ma-
terial and remove the unnecessary excess until only the desired shape remains, have 
applications in OMS. Milling machines have allowed the usage of bone (allogeneic or 
xenograft) as a scaffold for stem cell transplantation.62 An exciting application of this 
method is in the creation of custom patient-specific bone segments for use in surgery 
after traumatic injury or tumor resection. The geometry of segmental defects in bone, 
resulting from traumatic injury, can be reverse-engineered working from medical imag-
es (such as computed tomographic [CT] scans) by using a subtractive rapid prototyping 
process called computer numerically controlled rapid prototyping (CNC-RP), and then 
accurate defect fillers can be automatically generated in advanced synthetic biomate-
rials and other bioactive and biocompatible materials. Using this CNC-RP process, all 
visible surfaces are machined and a set of sacrificial supports keeps it connected to 
the uncut ends of the stock material. Once all operations are complete, the supports 
are severed (sawed or milled) in a final series of operations and the part is removed. 
This method is obviously not capable of machining all parts of extremely complex 
shape.63 Much has been discussed about replacing traditional subtractive manufactur-
ing methods. However, for many applications, AM cannot generate components with 
the required accuracy and, hence, consistency achieved with subtractive manufactur-
ing. Therefore, in many cases, AM constructs often require complementary finishing 
using subtractive technology.64

Proof of concept with a 2-step surgical procedure using primitive materials has 
been shown. It would be highly desirable to combine ASCs with 3D printed materials 
in a 1-step surgical procedure for immediate reconstructive surgery, which would save 
time and expensive laboratory costs. However, there are drawbacks, such as the time 
needed to print the desired scaffold and to integrate devices in the operating room.

To mimic in vitro the microenvironment of cells in a human body that induces spe-
cific biological functions or morphogenesis-related processes and promotes adequate 
remodeling, 3D cell arrangements are indispensable. Bio-printing has been used in a 
broad range of applications, including printing of protein patterns and living cells, as 
drug delivery systems, for cell transfection, and to identify potential biomarkers in sev-
eral diseases. Bio-printing techniques, such as inkjet printing, allow the arrangement 
of multiple relevant cell types and other tissue components into predetermined sites 
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within appropriate scaffolds, thereby controlling cell adherence and growth to form cell 
patterns. Cell printing is a promising tool to engineer new tissues or organs based on 
its high throughput efficiency, its low cost effectiveness, and the fact that it is fully au-

FIGURE 3. Example of virtual planning and 3-dimensional printing based on computed tomographic data. A, Virtual model of a Le Fort I
osteotomy of the upper jaw and a sagittal split osteotomy of the lower jaw. B, Virtually planned reconstruction plate ready for 3-dimensional
printing on the right side of the upper jaw.
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figure 3
example of virtual planning and 3-dimensional printing based on computed tomographic data. a, 
Virtual model of a le fort i osteotomy of the upper jaw and a sagittal split osteotomy of the lower 
jaw. b, Virtually planned reconstruction plate ready for 3-dimensional printing on the right side of 
the upper jaw.
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tomated. However, there are considerable technical barriers in the development of an 
emerging inkjet printing technology, such as the ability of the modified printers to deliv-
er viable cells and the capability of the inkjet printing to fabricate functional, viable, and 
functionally vascularized 3D constructs.65 

Imaging-guided tissue-engineering technologies, such as CAD and computer-aided 
manufacturing and AM techniques, which can be applied with laser scanning, allow the 
manufacture of custom-made scaffolds that deliver cells for given bone defects.27,28 In 
dentistry and OMS, 3D printing could be a valuable tool for oral and maxillofacial skel-
etal repair and for surgical planning in anatomically complex sites. These techniques 
also provide possibilities to engineer and manufacture sophisticated tools for drug eval-
uations and to instruct students in basic and advanced dental education to accurately 
reproduce the craniomaxillary anatomy. Three-dimensional printing is already used in 
the reconstruction of jaw defects.

ASCs have shown a high proliferation rate and an osteogenic differentiation poten-
tial, which make them very interesting for bone regeneration in the oral and maxillofa-
cial region, where mechanical forces are applied to cells in load-bearing situations. For 
reconstruction of large oral and maxillofacial bone defects, a 1-step surgical procedure 
combing ASCs with AM technology would allow immediate and efficient treatment. 
Using uncultured ASCs in the form of a stromal vascular fraction would overcome the 
disadvantages of using expensive GMP facilities. Moreover, the quantity of endothelial 
precursors in the stromal vascular fraction is considerably larger, thereby contributing 
to enhanced angiogenesis, which is crucial for successful bone regeneration. This 
1-step surgical model using ASCs loaded in a tissue-engineered construct designed 
by AM would have an interesting potential in the reconstruction of large oral and max-
illofacial bone defects in load-bearing situations, which require adequate vasculariza-
tion and bone structure. Attention should be paid to computerized 3D reconstruction, 
because this still cannot accurately replicate soft tissue deformation. Joint efforts be-
tween clinical practice and related sciences should be performed to integrate skeletal 
and soft tissue reconstruction for an accurate correction of facial defects. One-step 
surgical procedures combined with bio-printing and AM offer a new and innovative 
approach that could allow the successful reconstruction of large oral and maxillofacial 
bone defects.
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inTRoDucTion

Recent developments in craniofacial reconstruction have shown important advances in 
both the materials and methods used. While autogenous tissue is still considered to be 
the gold standard for these reconstructions, the harvesting procedure remains tedious 
and in many cases causes significant donor site morbidity. These limitations have sub-
sequently led to the development of less invasive techniques such as 3D bioprinting 
that could offer possibilities to manufacture patient-tailored bioactive tissue constructs 
for craniofacial reconstruction. Here, we discuss the current technological and (pre)
clinical advances of 3D bioprinting for use in craniofacial reconstruction and highlight 
the challenges that need to be addressed in the coming years.

cRaniofacial ReconsTRucTion MeThoDs

The craniofacial area comprises several different tissue types that include bone, car-
tilage, muscles, ligaments, and skin, as well as essential supporting structures such 
as bloodvessels and nerves (Box 1 and Figure 1). Traumatic orcongenital defects of 
one or more of these tissues can lead to severe functional impairment and aesthet-
ic problems. Throughout the past decades, the management and treatment of such 

box 1
craniofacial anatomy and physiology 

anatomical structures of the face and skull 
The development of the human craniofacial area is critical for the function of the brain, airway, vision, 
speech, and mastication. In addition, the physiological function of the facial area largely depends on the 
morphology of the skull, indicating the complex interplay between the two areas [5]. The craniofacial skel-
eton forms the hard tissue of the face and skull and provides essential structural support and projection for 
overlying soft tissues, as well as attachments for muscles and guidance and protection of nerves, blood 
vessels, and sensory organs such as the eyes. In addition to the craniofacial skeleton, several soft tissue 
compartments exist in the facial area that include fat compartments, fascia, mimetic and masticatory mus-
cles, and retaining ligaments (see Figure 1 in main text).

Relevant cell / Tissue Types 
Relevant craniofacial tissue types include bone, cartilage, muscle, and ligaments and their accompanying 
structures such as blood vessels and nerves. Subsequently, there area number of different cell types that 
have to be considered. Bone comprises several cell types that include the bone-forming osteoclasts, the 
bone-resorbing osteoblasts, and the bone-embedded osteocytes, where as facial cartilage (i.e., ear and 
nose) is mainly composed of one cell type, the chondrocyte.

injuries and Diseases that affect the craniofacial area 
Numerous conditions including congenital disease, cancer, and trauma can lead to the physical loss of es-
sential craniofacial tissues. Loss of bone and disruption of bone metabolism, in particular, cause changes 
in the craniofacial morphology that directly affect physiological function. For example, cancer of the orbital 
floor may cause problems with eyesight, where as trauma to the side of the face may lead to damage to 
the facial nerve and subsequent loss of facial expression due to the denervation of the mimetic muscles. 
A common congenital disease that affects the craniofacial area is cleft palate. Common traumatic injuries 
to the face include lacerations, blunt force trauma, and burns. Common cancers that affect the craniofacial 
area include skin cancer, mouth cancer, and esophageal cancer.
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craniofacial defects has been continuously evolving. A wide range of materials are cur-
rently used in reconstructive surgery that range from autografts (see Glossary) [1] and 
allografts [2] to metals (e.g., titanium) [3], and polymers (e.g., porouspolyethylene) [4]. 
Despite the good clinical results often attained, these materials have significant disad-
vantages (Box 2) and often fail to mimic the complex 3D anatomy and biology of native 
tissues. Such limitations have subsequently led to the development of novel technolo-
gies such as bioprinting.

Since the introduction of the term bioprinting in 2004 [9], bioprinting technology 
has been used for the in vitro fabrication of various tissue constructs that include 
bone [10–12], cartilage [13–15], skin [16–18], muscle [19,20], bloodvessels [21], and 
nerves [22]. Translation towards in vivo and ultimately clinical application of bioprinted 
cell-incorporated bioactive scaffolds requires three fundamental steps: (i) imaging and 
design, (ii) choice of adequate biomaterials and cells, and (iii) bioprinting of the tissue 
construct and implantation into the patient [23]. In this opinion paper, we discuss the 
current technological developments and possible clinical applications of bioprinting for 
reconstruction of the craniofacial area.

biopRinTinG TechnoloGies foR cRaniofacial applicaTion

There are several cell-compatible bioprinting technologies, including laser-assisted 
bioprinting (LAB), inkjet printing, and micro extrusion (Figure 2) that could be used 
for craniofacial tissue printing in the near future. These promising technologies offer 
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Box 1. Craniofacial Anatomy and Physiology

Anatomical Structures of the Face and Skull

The development of the human craniofacial area is critical for the function of the brain, airway, vision, speech, and
mastication. In addition, the physiological function of the facial area largely depends on the morphology of the skull,
indicating the complex interplay between the two areas [5]. The craniofacial skeleton forms the hard tissue of the face and
skull and provides essential structural support and projection for overlying soft tissues, as well as attachments for
muscles and guidance and protection of nerves, blood vessels, and sensory organs such as the eyes. In addition to the
craniofacial skeleton, several soft tissue compartments exist in the facial area that include fat compartments, fascia,
mimetic and masticatory muscles, and retaining ligaments ([4_TD$DIFF]see Figure 1 [5_TD$DIFF] in main text).

Relevant Cell/Tissue Types

Relevant craniofacial tissue types include bone, cartilage, muscle, and ligaments and their accompanying structures such
as blood vessels and nerves. Subsequently, there are a number of different cell types that have to be considered. Bone
comprises several cell types that include the bone-forming osteoclasts, the bone-resorbing osteoblasts, and the bone-
embedded osteocytes, whereas facial cartilage (i.e., ear and nose) is mainly composed of one cell type, the chondrocyte.

Injuries and Diseases that Affect the Craniofacial Area

Numerous conditions including congenital disease, cancer, and trauma can lead to the physical loss of essential
craniofacial tissues. Loss of bone and disruption of bone metabolism, in particular, cause changes in the craniofacial
morphology that directly affect physiological function. For example, cancer of the orbital floor may cause problems with
eyesight, whereas trauma to the side of the face may lead to damage to the facial nerve and subsequent loss of facial
expression due to the denervation of the mimetic muscles. A common congenital disease that affects the craniofacial
area is cleft palate. Common traumatic injuries to the face include lacerations, blunt force trauma, and burns. Common
cancers that affect the craniofacial area include skin cancer, mouth cancer, and esophageal cancer.
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Figure 1. Craniofacial Anatomy. Figure reprinted with permission of the Department of Functional Anatomy, Academic Centre for Dentistry Amsterdam (ACTA).
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figure 1
craniofacial anatomy. figure reprinted with permission of the Department of functional anatomy, 
academic centre for Dentistry amsterdam (acTa).
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unique opportunities for craniofacial tissue printing and are currently being tested pri-
marily in vitro, and in a few cases in vivo. 

laser-assisted bioprinting 
Laser-assisted bioprinting technology (Figure 2A) is based on laser-induced forward 
transfer (LIFT) and enables the precise printing of individual cells in small constructs 
[24]. Highly organized craniofacial tissues such as muscle may benefit from LAB tech-
nology by generating individual tissue units that can later be assembled into functional 
tissues using self-assembly or rational design [23]. In addition, tissues that exhibit sin-

box 2
advantages and Disadvantages of current craniofacial Reconstruction Materials

autografts and allografts
Autografts are considered to be the current ‘gold standard’ material in craniofacial surgery. These grafts 
can be used for reconstructing bone, cartilage, and skin defects following trauma, tumor resection, or con-
genital anomalies. A major advantage of autogenous tissue is the lack of immune reaction. However, the 
harvesting procedure is a tedious process and may cause significant donor site morbidity [1,6]. 

Allografts are often harvested from the same species and are usually of cadaveric origin, but they may also 
be harvested from a living donor. The advantages of allogenic grafts are their abundant supply and lack of 
donor site morbidity. Allografts, however, precipitate immunogenic reactions, and concerns remain regard-
ing the transmission of malignancies and viral diseases [7].

cement pastes 
The most commonly used cement paste in craniofacial reconstruction is calcium phosphate. Calcium phos-
phate closely resembles bone and has high biocompatibility. For bone reconstruction, cement pastes are 
relatively easy to handle and mold. Some minor complications that include the risk of infection and seroma-
formation have been reported [7]. 

Metals 
At present,titanium-based constructs are the most commonly used metal implants in craniofacial surgery. 
Titanium is biocompatible and has an excellent strength-to-weight ratio [6]. However, metal implants have 
low wear resistance, which is problematic in articulating surfaces. 

Prefabricated Polymers 
The most common polymers used in craniofacial surgery are poly(methyl)methacrylate (PMMA), polyeth-
eretherketone (PEEK), and porous polyethylene(PPE). 

PMMA 
Polymerization of methylmethacrylate (MMA) yields a durable material that can be contoured and fixed 
rigidly in to a cranioplasty site. Advantages include low cost and a lack of biodegradation. Disadvantages 
include high bacterial adhesion and thermal tissue injury due to an exothermal mixing reaction [7]. 

PEEK 
PEEK is an organic thermoplastic polymer with high biocompatibility that closely resembles native bone. How-
ever, PEEK has no bioactive potential, and therefore there is a significant risk of postoperative infection [8].

PPE 
PPE has become versatile for the reconstruction of the craniofacial area with applications in ear reconstruc-
tion, cranial augmentation, nasal, and malar reconstruction. A major advantage of polyethylene implants is 
that their porous nature allows native tissue ingrowth, which reduces the chance of infection. However, a ma-
jor disadvantage is the increased infection rate, exposure, and extrusion of the implant in less vascularized ar-
eas [7]. Furthermore, unsatisfactory aesthetic appearance has also been reported in up to 10% of patients [4].
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gle cell layers such as the endothelium of blood vessels, the oral mucosa of the mouth, 
and the basement membrane of the epidermis of the skin can be printed using LAB 
technology. In fact, one of the first reported applications of LAB technology was for the 
bioprinting of the skin [25]. Although skin is a complex tissue that comprises multiple 
cell layers and appendages such as sweat glands and hair follicles, it has a relatively 
simple structure that is composed of multiple consecutive cell layers. The major draw-
backs of LAB technology are the high costs involved in the printing process and the 
low flow rates due to the rapid gelation of hydrogels after deposition. These drawbacks 
may explain the lack of advances in this technology (Table 1). Although craniofacial 
reconstruction may benefit from LAB technology by aiding in skin tissue engineering, 
which may be beneficial for burn victims, it is unlikely that this technology will advance 
further for the development of load-bearing bone constructs.

inkjet bioprinting 
Using inkjet bioprinting technology (Figure 2B), cell-containing droplets with a small 
resolution (20–100 mm) can be produced at exceptionally high speeds (up to  ~10 
000droplets/s) [24]. Several craniofacial cell types including bone cells [10], endothe-
lial cells [21], cartilage cells [13], and muscle cells [19] have been printed in vitro using 
this technology. Unfortunately, the droplet viscosity that can be used in inkjet printers 
is low [41], which limits the thickness and ultimately the mechanical strength that is 
required for structural support. As a result, inkjet printing technology is less applicable 
for load-bearing tissues in the craniofacial area such as the mandible and temporo-
mandibular joint (TMJ). Soft, nonload-bearing but highly organized tissues such as 
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comprises multiple cell layers and appendages such as sweat glands and hair follicles, it has a
relatively simple structure that is composed of multiple consecutive cell layers. The major
drawbacks of LAB technology are the high costs involved in the printing process and the
low flow rates due to the rapid gelation of hydrogels after deposition. These drawbacks may
explain the lack of advances in this technology (Table 1). Although craniofacial reconstruction
may benefit from LAB technology by aiding in skin tissue engineering, which may be beneficial
for burn victims, it is unlikely that this technology will advance further for the development of load-
bearing bone constructs.

Inkjet Bioprinting
Using inkjet bioprinting technology (Figure 2B), cell-containing droplets with a small resolution
(20–100 mm) can be produced at exceptionally high speeds (up to �10 000 droplets/s) [24].
Several craniofacial cell types including bone cells [10], endothelial cells [21], cartilage cells
[13], and muscle cells [19] have been printed in vitro using this technology. Unfortunately, the
droplet viscosity that can be used in inkjet printers is low [41], which limits the thickness and
ultimately the mechanical strength that is required for structural support. As a result, inkjet
printing technology is less applicable for load-bearing tissues in the craniofacial area such as
the mandible and temporomandibular joint (TMJ). Soft, nonload-bearing but highly organized
tissues such as aponeuroses, particular mimetic muscles (e.g., the orbicularis oculi,
orbicularis oris, occipitofrontalis, and depressor anguli oris muscles, which are all commonly
affected by ablative surgery and facial trauma), ear and nasal cartilage, and blood vessels
may benefit from inkjet printing technologies as these tissues may require a structured
deposition of cells at the micrometer resolution that can be accomplished using inkjet
printing technology. Inkjet printed tissue constructs cannot be readily implanted as cranio-
facial constructs due to their lack of mechanical strength, but may benefit from extensive
maturation in a bioreactor before implantation. Several craniofacial cell types including
ear cartilage [42], a TMJ [43], and skeletal muscle [44] have already benefited from in vitro
bioreactor culturing.
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Figure 2. Bioprinting Technologies. (A) Laser-assisted bioprinters use pulsed laser beams focused on an energy-absorbing substrate to generate pressure that
propels cell-containing material to deposit onto a receiving substrate. (B) Thermal inkjet bioprinters electrically heat the printhead and produce air pressure pulses to force
cell-containing droplets from the nozzle, whereas acoustic inkjet printers use pulses formed by piezoelectric or ultrasound pressure. (C) Microextrusion bioprinters use
pneumatic or mechanical (piston or screw) systems to extrude a continuous strand of material and/or cells. Solenoid-based systems rely on pressure and a valve
controller to deposit bioink on a receiving substrate. Craniofacial tissues that can possibly be printed in the near future are also specified.
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figure 2
bioprinting Technologies. 
(a) laser-assisted bioprinters use pulsed laser beams focused on an energy-absorbing substrate 
to generate pressure that propel scell-containing material to depositon to a receiving substrate. 
(b) Thermal inkjet bioprinters electrically heat the print head and produce air pressure pulses 
to force cell-containing droplets from the nozzle, where as acoustic inkjet printers use pulses 
formed by piezoelectricor ultrasound pressure. (c) Microextrusion bioprinters use pneumaticor 
mechanical (piston or screw) systems to extrude a continuous strand of material and / or cells. 
solenoid-based systems rely on pressure and a valve controller to deposit bioink on a receiving 
substrate. Craniofacial tissues that can possibly be printed in the near future are also specified.
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Tech-
nique

Tissue scaffold Material cell Type cell
Viability

cell
concentration

Refs

ME Bone Alginate; Gelatin; HA MSCs 84–85% 5 x 106/ml [26]

ME Bone Collagen I; Chitosan; 
Agarose

MSCs 95–99% 5 x 104-8 x 104/ml [27]

ME Bone PLGA; PEG MSCs 50–87% 2 x 106/ml [28]

ME Bone / 
Cartilage

Agarose MSCs ~100% 1 x 107/ml [29]

ME Bone / 
Cartilage

Alginate Chondrocytes
Osteogenic 
progenitors

70–88% 5 x 106/ml [30]

ME Bone / 
Cartilage

Collagen type I; HA Nasal chon-
drocytes 
Osteoblasts

>90% 2 x 106/ml [31]

ME Bone / 
Cartilage

GelMA MSCs ~ 90% 2 x 106/ml [32]

ME Cartilage Nanocellulose; 
Alginate

Nasal 
Chondrocytes

73–86% 1 x 106/ml [33]

ME Cartilage PCL; Alginate Nasal 
Chondrocytes

85–97% 1 x 106/ml [34]

ME Cartilage PCL; PEG; Alginate MSCs 95% 1 x 106/ml [14]

ME Skin Bioink (RegenHU) Fibroblasts 
Keratinocytes

96.7–99.4% 9 x 106/ml [18]

ME Skin Collagen Fibroblasts 
Keratinocytes

85.5–95.0% 1 x 106/ml [16]

ME Skin Fibrin; Collagen MSCs - - [35]

LAB Skin Gelatin Dermal
Fibroblasts

91% 0.6 x 106/ml [17]

LAB Skin MatriDerm® Fibroblasts 
Keratinocytes

- 1.5 x 106/ml [36]

Inkjet Bone PEGDMA; Bioglass; 
HA

MSCs 63.8–86.6% 6 x 106/ml [37]

Inkjet Bone / 
Cartilage

PEG MSCs 87.9% 6 x 106/ml [38]

Inkjet Bone / 
Cartilage

PEG–GelMA MSCs 85–90% 6 x 106/ml [39]

Inkjet Cartilage PEGDA Articular 
Chondrocytes

- - [40]

Inkjet Cartilage PEGDMA Articular 
Chondrocytes

63.2–89.2% 5 x 106/ml [13]

Table 1: studies on bioprinting of human bone, cartilage, and skin cellsa

a abbreviations: Me, microextrusion; lab, laser-assisted bioprinting; peGDMa, poly (ethyleneg-
lycol) dimethacrylate; GelMa, gelatin methacryloyl; pcl, polycaprolactone; Mscs: mesenchymal 
stem cells.
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aponeuroses, particular mimetic muscles (e.g., theorbicularis oculi, orbicularis oris, 
occipitofrontalis, and depressor anguli oris muscles, which are all commonly affected 
by ablative surgery and facial trauma), ear and nasal cartilage, and bloodvessels may 
benefit from inkjet printing technologies as these tissues may require a structured 
deposition of cells at the micrometer resolution that can be accomplished using inkjet 
printing technology. Inkjet printed tissue constructs cannot be readily implanted as 
craniofacial constructs due to their lack of mechanical strength, but may benefit from 
extensive maturation in a bioreactor before implantation. Several craniofacial cell types 
including ear cartilage [42], a TMJ [43], and skeletal muscle [44] have already benefited 
from in vitro bioreactor culturing.

Microextrusion bioprinting 
Microextrusion is by far the most commonly used technology for in vitro bioprinting 
(Figure 2C and Table 1) and is based on fused deposition modeling (FDM). Microextru-
sion technology is typically used to create polymeric scaffolds that can be seeded with 
cells that are expected to create an extracellular matrix (ECM) with the aid of growth 
factors or mechanical stimulation, traditionally known as the ‘top-down’ approach [45]. 
Therefore, microextrusion technology can be very useful for the printing of mechanical-
ly strong, patient-tailored polymeric constructs for craniofacial reconstruction that can 
be directly incorporated in the patient (e.g., to treat bony fragments in blowout fractures 
of the orbital floor). A wide range of different craniofacial cell types has already been 
printed in vitro using this technology, including important shape-defining tissues such 
as bone and cartilage (Table 1). Microextrusion technology may becombined with cur-
rent stemcell technology to generate directly implantable scaffold constructs that may 
regenerate overtime [46]. The results of this may be a one-step surgical procedure [47] 
by which a construct could be bioprinted and implanted in the patient during craniofa-
cial surgery without the need for extensive bioreactor culturing.

scaffolDs applicable To cRaniofacial ReconsTRucTion 

Scaffolds or lattices are 3D structures that form the basis for tissue formation and play 
pivotal roles in cell–cell interactions and ECM formation [48,49]. Scaffolds for craniofa-
cial reconstruction should exhibit adequate structural and mechanical properties to re-
sist contractive forces to provide a suitable environment for cell and subsequent tissue 
growth (Figure 3). Owing to the diversity of tissues in the craniofacial area, site-specific 
scaffolds are required to mimic the surrounding tissue. An ideal craniofacial scaf-
fold comprises a cell-embedded structure with good biocompatibility and adequate 
structural and mechanical strength that allows for tissue ingrowth. Although several 
scaffold-free modalities, which may have certain advantages over scaffold-based mo-
dalities, exist, scaffold-free approaches are not suitable for certain types of craniofacial 
tissues such as load-bearing bone.

scaffold-based Modalities: natural versus synthetic-based scaffolds 
A variety of common natural-based scaffolds have been used for the in vitro bioprinting 
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of craniofacial cells. These scaffolds include collagen type I [27,31], gelatin [12,26,50], 
fibrin [35], alginate (Table 1), hyaluronicacid [26,31,51], and silk fibers [52] (Table 1). Nu-
merous research groups have developed chemical and mechanical tools to customize 
the viscosity and mechanical strength of such scaffolds. For example, modification of 
a collagen scaffold with calcium phosphate can increase cell adhesion and mineraliza-
tion [53]. In addition, simultaneous cross-linking of methacrylated gelatin (GelMA) and 
polyethyleneglycol (PEG) can increase the properties of bio printed bone and cartilage 
tissue [39]. 

Natural-based scaffolds provide an adequate environment for cell growth and matrix 
deposition but require crosslinking to preserve gel integrity [27,54,55]. This (i) decreas-
es the production speed of bioprinted constructs and (ii) may affect cell viability be-
cause UV light, chemicals, and/ or heat are often required to crosslink such constructs. 

Despite the advantages of natural-based scaffolds, bioprinted low-viscosity gels are 
not sufficient for direct implantation and reconstruction of large load-bearing craniofa-
cial tissues (e.g., mandible). However, injectable [56] or topically applied bioink [57] that 
can be bioprinted directly into the patient (in situ bioprinting) may become a reality for 
the reconstruction of facial burns and the filling of small traumatic cartilaginous or bony 
defects. 

As opposed to natural-based scaffolds, synthetic-based scaffolds such as polylacti-
cacid (PLA) [58], poly-ecaprolactone( PCL) [14], PEG [14], and polyetherurethane (PU) 
[59] (Table 1) have the ability to withstand large forces. Therefore, synthetic scaffolds 
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types has already been printed in vitro using this technology, including important shape-defining
tissues such as bone and cartilage (Table 1). Microextrusion technology may be combined with
current stem cell technology to generate directly implantable scaffold constructs that may
regenerate over time [46]. The results of this may be a one-step surgical procedure [47] by
which a construct could be bioprinted and implanted in the patient during craniofacial surgery
without the need for extensive bioreactor culturing.

Scaffolds Applicable to Craniofacial Reconstruction
Scaffolds or lattices are 3D structures that form the basis for tissue formation and play pivotal
roles in cell–cell interactions and ECM formation [48,49]. Scaffolds for craniofacial reconstruction
should exhibit adequate structural and mechanical properties to resist contractive forces to
provide a suitable environment for cell and subsequent tissue growth (Figure 3). Owing to the
diversity of tissues in the craniofacial area, site-specific scaffolds are required to mimic the
surrounding tissue. An ideal craniofacial scaffold comprises a cell-embedded structure with
good biocompatibility and adequate structural and mechanical strength that allows for tissue
ingrowth. Although several scaffold-free modalities, which may have certain advantages over
scaffold-based modalities, exist, scaffold-free approaches are not suitable for certain types of
craniofacial tissues such as load-bearing bone.

Scaffold-Based Modalities: Natural versus Synthetic-Based Scaffolds
A variety of common natural-based scaffolds have been used for the in vitro bioprinting of
craniofacial cells. These scaffolds include collagen type I [27,31], gelatin [12,26,50], fibrin [35],
alginate (Table 1), hyaluronic acid [26,31,51], and silk fibers [52] (Table 1). Numerous research
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Figure 3. Advantages and Disadvantages of Different Scaffold Types Used for Craniofacial Bioprinting. The scaffold is a supporting structure for cells.
Hydrogels, lattices, and dECM are all considered scaffolds. The biomaterial that makes up a bioink is also considered a scaffold. The different bioprinted scaffolds each
have advantages and disadvantages when it comes to application for craniofacial reconstruction. Abbreviation: dECM, decellularized extracellular matrix.
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figure 3
advantages and Disadvantages of Different scaffold Types used for craniofacial bioprinting. 
The scaffold is a supporting structure for cells. hydrogels, lattices, and decMareall considered 
scaffolds. The biomaterial that makes up a bioink is also considered a scaffold. The different bio-
printed scaffolds each have advantages and disadvantages when it comes to application for crani-
ofacial reconstruction. abbreviation: decM, decellularized extracellular matrix.
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are ideal candidates for the reconstruction of complex anatomical tissues such as bone 
(e.g.,maxilla) and nasal cartilage tissue in the craniofacial area that require mechanical 
strength. Unfortunately, long-term studies on the biocompatibility and toxicity of such 
materials are still lacking. In addition, synthetic polymers require higher extrusion tem-
peratures that range from 608°C to 2008°C. Owing to the high extrusion temperatures, 
the synchronous bioprinting of cells and polymers is not feasible. 

Combining synthetic-based polymers with natural-based bioinks in separate print-
ing cartridges can, however, combine the best of both worlds and seems to be a feasi-
ble method to bioprint anatomically accurate and mechanically stable ear and mandib-
ular constructs that can be implanted in vivo [20].

Another approach to scaffold-based bioprinting is the use of decellularized extra-
cellular matrices (dECMs) that are composed of proteins and polymers that provide 
structural support to the tissue and allow interaction with cell receptors. In recent years, 
dECM has been used as bioink for the printing of multiple craniofacial cell types includ-
ing bone, cartilage, and fat cells [60,61]. However, the excessive loss of important ECM 
proteins during printing [61] and the large amounts of initial ECM required to create a 
relevant tissue construct makes clinical translation of this approach difficult and likely 
irrelevant.

scaffold-free Modalities 
Scaffold-free tissue engineering relies on the ability of cells to fuse and develop the en-
tire ECM without the use of supporting scaffolds. Multiple cell types and combinations 
of cells that include nerve tissue [22] and blood vessels [62] have been bioprinted in vit-
ro using this technology. Although the same bioprinting technologies can be applied to 
both scaffold-based and scaffold-free approaches, the latter requires a confined tem-
porary space where the cells are printed (i.e.,amold). Despite the many advantages of 
scaffold-free bioprinting such as direct cellular interaction, biomimicry, and quick tissue 
formation [63], this modality is better reserved for organ printing rather than craniofacial 
tissue printing for two reasons: (i) the scaffold-free approach requires large numbers of 
cells that have to be harvested from the patient. This increases morbidity and requires 
extensive culturing and eliminates the possibility of a one-step surgical procedure. (ii) 
The mechanical strength of cell aggregates is low, which makes direct implantation of 
the bioprinted construct, especially in load-bearing locations, impossible.

biopRinTinG cell TYpes foR cRaniofacial Tissue foRMaTion

As previously mentioned, the craniofacial area comprises several different tissues. To 
date, the majority of the research published has focused on the bioprinting of bone, 
cartilage, and skin. The greatest advancements have also been made in bioprinting of 
these cell types. Importantly, cancer and trauma in the craniofacial area often specifi-
cally damage these tissues, resulting in significant aesthetic problems.

Mesenchymal stem cells used for bioprinting bone Tissue  
To date, mesenchymal stem cells (e.g., bone marrow derived and adipose tissue de-
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rived) are the most commonly used cell types for the bioprinting of bone tissue (Ta-
ble 1). Such cells are often isolated and subsequently expanded to acquire enough 
bone-forming cells. These cells are then combined with natural-based scaffolds (Table 
1) and can be printed as bioink. However, because natural-based scaffolds lack me-
chanical strength, materials such as Bioglass [37,50], PEG [28], PLA [58], and combi-
nations thereof, are used to enhance the mechanical stability oftheseconstructs(often-
called ‘composite scaffolds’). For example, Wüst et al. reported using hydroxyapatite 
(HA) and gelatin/alginate hydrogels to increase the stiffness and printability of the gel 
without affecting cell viability [26].

Recently, there has been considerate interest in incorporating growth factors such 
as bone morphogenic protein-2 (BMP-2) in bioprinted bone constructs [10,64]. BMP-2 
is FDA (US Food and Drug Administration) approved and has been used clinically to 
reconstruct craniofacial hard tissue defects such as the frontal sinus, cranium, man-
dible, and nasal septum [65]. The ability to print bone-forming cells (i.e., stem cells) 
seems promising with regard to stability and cell viability, which generally lies between 
60% and 100% (Table 1).

cartilage cells
Several attempts have been made to bioprint human craniofacial cartilage using a va-
riety of cells including human nasal chondrocytes [33,34] and adipose-derived stromal 
cells differentiated into chondrocytes [14]. These chondrocytes, however, require a 
scaffold for stabilization. To date, several novel scaffolds have been developed to fabri-
cate cartilage-based bioinks. For example, nanocellulose [33], Pluronic F-127 [15], and 
glycosaminoglycan-based hydrogels [66] have shown promising results with regard to 
increasing the mechanical stability of the bioprinted cartilage constructs required for 
ear and nasal reconstruction.

There is a noticeable trend towards using higher cell numbers for bioprinting [15,33]. 
One major drawback of using high cell numbers is that it requires extensive ex vivo 
expansion that can cause a deterioration in the characteristics and potency of the cell. 
As an alternative, the body can be used as a bioreactor for in vivo growth of cell-seeded 
scaffolds and subsequently transferred to the craniofacial reconstruction area [67].

skin cells
Human fibroblasts and keratinocytes are the most commonly used cell types for skin 
bioprinting [18,36]. Several bioinks composed of cells combined with collagen or fibrin 
have been used. In addition, bovine collagen–elastin (MatriDerm®) has also been used 
for the bioprinting of skin cells [36]. MatriDerm® may have advantages over hydrogels 
as it has already been clinically approved for use with facial burn patients [68]. Howev-
er, it is an animal-derived product that may contain growth factor contamination as well 
as batch-to-batch variation. Although skin bioprinting is still at a very early stage in its 
development, it could be beneficial for the treatment of facial burn wounds.
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clinical applicaTion of biopRinTeD consTRucTs in The cRaniofacial 
aRea

Clinical applications of bioprinting are at a very early stage and still require further 
development (Figure 4, Key Figure). Nevertheless, a number of promising preclinical 
and animal studies have already been performed. For example, Michael et al. [36] 
engineered cellularized skin substitutes using LAB technology and transplanted these 
into full-thickness skin wounds in mice resulting in migration of fibroblasts, blood vessel 
formation, and collagen production. Furthermore, recent studies have reported on the 
applicability of bioprinting for the deposition of tissue in situ. Keriquel et al. [69] used 
in situ LAB technology to deposit nano-HA in a mouse calvarium model. Skardal et al. 
[35] used the laser printing of amniotic fluid stemcells to regenerate skin defects. Inkjet 
bioprinting technology has also been applied to the in situ repair of skin defects in rats 
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Key Figure

Schematic of Steps Involved in Clinical Translation of Bioprinted Craniofacial Constructs
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Step 5. Bioprin�ng construct

Step 6. Reconstruc�on and implanta�on

Step 3: Material selec�on

Step 2: CAD-CAM

Step 1: Imaging

Examples

Examples

Examples

Examples

Examples

Skin cells

Matriderm

Ear

CT

Skin Car�lage Bone

MRI 3D scan

Mandible Cranium

PCL Fibrin/
hyaluronic

acid

Car�lage cells Bone cells Stem cells
(e.g., from fat)

Figure 4. First, an image is acquired of the tissue using medical imaging. Next, computer-aided design (CAD) and computer-aided manufacturing (CAM) are used to
prepare the acquired medical image for bioprinting. Then, the material is chosen based on the tissue type (e.g., load-bearing bone requires mechanically stronger
materials than skin). Next, the appropriate cells are harvested from the patient and ideally used directly for bioprinting or alternatively first cultured in vitro to obtain an
adequate number of cells. Finally, the construct is printed using the appropriate bioprinting technology and implanted in the patient. Abbreviations: CT, computed
tomography; MRI, magnetic resonance imaging; PCL, poly-e-caprolactone.
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figure 4
schematic of steps involved in clinical Translation of bioprinted craniofacial constructs
first, an image is acquired of the tissue using medical imaging. next, computer-aided design 
(caD) and computer-aided manufacturing (caM) are used to prepare the acquired medical image 
for bioprinting. Then, the material is chosen based on the tissue type (e.g., load-bearing bone re-
quires mechanically stronger materials than skin). next, the appropriate cells are harvested from 
the patient and ideally used directly for bioprinting or alternatively first cultured in vitro to obtain 
an adequate number of cells. finally, the construct is printed using the appropriate bioprinting 
technology and implanted in the patient. abbreviations: cT, computed tomography; MRi, magnetic 
resonance imaging; pcl, poly-e-caprolactone.
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resulting in acceptable cell survival and fast skin recovery (K. Binder, PhD thesis, Wake 
Forest University, 2011).

A recent clinical study reported on the treatment of 13 patients with adipose-derived 
mesenchymal stem cell-seeded resorbable scaffolds at four different anatomical sites 
within the craniofacial skeleton [65]. In some cases, individualized 3D printed con-
structs were used to bridge large defects in the lower jaw. This treatment method ap-
pears to be a logical first step towards the treatment of craniofacial defects using stem 
cell-incorporated bioprinted scaffolds.

concluDinG ReMaRks anD fuTuRe peRspecTiVes

In this opinion paper, we have presented the state-of-the-art bioprinting technologies re-
quired to fabricate bioactive scaffolds for craniofacial reconstruction. The different bio-
printing technologies show promise, but because each tissue currently requires a spec-
ified technology, the printing of multicellular tissue constructs is difficult. In addition, the 
mechanical stability of current hydrogels and bioinks are not optimized for craniofacial 
reconstruction (see Outstanding Questions). With the need for long-term (pre)clinical 
studies, intelligent polymers, and ultimately good manufacturing production (GMP) of bi-
oprinted constructs, there is still a long road ahead. A promising future approach for the 
treatment of external craniofacial tissues could be a handheld bioprinting device that 
will enable the delivery of cells into tissues such as skin or cartilage. For now, focusing 
on the optimization of bioprinting technologies to enhance the self-repair capabilities of 
tissues in the craniofacial area seems a logical first step in clinical bioprinting.

outstanding Questions 
Can we apply and combine currently available biomaterials and incorporate cells from 
the patient to create clinically applicable bioactive scaffold constructs for craniofacial 
reconstruction? How far should we aim to create tissue complexity in vitro? Or should 
we aim at simple constructs that regenerate within a limited time after implantation?
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absTRacT

• Acute orbital fractures and naso-orbital ethmoid fractures can result in chronic or-
bital and naso-orbital deformities.

• Understanding the acute injury is the first step in reconstructing the established 
late deformity.

• New technologies from computer-guided surgical planning and additive manu-
facturing technology produce passive fitting implants tailored for patient-specific 
needs.

• Secondary late corrections, including intracranial osteotomies in severe cases of 
orbital hypertelorism, are extremely difficult to perform, less predictable, and asso-
ciated with increased postoperative morbidity.

• The best management strategy for reconstruction of orbital hypertelorism is to 
avoid late complications by repairing these deformities early near the time of the 
original fractures.
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6

inTRoDucTion

Acute orbital fractures and naso-orbital ethmoid (NOE) fractures can result in extreme-
ly difficult to manage chronic orbital and naso-orbital deformities. Understanding the 
acute injury is the first step in reconstructing the established late deformity. Acute and 
chronic orbital fractures are commonly classified on the basis of anatomic considera-
tions1 including fractures of the orbital floor, orbital walls, supraorbital and infraorbital 
rims, and the NOE complex.

Isolated fractures of the orbital floor, medial wall, and roof only involving the internal 
orbital skeleton are often described as blow-out and blow-in fractures.2 Orbital blow-out 
fractures are divided into the following fractures: trapdoor fractures, medial blow-out 
fractures and lateral blow-out fractures, and orbital fractures involving the orbital rim.

The bloW-ouT fRacTuRe

The blow-out fracture is the most common fracture of the orbit often caused by mo-
tor vehicle accidents, interpersonal violence, or sports injuries.3 Such fractures occur 
when external forces strike the orbital rim causing a sudden increase in intra-orbital 
pressure.4 This force is transmitted in a posterior direction to the thinnest walls of the 
orbit causing them to fracture while the more resistant rim structure of the orbit usually 
remains intact.1,5 

Fractures involving the orbital floor tend to produce greater functional problems.3 Di-
plopia and enophthalmos are symptoms of an acute orbital injury. Diplopia and enoph-
thalmos are also the most common late sequelae of the blow-out fractures of the orbit 
and represent the greatest reason for patients to seek late reconstruction of their orbital 
deformities (Figs. 1–8).

Binocular diplopia is caused by direct entrapment of the inferior rectus muscle. It 
may also be secondary to injury to the innervation of the extra-occular muscles and 
hemorrhage or contusion of the inferior rectus and inferior oblique muscle. In contradis-
tinction, monocular diplopia may be caused by ocular trauma, for example, due to the 
luxation of the lens or retinal detachment.

In later stages, enophthalmos may be caused by fat atrophy or contracture of dam-
aged extraoccular muscles. The most common cause of the enophthalmos is the in-
crease in intraobital volume due to a combination of malposition of the bones surround-
ing the globe and orbital fat atrophy.3

Although a large variety of treatment approaches have been described for the man-
agement of orbital blow-out fractures, its treatment still remains a controversial topic. 
One school of thought recommends surgical intervention using balloons, whereas oth-
ers suggest titanium6 or resorbable meshes.7 Nevertheless, it is generally accepted that 
the presence of the clinical symptoms including diplopia, enophthalmos, motility distur-
bances of the globe, and fractures resulting in orbital floor or wall defects larger than 10 
mm in diameter indicate the need for surgical treatment hence open reduction.2,3

Transcutaneous and transconjunctival approaches are the most commonly used 
approaches in both early and late open reductions of orbital floor fractures, because 
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posterior direction to the thinnest walls of the orbit
causing them to fracture while the more resistant
rim structure of the orbit usually remains intact.1,5

Fractures involving the orbital floor tend to pro-
duce greater functional problems.3 Diplopia and
enophthalmos are symptoms of an acute orbital
injury. Diplopia and enophthalmos are also the
most common late sequelae of the blow-out frac-
tures of the orbit and represent the greatest reason
for patients to seek late reconstruction of their
orbital deformities (Figs. 1–8).
Binocular diplopia is caused by direct entrap-

ment of the inferior rectus muscle. It may also be
secondary to injury to the innervation of the extra-
occular muscles and hemorrhage or contusion of
the inferior rectus and inferior oblique muscle. In
contradistinction, monocular diplopia may be
caused by ocular trauma, for example, due to the
luxation of the lens or retinal detachment.
In later stages, enophthalmos may be caused by

fat atrophy or contracture of damaged extraoccu-
lar muscles. The most common cause of the
enophthalmos is the increase in intraobital volume
due to a combination of malposition of the bones
surrounding the globe and orbital fat atrophy.3

Although a large variety of treatment ap-
proaches have been described for the manage-
ment of orbital blow-out fractures, its treatment
still remains a controversial topic. One school of
thought recommends surgical intervention using

balloons, whereas others suggest titanium6 or re-
sorbable meshes.7 Nevertheless, it is generally
accepted that the presence of the clinical symp-
toms including diplopia, enophthalmos, motility
disturbances of the globe, and fractures resulting
in orbital floor or wall defects larger than 10 mm
in diameter indicate the need for surgical treat-
ment hence open reduction.2,3

Transcutaneous and transconjunctival ap-
proaches are the most commonly used ap-
proaches in both early and late open reductions
of orbital floor fractures, because they allow
good access and visualization of the fracture
site. The transcutaneous incision can be made at
subciliary or subtarsal levels.8 Subciliary incisions
are made immediately below the lower eyelashes,
and when correctly executed, this approach is
associated with no appreciable scar. According
to the meta-analysis by Ridgway and colleagues,8

the risk for lower lid ectropion associated with the
subciliary approach was 14%.8 The same meta-
analysis showed that a 1.5% risk of ectropion
was associated with transconjunctival ap-
proaches. Transconjunctival incision is made
through the conjunctiva near the fornix. Transcon-
junctival incision can be extended medially to
expose the medial orbit as well. This incision
leaves no visible scar and the ectropion risk is min-
imal. Subtarsal or infraorbital incision is made
through the first or second natural skin fold of the
lower eyelid. It may result in a visible scar, which
has been reported in 3.4% of cases, but the

Fig. 1. Case 1. Preoperative frontal appearance of a
57-year-old man with severe left enophthalmos
following 2 previous failed attempts at repair.

Fig. 2. Preoperative CT scan in coronal plane showing
attempt to reconstruct orbital floor with a stock
orbital floor plate. Note the discrepancy in the rela-
tive heights of the right and left orbital floors and
the increased volume of the left orbit.
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ectropion risk was found to be minimal, being only
3.8%.8

During the past decades, autogenous bone
grafts have in general been considered to be ideal
for the treatment of orbital floor fractures.9 How-
ever, when using autogenous bone it is important
to consider the following factors: the quantity of
bone required at the recipient site, the biologic
qualities of the donor bone, the unpredictable
resorption of the bone graft, and the considerable
donor site morbidity.9 The above-listed shortcom-
ings associated with autogenous bone grafting
have led to the development of 4 basic types of
implant materials for orbital wall reconstruction:
allogeneic grafts, xenografts, nonresorbable syn-
thetic alloplastic materials, and resorbable syn-
thetic alloplastic materials.

Titanium meshes and high-density porous poly-
ethylene implants are presently the most com-
monly used nonresorbable synthetic allopastic
materials for orbital floor reconstructions.3 Tita-
nium meshes are commonly used for larger defect
sizes exceeding 2 cm2.3 Smaller defects are often
treated using different commercially available re-
sorbable materials such as PDS and Medpor
(Stryker, Kalamazoo, MI, USA). Silastics, however,
have fallen into disfavor due to frequent reports of

post-operative infections often leading to foreign
material extrusion.2,10 The major complications
faced with orbital floor reduction are enophthal-
mos, lower lid ectropion, and ocular motility de-
fects.2 It is therefore very important to accurately
restore the orbital volume preferably at the acute
fracture stage to avoid chronic problems and pa-
tient dissatisfaction.

ADDITIVE MANUFACTURED ORBITAL FLOOR
IMPLANTS

A major challenge when performing complex
orbital surgery using commercially available stock
materials is the need for tedious manual adapta-
tion of the implants to the complex contours of
the damaged orbital floor or walls. Most commer-
cially available implants are supplied in generic
sizes and shapes, which are designed on the basis
of the “average” patient, not the “average” defect.

One novel way to circumvent this problem is by
using new technologies from computer-guided
surgical planning and additive manufacturing
(AM) technology to produce passive fitting im-
plants tailored for patient-specific needs.11

Because the reconstruction of late orbital defor-
mities is based on already existing chronic

Fig. 3. Using the DICOM files from the
CT scan, the files are converted to STL
files with the existing periorbital hard-
ware in blue. These STL files are useful
for reconstruction hardware planning.

Fig. 4. Frontal view of the virtual plan-
ning of the orbital floor reconstruction
in gold.
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figure 1 
case 1. preoperative frontal appearance of a 
57-year-old man with severe left enophthal-
mos following 2 previous failed attempts at 
repair.

figure 3
Using the DICOM files from the CT scan, the 
files are converted to STL files with the exist-
ing periorbital hardware in blue. These sTl 
files are useful for reconstruction hardware 
planning.

figure 2
preoperative cT scan in coronal plane show-
ing attempt to reconstruct orbital floor with a 
stock orbital floor plate. Note the discrepan-
cy in the relative heights of the right and left 
orbital floors and the increased volume of the 
left orbit.

figure 4
frontal view of the virtual planning of the or-
bital floor reconstruction in gold.
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defects, there is time to assess, plan, and custom
manufacture highly precise implants. AM technol-
ogy offers the possibility of physically replicating
the morphology of damaged anatomic struc-
tures12 and has proved to be highly advantageous
within the field of craniofacial surgery (see Figs.
4–7; Figs. 9–17) where explaining, planning, and
performing an operation is extremely difficult due
to complex and highly variable anatomy.13–16

The combination of AM technology with electron
beam, laser melting technology, and the develop-
ment of the titanium materials have resulted in a
new fabrication method for computer-aided
design (CAD) or more specifically custom-
designed titanium orbital implants.6 Orbital
implants fabricated from titanium are by their
physical nature thin and stiff. They are easily stabi-
lized, maintain their shape, and have the unique
ability to compensate for volume without
resorbing.6

Before planning an orbital operation, a 3-dimen-
sional (3D) stereolithographic model of the pa-
tient’s skull is fabricated using the patient’s

preoperative computed tomography (CT) DICOM
voxel-based data set (see Figs. 3–6 and 13–16).
In the future, as cone-beam CT (CBCT) scans
become more available, the CBCT scanning pro-
tocol may offer a less invasive way to acquire
DICOM data sets.17 Planning with a DICOM data
set allows a much better assessment and under-
standing of the shape, dimensions, and volume
of the orbital defect area. After visual assessment
of the defect site, the patient’s DICOM data set
is then imported into a virtual surgical planning
software program of choice (Romexis Planmeca,
Helsinki, Finland, Materialise Belgium) after which
patient-specific 3D planning of the orbital floor
area can be performed (see Figs. 15 and 16).
Most commercially available software programs

are capable of manipulating bony segments and
mirror the anatomy of the unaffected orbital site

Fig. 5. Superior view of the virtual
planning of the orbital floor recon-
struction in gold.

Fig. 6. The rapid prototype metal orbital floor recon-
struction in the orbit of the stereolithic skull recon-
structed from the original CT scans.

Fig. 7. Postoperative CT scan in coronal plane
showing orbital floor rapid prototype in place. There
are no screws securing the plate to the orbit. The de-
vice is kept in place by the weight of the orbital con-
tents from above pushing the device against the
inferior orbital rim and floor below.
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(see Fig. 5). After the planning phase is complete,
the virtual reconstructions are drawn and
converted into a stereolithography software file
format (STL) to generate information needed to
fabricate individual orbital floor implants using
powder-based processes such as Selective Laser
Sintering, Direct Metal Laser Sintering, or Three-
Dimensional Printing.

Fig. 8. Postoperative frontal view of patient 3 months
following reconstruction of the left orbit to treat se-
vere enophthalmos.

Fig. 9. Case 2. Preoperative 3D CT scan, frontal view of
a 22-year-old man with NOE fracture, LeFort II frac-
ture on right, and LeFort III fracture on left following
an assault.

Fig. 10. Preoperative 3D CT scan, left lateral oblique
view of a 22-year-old with NOE fracture, LeFort II frac-
ture on right, and LeFort III fracture on left.

Fig. 11. Preoperative CT scan in the coronal plane
showing severely comminuted NOE fracture and infe-
rior displacement of the left orbital floor.
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figure 5
superior view of the virtual planning of the 
orbital floor reconstruction in gold.

figure 6
The rapid prototype metal orbital floor recon-
struction in the orbit of the stereolithic skull 
reconstructed from the original cT scans.

figure 8
postoperative frontal view of patient 3 
months following reconstruction of the left 
orbit to treat severe enophthalmos.

figure 7
postoperative cT scan in coronal plane 
showing orbital floor rapid prototype in 
place. There are no screws securing the plate 
to the orbit. The device is kept in place by 
the weight of the orbital contents from above 
pushing the device against the inferior orbit-
al rim and floor below.
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they allow good access and visualization of the fracture site. The transcutaneous in-
cision can be made at subciliary or subtarsal levels.8 Subciliary incisions are made 
immediately below the lower eyelashes, and when correctly executed, this approach is 
associated with no appreciable scar. According to the meta-analysis by Ridgway and 
colleagues,8 the risk for lower lid ectropion associated with the subciliary approach was 
14%.8 The same meta-analysis showed that a 1.5% risk of ectropion was associated 
with transconjunctival approaches. Transconjunctival incision is made through the con-
junctiva near the fornix. Transconjunctival incision can be extended medially to expose 
the medial orbit as well. This incision leaves no visible scar and the ectropion risk is 
minimal. Subtarsal or infraorbital incision is made through the first or second natural 
skin fold of the lower eyelid. It may result in a visible scar, which has been reported in 
3.4% of cases, but the ectropion risk was found to be minimal, being only 3.8%.8

During the past decades, autogenous bone grafts have in general been considered 
to be ideal for the treatment of orbital floor fractures.9 However, when using autogenous 
bone it is important to consider the following factors: the quantity of bone required at the 
recipient site, the biologic qualities of the donor bone, the unpredictable resorption of the 
bone graft, and the considerable donor site morbidity.9 The above-listed shortcomings 
associated with autogenous bone grafting have led to the development of 4 basic types 
of implant materials for orbital wall reconstruction: allogeneic grafts, xenografts, nonre-
sorbable synthetic alloplastic materials, and resorbable synthetic alloplastic materials.

Titanium meshes and high-density porous polyethylene implants are presently the 
most commonly used nonresorbable synthetic allopastic materials for orbital floor re-
constructions.3 Titanium meshes are commonly used for larger defect sizes exceeding 
2 cm2.3 Smaller defects are often treated using different commercially available re-
sorbable materials such as PDS and Medpor (Stryker, Kalamazoo, MI, USA). Silastics, 
however, have fallen into disfavor due to frequent reports of post-operative infections 
often leading to foreign material extrusion.2,10 The major complications faced with orbital 
floor reduction are enophthalmos, lower lid ectropion, and ocular motility defects.2 It is 
therefore very important to accurately restore the orbital volume preferably at the acute 
fracture stage to avoid chronic problems and patient dissatisfaction.

aDDiTiVe ManufacTuReD oRbiTal flooR iMplanTs

A major challenge when performing complex orbital surgery using commercially avail-
able stock materials is the need for tedious manual adaptation of the implants to the 
complex contours of the damaged orbital floor or walls. Most commercially available 
implants are supplied in generic sizes and shapes, which are designed on the basis of 
the “average” patient, not the “average” defect. 

One novel way to circumvent this problem is by using new technologies from com-
puter-guided surgical planning and additive manufacturing (AM) technology to produce 
passive fitting implants tailored for patient-specific needs.11 Because the reconstruction 
of late orbital deformities is based on already existing chronic defects, there is time to 
assess, plan, and custom manufacture highly precise implants. AM technology offers 
the possibility of physically replicating the morphology of damaged anatomic struc-
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(see Fig. 5). After the planning phase is complete,
the virtual reconstructions are drawn and
converted into a stereolithography software file
format (STL) to generate information needed to
fabricate individual orbital floor implants using
powder-based processes such as Selective Laser
Sintering, Direct Metal Laser Sintering, or Three-
Dimensional Printing.

Fig. 8. Postoperative frontal view of patient 3 months
following reconstruction of the left orbit to treat se-
vere enophthalmos.

Fig. 9. Case 2. Preoperative 3D CT scan, frontal view of
a 22-year-old man with NOE fracture, LeFort II frac-
ture on right, and LeFort III fracture on left following
an assault.

Fig. 10. Preoperative 3D CT scan, left lateral oblique
view of a 22-year-old with NOE fracture, LeFort II frac-
ture on right, and LeFort III fracture on left.

Fig. 11. Preoperative CT scan in the coronal plane
showing severely comminuted NOE fracture and infe-
rior displacement of the left orbital floor.
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STL is the most widely used format in rapid pro-
totyping.15 The STL model is formed by tessella-
tion of the original model. Tessellation is the
process of creating a 2D plane using the repetition
of a geometric shape with no overlaps or gaps.
Tessellation allows generalizations to higher di-
mensions, which helps to produce 3D constructs.

Fig. 12. CT scan in parasagittal plane showing the
initial reconstruction of the orbital floor using a stock
orbital floor plate secured with 2 screws in the inferior
orbital rim. The orbital floor plate has become dis-
placed inferiorly into the maxillary sinus.

Fig. 13. This 3D model made by converting the
DICOM CT scan files to STL files is useful for the virtual
planning of a new rapid prototype orbital floor plate.
The preexisting hardware is colored blue and there is
a mesh on the left orbital floor represented by the
serrated surface.

Fig. 14. Lateral oblique view of the STL skull recon-
struction with the newly planed rapid prototype
orbital floor plate.

Fig. 15. Displaced stock manufactured orbital floor
plate removed 8 weeks after insertion.

Wolff et al6

figure 9
case 2. preoperative 3D cT scan, frontal 
view of a 22-year-old man with noe fracture, 
lefort ii fracture on right, and lefort iii frac-
ture on left following an assault.

figure 10
preoperative 3D cT scan, left lateral oblique 
view of a 22-year-old with noe fracture, 
lefort ii fracture on right, and lefort iii frac-
ture on left.

figure 11
preoperative cT scan in the coronal plane 
showing severely comminuted noe fracture 
and inferior displacement of the left orbital 
floor.

figure 12
cT scan in parasagittal plane showing the 
initial reconstruction of the orbital floor us-
ing a stock orbital floor plate secured with 2 
screws in the inferior orbital rim. The orbital 
floor plate has become displaced inferiorly 
into the maxillary sinus.
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tures12 and has proved to be highly advantageous within the field of craniofacial surgery 
(see Figs. 4–7; Figs. 9–17) where explaining, planning, and performing an operation is 
extremely difficult due to complex and highly variable anatomy.13–16

The combination of AM technology with electron beam, laser melting technology, 
and the development of the titanium materials have resulted in a new fabrication meth-
od for computer-aided design (CAD) or more specifically custom-designed titanium or-
bital implants.6 Orbital implants fabricated from titanium are by their physical nature thin 
and stiff. They are easily stabilized, maintain their shape, and have the unique ability to 
compensate for volume without resorbing.6

Before planning an orbital operation, a 3-dimensional (3D) stereolithographic model 
of the patient’s skull is fabricated using the patient’s preoperative computed tomography 
(CT) DICOM voxel-based data set (see Figs. 3–6 and 13–16). In the future, as cone-
beam CT (CBCT) scans become more available, the CBCT scanning protocol may offer 
a less invasive way to acquire DICOM data sets.17 Planning with a DICOM data set allows 
a much better assessment and understanding of the shape, dimensions, and volume of 
the orbital defect area. After visual assessment of the defect site, the patient’s DICOM 
data set is then imported into a virtual surgical planning software program of choice 
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figure 13
This 3D model made by converting the Di-
COM CT scan files to STL files is useful for 
the virtual planning of a new rapid prototype 
orbital floor plate. The preexisting hardware 
is colored blue and there is a mesh on the 
left orbital floor represented by the serrated 
surface.

figure 14
lateral oblique view of the sTl skull recon- 
struction with the newly planed rapid proto-
type orbital floor plate.
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(Romexis Planmeca, Helsinki, Finland, Materialise Belgium) after which patient-specific 
3D planning of the orbital floor area can be performed (see Figs. 15 and 16).

Most commercially available software programs are capable of manipulating bony 
segments and mirror the anatomy of the unaffected orbital site (see Fig. 5). After the 
planning phase is complete, the virtual reconstructions are drawn and converted into a 
stereolithography software file format (STL) to generate information needed to fabricate 
individual orbital floor implants using powder-based processes such as Selective Laser 
Sintering, Direct Metal Laser Sintering, or Three-Dimensional Printing.

STL is the most widely used format in rapid prototyping.15 The STL model is formed 
by tessellation of the original model. Tessellation is the process of creating a 2D plane 
using the repetition of a geometric shape with no overlaps or gaps. Tessellation allows 
generalizations to higher dimensions, which helps to produce 3D constructs.

The accuracy of CAD reconstruction hardware has been determined.11,18–21 Once 
inserted, the fit of the construct is predictably stable and in terms of the wound and 
surrounding soft tissues, the device is well-tolerated. One major advantage of CAD and 
planned orbital hardware is that the construct can be precisely designed and fitted to 
cover only the defect and immediately adjacent tissue. By doing so, the minimum-sized 

STL is the most widely used format in rapid pro-
totyping.15 The STL model is formed by tessella-
tion of the original model. Tessellation is the
process of creating a 2D plane using the repetition
of a geometric shape with no overlaps or gaps.
Tessellation allows generalizations to higher di-
mensions, which helps to produce 3D constructs.

Fig. 12. CT scan in parasagittal plane showing the
initial reconstruction of the orbital floor using a stock
orbital floor plate secured with 2 screws in the inferior
orbital rim. The orbital floor plate has become dis-
placed inferiorly into the maxillary sinus.

Fig. 13. This 3D model made by converting the
DICOM CT scan files to STL files is useful for the virtual
planning of a new rapid prototype orbital floor plate.
The preexisting hardware is colored blue and there is
a mesh on the left orbital floor represented by the
serrated surface.

Fig. 14. Lateral oblique view of the STL skull recon-
struction with the newly planed rapid prototype
orbital floor plate.

Fig. 15. Displaced stock manufactured orbital floor
plate removed 8 weeks after insertion.
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figure 15
Displaced stock manufactured orbital floor 
plate removed 8 weeks after insertion. the 
sTl skull reconstruction with the newly 
planed rapid prototype orbital floor plate.

figure 16
Replacement rapid prototype orbital floor 
plate at the time of insertion.

The accuracy of CAD reconstruction hardware has
been determined.11,18–21 Once inserted, the fit of
the construct is predictably stable and in terms
of the wound and surrounding soft tissues, the de-
vice is well-tolerated. One major advantage of
CAD and planned orbital hardware is that the
construct can be precisely designed and fitted to
cover only the defect and immediately adjacent
tissue. By doing so, the minimum-sized implant

and the minimum volume of material required to
treat the defect is used. The construct can be de-
signed to avoid the sensitive vital structures of the
posterior orbit. This minimization of implanted
hardware can be a significant issue when consid-
ering the post-operative edema that occurs
following major orbital reconstruction of significant
enophthalmos.

Fig. 16. Replacement rapid prototype orbital floor
plate at the time of insertion.

Fig. 17. Globe position checked after insertion of
rapid prototype orbital floor plate.

Fig. 18. Case 3. Preoperative frontal appearance of a
19-year-old man with traumatic telecanthus 6 months
following reduction of NOE fracture.

Fig. 19. Close-up of nasofrontal region showing
widened interpupillary distance and lack of projection
of nasal dorsum. In this case, the widening is asym-
metric with greater widening on the right.

Orbital and Naso-orbital Deformities 7
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implant and the minimum volume of material required to treat the defect is used. The 
construct can be designed to avoid the sensitive vital structures of the posterior orbit. 
This minimization of implanted hardware can be a significant issue when considering 
the post-operative edema that occurs following major orbital reconstruction of signifi-
cant enophthalmos.

laTe ManaGeMenT of oRbiTal hYpeRTeloRisM anD noe fRacTuRes

One cause of orbital hypertelorism or increased interorbital width is traumatic telecan-
thus. Such traumatic telecanthus commonly occurs because of the displacement or 
detachment of the medial canthal tendon due to the fracture of the medial orbit, espe-
cially in combination with NOE fractures (see Fig. 11).22 NOE fractures are to date most 
commonly classified according to the findings and recommendations published by 
Markowitz BL and colleagues23 in 1991.

The NOE fractures are classified according to the pattern of the fracture and have 
been divided into the 3 groups. Type I fractures consist of a single-segment central 
fragment bearing the intact medial canthal tendon. Type II fractures comprise a commi-
nuted central fragment with fractures remaining external to the medial canthal tendon. 
Type III fractures include a comminuted central fragment with fractures extending into 
bone bearing the medial canthal tendon insertion. There is often comminution of the 
NOE area and a detachment of the medial canthal tendon from the bone.

When the medial canthal tendon becomes detached, traumatic telecanthus results. 
However, if the medial canthal tendon is displaced laterally with the bony medial orbital 
wall, the correct term should be medial orbital wall hypertelorism.24 Traumatic displace-
ment of the entire orbit is extremely rare but the incidence of increased distance be-
tween medial walls of the orbits due to the NOE injury is estimated to be 12% to 20% of 
cases.25

The severity of the orbital hypertelorism can be assessed using the Tessier score. 
In the mild type (type I) the interorbital distance is 30 to 34 mm, whereas in the moder-
ate type (type II) the interorbital distance is 35 to 39 mm. Hypertelorism is classified as 
severe if the interorbital distance is more than 40 mm (type III).26 Even in severe cases 
of hypertelorism the optic canals often lie in their normal positions. The diagnosis, 
hence scoring, (type I-III) can be made both by clinical assessment or using CT scans.

Traumatic orbital hypertelorism due to the NOE injury should be corrected at the 
first-stage operation. The surgical treatment is based on medial orbital wall and medial 
canthal tendon repositioning and fixation with miniplates. The detached medial canthal 
tendon can be repositioned by transnasal wiring methods. The aim of NOE injury treat-
ment is to symmetrically restore the normal medial canthal anatomy, maintain the phys-
iologic function of the lacrimal system, and to prevent complications particularly related 
to the frontal sinus. The frontal sinus must be evaluated especially if there are accom-
panying fractures of the supraorbital rim or the frontal bone.27,28 Globe position must be 
restored by fixing the position of the orbital floor and finally restoring the orbital volume. 

Frontonasal angle and nasal projection are essential for an aesthetic post-oper-
ative result.29 Poor frontonasal angle and poor nasal projection combined with orbital 
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hypertelorism compound the severity of the apparent deformity making the patient look 
worse.22

It is essential that during NOE surgery the surgeon be able to visualize and have 
access to the entire area of interest. The most predictable access is via the coronal 
approach. The order of treatment should be to first reconstruct the cranial base, frontal 
region, and the outer orbital frame.30 The management of the frontal sinus should be 
done at this stage. Second, the frontonasal buttresses and orbital rims are fixed. Third, 
the nasal dorsum and nasal projection are restored by plating or using bone grafts. 
Fourth, the medial orbits and medial canthal tendons are repositioned and fixed by 
miniplates, meshes, and transnasal wires. The last stage is to repair the lacrimal cana-
liculi if necessary. Acute repair is preferred to dealing with the late complications asso-
ciated with attempts to repair chronic long-standing deformities.

Secondary late corrections including intracranial osteotomies in severe cases of 
orbital hypertelorism are extremely difficult to perform, have less predictable results, 
and are associated with increased post-operative morbidity.22 In milder cases, the 
subcranial osteotomies can be chosen. The principle is to restore the normal interor-
bital distance (Figs. 18–35). The improvement associated with late reconstruction of 
long-standing orbital hypertelorism may be disappointing. It is for this reason that the 
best management strategy is to avoid late complications by repairing these deformities 
early near the time of the original fractures.
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The accuracy of CAD reconstruction hardware has
been determined.11,18–21 Once inserted, the fit of
the construct is predictably stable and in terms
of the wound and surrounding soft tissues, the de-
vice is well-tolerated. One major advantage of
CAD and planned orbital hardware is that the
construct can be precisely designed and fitted to
cover only the defect and immediately adjacent
tissue. By doing so, the minimum-sized implant

and the minimum volume of material required to
treat the defect is used. The construct can be de-
signed to avoid the sensitive vital structures of the
posterior orbit. This minimization of implanted
hardware can be a significant issue when consid-
ering the post-operative edema that occurs
following major orbital reconstruction of significant
enophthalmos.

Fig. 16. Replacement rapid prototype orbital floor
plate at the time of insertion.

Fig. 17. Globe position checked after insertion of
rapid prototype orbital floor plate.

Fig. 18. Case 3. Preoperative frontal appearance of a
19-year-old man with traumatic telecanthus 6 months
following reduction of NOE fracture.

Fig. 19. Close-up of nasofrontal region showing
widened interpupillary distance and lack of projection
of nasal dorsum. In this case, the widening is asym-
metric with greater widening on the right.
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LATE MANAGEMENT OF ORBITAL
HYPERTELORISM AND NOE FRACTURES

One cause of orbital hypertelorism or increased
interorbital width is traumatic telecanthus. Such
traumatic telecanthus commonly occurs because
of the displacement or detachment of the medial
canthal tendon due to the fracture of the medial
orbit, especially in combination with NOE fractures
(see Fig. 11).22 NOE fractures are to date most
commonly classified according to the findings
and recommendations published by Markowitz
BL and colleagues23 in 1991.

The NOE fractures are classified according to
the pattern of the fracture and have been divided
into the 3 groups. Type I fractures consist of a
single-segment central fragment bearing the intact
medial canthal tendon. Type II fractures comprise
a comminuted central fragment with fractures re-
maining external to the medial canthal tendon.
Type III fractures include a comminuted central
fragment with fractures extending into bone
bearing the medial canthal tendon insertion. There
is often comminution of the NOE area and a
detachment of the medial canthal tendon from
the bone.
When the medial canthal tendon becomes de-

tached, traumatic telecanthus results. However,
if the medial canthal tendon is displaced laterally

Fig. 20. Intraoperative view through coronal incision
exposing the frontonasal suture.

Fig. 21. Midline is marked with a scribed cross and
then 2 incremental lines of 5 mm each is marked on
the right side.

Fig. 22. A 5-mm segment of bone is removed from the
right side leaving the midline bone and the medial
orbital wall intact.

Fig. 23. The right medial orbital wall is moved 5 mm
toward the midline.
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figure 17
Globe position checked after insertion of 
rapid prototype orbital floor plate.

figure 19
close-up of nasofrontal region showing 
widened interpupillary distance and lack of 
projection of nasal dorsum. in this case, the 
widening is asymmetric with greater widen-
ing on the right.

figure 20
intraoperative view through coronal incision 
exposing the frontonasal suture.

figure 18
case 3. preoperative frontal appearance of a 
19-year-old man with traumatic telecanthus 6 
months following reduction of noe fracture.

The accuracy of CAD reconstruction hardware has
been determined.11,18–21 Once inserted, the fit of
the construct is predictably stable and in terms
of the wound and surrounding soft tissues, the de-
vice is well-tolerated. One major advantage of
CAD and planned orbital hardware is that the
construct can be precisely designed and fitted to
cover only the defect and immediately adjacent
tissue. By doing so, the minimum-sized implant

and the minimum volume of material required to
treat the defect is used. The construct can be de-
signed to avoid the sensitive vital structures of the
posterior orbit. This minimization of implanted
hardware can be a significant issue when consid-
ering the post-operative edema that occurs
following major orbital reconstruction of significant
enophthalmos.
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LATE MANAGEMENT OF ORBITAL
HYPERTELORISM AND NOE FRACTURES

One cause of orbital hypertelorism or increased
interorbital width is traumatic telecanthus. Such
traumatic telecanthus commonly occurs because
of the displacement or detachment of the medial
canthal tendon due to the fracture of the medial
orbit, especially in combination with NOE fractures
(see Fig. 11).22 NOE fractures are to date most
commonly classified according to the findings
and recommendations published by Markowitz
BL and colleagues23 in 1991.

The NOE fractures are classified according to
the pattern of the fracture and have been divided
into the 3 groups. Type I fractures consist of a
single-segment central fragment bearing the intact
medial canthal tendon. Type II fractures comprise
a comminuted central fragment with fractures re-
maining external to the medial canthal tendon.
Type III fractures include a comminuted central
fragment with fractures extending into bone
bearing the medial canthal tendon insertion. There
is often comminution of the NOE area and a
detachment of the medial canthal tendon from
the bone.
When the medial canthal tendon becomes de-

tached, traumatic telecanthus results. However,
if the medial canthal tendon is displaced laterally

Fig. 20. Intraoperative view through coronal incision
exposing the frontonasal suture.

Fig. 21. Midline is marked with a scribed cross and
then 2 incremental lines of 5 mm each is marked on
the right side.

Fig. 22. A 5-mm segment of bone is removed from the
right side leaving the midline bone and the medial
orbital wall intact.

Fig. 23. The right medial orbital wall is moved 5 mm
toward the midline.
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with the bony medial orbital wall, the correct term
should be medial orbital wall hypertelorism.24

Traumatic displacement of the entire orbit is
extremely rare but the incidence of increased dis-
tance between medial walls of the orbits due to the
NOE injury is estimated to be 12% to 20% of
cases.25

The severity of the orbital hypertelorism can be
assessed using the Tessier score. In the mild
type (type I) the interorbital distance is 30 to
34 mm, whereas in the moderate type (type II)
the interorbital distance is 35 to 39 mm. Hyperte-
lorism is classified as severe if the interorbital dis-
tance is more than 40 mm (type III).26 Even in
severe cases of hypertelorism the optic canals
often lie in their normal positions. The diagnosis,
hence scoring, (type I-III) can be made both by
clinical assessment or using CT scans.

Traumatic orbital hypertelorism due to the NOE
injury should be corrected at the first-stage opera-
tion. The surgical treatment is based on medial
orbital wall and medial canthal tendon reposition-
ing and fixation with miniplates. The detached
medial canthal tendon can be repositioned by
transnasal wiring methods. The aim of NOE injury
treatment is to symmetrically restore the normal
medial canthal anatomy, maintain the physiologic
function of the lacrimal system, and to prevent
complications particularly related to the frontal si-
nus. The frontal sinus must be evaluated especially
if there are accompanying fractures of the supraor-
bital rim or the frontal bone.27,28 Globe position
must be restored by fixing the position of the
orbital floor and finally restoring the orbital volume.

Frontonasal angle and nasal projection are
essential for an aesthetic post-operative result.29

Poor frontonasal angle and poor nasal projection
combined with orbital hypertelorism compound
the severity of the apparent deformity making the
patient look worse.22

Fig. 24. The frontonasal segment is reduced with a
plate.

Fig. 25. Wiring of the medial canthal tendon on the
right with a wire directly to the plate reducing the
frontonasal bony segment. On the left side the medial
canthal tendon wire is fixated to a screw diagonally to
a screw in the right supraorbital region.

Fig. 26. Planning of calvarial bone graft harvest from
right parietal bone.

Fig. 27. Calvarial bone graft being harvested.
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figure 21
Midline is marked with a scribed cross and 
then 2 incremental lines of 5 mm each is 
marked on the right side.

figure 23
The right medial orbital wall is moved 5 mm 
toward the midline.

figure 22
a 5-mm segment of bone is removed from 
the right side leaving the midline bone and 
the medial orbital wall intact.

figure 24
The frontonasal segment is reduced with a 
plate.
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with the bony medial orbital wall, the correct term
should be medial orbital wall hypertelorism.24

Traumatic displacement of the entire orbit is
extremely rare but the incidence of increased dis-
tance between medial walls of the orbits due to the
NOE injury is estimated to be 12% to 20% of
cases.25

The severity of the orbital hypertelorism can be
assessed using the Tessier score. In the mild
type (type I) the interorbital distance is 30 to
34 mm, whereas in the moderate type (type II)
the interorbital distance is 35 to 39 mm. Hyperte-
lorism is classified as severe if the interorbital dis-
tance is more than 40 mm (type III).26 Even in
severe cases of hypertelorism the optic canals
often lie in their normal positions. The diagnosis,
hence scoring, (type I-III) can be made both by
clinical assessment or using CT scans.

Traumatic orbital hypertelorism due to the NOE
injury should be corrected at the first-stage opera-
tion. The surgical treatment is based on medial
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complications particularly related to the frontal si-
nus. The frontal sinus must be evaluated especially
if there are accompanying fractures of the supraor-
bital rim or the frontal bone.27,28 Globe position
must be restored by fixing the position of the
orbital floor and finally restoring the orbital volume.

Frontonasal angle and nasal projection are
essential for an aesthetic post-operative result.29

Poor frontonasal angle and poor nasal projection
combined with orbital hypertelorism compound
the severity of the apparent deformity making the
patient look worse.22

Fig. 24. The frontonasal segment is reduced with a
plate.

Fig. 25. Wiring of the medial canthal tendon on the
right with a wire directly to the plate reducing the
frontonasal bony segment. On the left side the medial
canthal tendon wire is fixated to a screw diagonally to
a screw in the right supraorbital region.

Fig. 26. Planning of calvarial bone graft harvest from
right parietal bone.

Fig. 27. Calvarial bone graft being harvested.
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It is essential that during NOE surgery the sur-
geon be able to visualize and have access to the
entire area of interest. The most predictable ac-
cess is via the coronal approach. The order of
treatment should be to first reconstruct the cranial
base, frontal region, and the outer orbital frame.30

The management of the frontal sinus should be
done at this stage. Second, the frontonasal but-
tresses and orbital rims are fixed. Third, the nasal
dorsum and nasal projection are restored by
plating or using bone grafts. Fourth, the medial or-
bits and medial canthal tendons are repositioned
and fixed by miniplates, meshes, and transnasal
wires. The last stage is to repair the lacrimal canal-
iculi if necessary. Acute repair is preferred to
dealing with the late complications associated
with attempts to repair chronic long-standing
deformities.
Secondary late corrections including intracra-

nial osteotomies in severe cases of orbital

hypertelorism are extremely difficult to perform,
have less predictable results, and are associated
with increased post-operative morbidity.22 In
milder cases, the subcranial osteotomies can be
chosen. The principle is to restore the normal
interorbital distance (Figs. 18–35). The improve-
ment associated with late reconstruction of
long-standing orbital hypertelorism may be disap-
pointing. It is for this reason that the best manage-
ment strategy is to avoid late complications by
repairing these deformities early near the time of
the original fractures.

Fig. 28. Calvarial plate with plates applied being split
on back table in preparation for grafting to right and
left sides of nasal dorsum.

Fig. 29. Nasal dorsum bone grafts secured to frontal
nasal area by bone plates.

Fig. 30. Contour of nasal dorsum checked
intraoperatively.

Fig. 31. Postoperative lateral skull film showing
reduction of the nasofrontal region.
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figure 25
Wiring of the medial canthal tendon on the 
right with a wire directly to the plate reducing 
the frontonasal bony segment. on the left 
side the medial canthal tendon wire is fixated 
to a screw diagonally to a screw in the right 
supraorbital region.

figure 27
calvarial bone graft being harvested.

figure 26
planning of calvarial bone graft harvest from 
right parietal bone.

figure 28
calvarial plate with plates applied being split 
on back table in preparation for grafting to 
right and left sides of nasal dorsum.
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Fig. 26. Planning of calvarial bone graft harvest from
right parietal bone.

Fig. 27. Calvarial bone graft being harvested.

Orbital and Naso-orbital Deformities 9
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It is essential that during NOE surgery the sur-
geon be able to visualize and have access to the
entire area of interest. The most predictable ac-
cess is via the coronal approach. The order of
treatment should be to first reconstruct the cranial
base, frontal region, and the outer orbital frame.30

The management of the frontal sinus should be
done at this stage. Second, the frontonasal but-
tresses and orbital rims are fixed. Third, the nasal
dorsum and nasal projection are restored by
plating or using bone grafts. Fourth, the medial or-
bits and medial canthal tendons are repositioned
and fixed by miniplates, meshes, and transnasal
wires. The last stage is to repair the lacrimal canal-
iculi if necessary. Acute repair is preferred to
dealing with the late complications associated
with attempts to repair chronic long-standing
deformities.
Secondary late corrections including intracra-

nial osteotomies in severe cases of orbital

hypertelorism are extremely difficult to perform,
have less predictable results, and are associated
with increased post-operative morbidity.22 In
milder cases, the subcranial osteotomies can be
chosen. The principle is to restore the normal
interorbital distance (Figs. 18–35). The improve-
ment associated with late reconstruction of
long-standing orbital hypertelorism may be disap-
pointing. It is for this reason that the best manage-
ment strategy is to avoid late complications by
repairing these deformities early near the time of
the original fractures.

Fig. 28. Calvarial plate with plates applied being split
on back table in preparation for grafting to right and
left sides of nasal dorsum.

Fig. 29. Nasal dorsum bone grafts secured to frontal
nasal area by bone plates.

Fig. 30. Contour of nasal dorsum checked
intraoperatively.

Fig. 31. Postoperative lateral skull film showing
reduction of the nasofrontal region.
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Fig. 32. Magnified lateral skull view showing bone
grafts to nasal dorsum secured by plates and screws
and canthal tendon wiring.

Fig. 33. Postoperative frontal view of Case 3 with
decreased interpupillary distance and improved pro-
jection of the dorsum of the nose.

Fig. 34. Postoperative left lateral view of Case 3 with
decreased interpupillary distance and improved pro-
jection of the dorsum of the nose.

Fig. 35. Postoperative right lateral view of Case 3 with
decreased interpupillary distance and improved pro-
jection of the dorsum of the nose.
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figure 29
nasal dorsum bone grafts secured to frontal 
nasal area by bone plates.

figure 31
Postoperative lateral skull film showing re-
duction of the nasofrontal region.

figure 30
contour of nasal dorsum checked intraoper-
atively.

figure 32
Magnified lateral skull view showing bone 
grafts to nasal dorsum secured by plates and 
screws and canthal tendon wiring.
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Fig. 32. Magnified lateral skull view showing bone
grafts to nasal dorsum secured by plates and screws
and canthal tendon wiring.
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Fig. 35. Postoperative right lateral view of Case 3 with
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jection of the dorsum of the nose.
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figure 33
postoperative frontal view of case 3 with de-
creased interpupillary distance and improved 
projection of the dorsum of the nose.

figure 34
postoperative left lateral view of case 3 with 
decreased interpupillary distance and im-
proved projection of the dorsum of the nose.

figure 35
postoperative right lateral view of case 3 
with decreased interpupillary distance and 
improved projection of the dorsum of the 
nose.

Fig. 32. Magnified lateral skull view showing bone
grafts to nasal dorsum secured by plates and screws
and canthal tendon wiring.
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absTRacT

The aim of the present study was to assess the indications, results and complications 
of patients treated with porous polyethylene (Medpor®) implants in the Department of 
Oral and Maxillofacial Surgery of VU Medical Centre, Amsterdam over 17 years. A total 
of 69 high-density porous polyethylene implants (Medpor® Biomaterial; Porex Surgical, 
Newman, GA) were used in forty patients (22 males, 18 females). All patients were 
analysed for gender, age, diagnosis, indications for surgery, follow-up period and post-
operative complications. A mean age of 34.1 years was observed. The main reason for 
implant surgery was post-traumatic functional impairment (27.5%). Most implants were 
placed at the mandibular angle and the orbital floor. Unsatisfactory appearance scored 
the highest in postoperative complications (10.1%) followed by infection rate (7.2%). 
Comparing the number of implants placed over the years and the incidence of compli-
cations, makes the overall complications rate of porous polyethylene very low. A con-
sensus about antibiotic prophylaxis is needed. The objective measurements in patient 
satisfaction and proper implant design would be of great use.
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inTRoDucTion

The planning of reconstructive surgeries for complex craniofacial defects challenges 
even the most experienced surgeons (Rudman et al., 2011). Craniofacial defects can 
be a result of trauma, malformations, or iatrogenic surgical defects. The zygoma and 
orbit are particularly vulnerable to injury due to their central position in the face (Eski 
et al., 2007; Menderes et al., 2004). Improper treatment of the zygomatico-orbital area 
results in loss of malar projection, enophthalmos, and dystopia (Eski et al., 2007). 
An orbit floor defect can lead to diplopia, limitation of ocular movement, infra-orbital 
numbness, enophthalmos, and reduced vision (Gosau et al., 2011; Ram et al., 2010). In 
most cases, craniofacial surgery is performed to improve anatomical functioning (e.g., 
vision). However, the anatomic structure of these regions is also critical to facial aes-
thetics. Hence, patient satisfaction with treatment depends not only on the restoration 
of function, but also on the aesthetic results of surgery. It is therefore important to eval-
uate the aesthetic as well as the functional and clinical results of using different implant 
materials in craniofacial reconstructive surgery.

Craniofacial reconstruction is performed by using onlay grafting with autogenous 
material or alloplastic implants (Eski et al., 2007; Menderes et al., 2004). The benefits 
of using autogenous material include relative resistance to infection, relative ease of 
incorporation into new bone, absence of a foreign body reaction, and a decreased inci-
dence of extrusion (O’Connell et al., 2015). However, there are important disadvantag-
es to using autogenous bone grafts, including unpredictable resorption, displacement 
problems, donorsite morbidity, and prolonged surgical time (Cenzi et al., 2005; Frodel 
and Lee, 1998; Lin et al., 2007; Ozturk et al., 2005; Ram et al., 2010). Use of alloplastic 
implants is shown to be associated with low morbidity rates, but this is site and material 
dependent (Menderes et al., 2004).

Several studies of craniofacial reconstructions have reported using polyetherether-
ketone (PEEK) for the construction of patient-specific implants (PSIs) (Scolozzi et al., 
2007; Kim et al., 2009; Lethaus et al., 2011, 2014; Ng et al., 2014). PEEK is considered 
to be the gold standard of alloplastic material for the construction of PSIs due to its 
excellent biocompatibility, good mechanical strength, and radiographic translucency 
(Nieminen et al., 2008). In addition, technological innovations allow the manufacture 
of custom-made PEEK implants, which improve the aesthetic and functional results of 
treatment. However, one major disadvantage of computer-designed PEEK is its high 
cost (Lethaus et al., 2011, 2014), which is not always covered by health care systems.

Porous polyethylene (e.g., Medpor) is an alloplastic material that has been used for 
reconstruction or augmentation in the cranio-maxillo-facial region (Cenzi et al., 2005; 
Eski et al., 2007; Menderes et al., 2004). It has been used to repair cranial defects, re-
store facial deformities, reconstruct the orbit and zygoma, and also to adapt the shape 
of the chin and mandibular angle region (Cenzi et al., 2005; Menderes et al., 2004). 
Porous polyethylene is a biocompatible, durable, stable material that is designed to be 
easy to shape and to fixate. Moreover, it exhibits rapid surrounding soft-tissue ingrowth 
without capsule formation around it (Eski et al., 2007; Menderes et al., 2004).

Porous polyethylene implants have been used since the 1990s. Nevertheless, there 
is still a lack of information about the indications, treatment results, and complications 
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associated with using porous polyethylene implants. Furthermore, limited research 
data are available on aesthetic results of porous polyethylene implants in the cranio- 
and maxillo-facial region. The present study was designed to review the indications, 
results, and complications of all patients treated with porous polyethylene implants in 
the Department of Oral and Maxillofacial Surgery of the VU Medical Centre (VUMC) in 
Amsterdam, the Netherlands.

MaTeRial anD MeThoDs

A total of 69 high-density, porous polyethylene implants (Medpor Biomaterial; Porex 
Surgical, Newman, GA, USA) were used in 40 patients between January 1996 and 
December 2013 at the Oral-Maxillofacial Surgery department of the VUMC. The popu-
lation consisted of 22 women (55%) and 18 men (45%), with a mean age of 34.1 ± 13.2 
years. Preoperative high-resolution (1-mm) computed tomography (CT) was performed 
to obtain imaging of the initial defect. Diagnoses and treatments were based on clinical 
findings and a CT scan. For fixation, we used KLS Martin 1.5 osteosynthesis screws. 
Patient gender, age, diagnosis, indications for surgery, follow-up period, and postoper-
ative complications were recorded at the time of surgery.

Treatment results and complications such as infections, tech- nical difficulties, side 
effects, functionality, and patient satisfaction with aesthetic appearance were retro-
spectively retrieved from notes taken by clinicians in the outpatient clinic. The follow-up 
period was set from the time of surgery to the last appointment, up to January 2014.

ResulTs

A total of 40 patients were treated with 69 porous polyethylene implants during an 18-
year period. The average follow-up time was 25.4 months, varying from 4 to 96 months. 
The mean operative time was 100.6 ± 44.3 min. 

Of the implants, 13% were placed bilaterally (Table 1). The main location for an im-
plant placement (27 implants, 39.1%) was the mandibular angle, followed by the orbital 
floor (21 implants, 30.4%). A total of 19 implants (27.5%) were placed at the zygomatic 
bone, and 2 (2.9%) were placed at the chin.

Region no. of patients no. of implants

Mandibular angle 11 cases 27 implants

Orbital implants 14 cases 21 implants

Zygomatic 13 cases 19 implants

Chin 2 cases 2 implants

Table 1
all used implants for each region.
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As described in Table 2, post-traumatic functional impairment (27.5%) including 
diplopia, decreased ocular mobility, and enophthalmos was the most frequent indica-
tion for reconstruction with porous polyethylene implants, followed by post-traumatic 
aesthetic dissatisfaction (17.4%). In patients with craniofacial defects after tumour re-
section, the treatment was performed not only to restore facial harmony but to restore 
functionality (4.3%). Of the patients, 2.9% were transgender and 5.8% had congenital 
diseases/ defects, and for these patients the treatment had mainly aesthetic purposes.

The frequency of postoperative complications is presented in Table 3. Dissatisfac-
tion with appearance was the most frequent complication (10.1%). The rate of infection 
was 7.2%, and the rate of enophthalmos was 4.3%.

cause of intervention no. of cases

Post-traumatic 19 (27.5%)

Aesthetic dissatisfation 12 (17.4%)

After tumour resection 3 (4.3%)

Transgender 2 (2.9%)

Congenital 4 (5.8%)

complications postoperative complications

Diplopia 1 (1.4%)

Enophthalmos 3 (4.3%)

Infra-orbital numbness 0 (0%)

Limitation of ocular movement 2 (2.9%)

Infection 5 (7.2%)

Fistula 1 (1.4%)

Insatisfied aesthetic appearance 7 (10.1%)

Vague sight 1 (1.4%)

Dizziness 1 (1.4%)

Pain 1 (1.4%)

Table 2
Reason for implant surgery.

Table 3
postoperative complication.



112

Chapter 7

orbita
Fourteen patients were treated with 21 orbital floor implants. Eleven patients presented 
with a pure blow-out fracture, 2 presented with an impure blow-out fracture, and 1 pre-
sented after a tumour resection. The indications for surgery consisted of enophthalmos 
(50%), diplopia (10%), decrease in ocular mobility (21%), and dissatisfaction with facial 
appearance (21%). Several patients had multiple indications for surgery. Postopera-
tively there were three patients with remaining enophthalmos, two with unsatisfying 
aesthetic results, and two who still had limitation of ocular movement. In one patient, 
the implant was infected and was therefore replaced by another porous polyethylene 
implant. There were no further complications.

Zygoma
Nineteen zygomatic implants were placed in 13 patients. The indication for the aug-
mentation was aesthetic for all 13 (100%) of these patients. Postoperatively, 3 patients 
(23.1%) were dissatisfied with the aesthetic results, 1 patient (7.7%) developed an infec-
tion, and 1 patient (7.7%) presented with an implant that moved in the cranial direction 
and oppressed the infra-orbital nerve, resulting in infra-orbital numbness at the right 
side. The infection was treated by replacing the implant with a second porous polyeth-
ylene implant, and there were no further complications. The patient whose implant has 
been displaced received a new implant, and no further complications were reported.

Mandibular angle
A total of 27 implants were used to treat 11 patients with asymmetrical mandibular ap-
pearance. Six patients received bilateral implants (54.5%). Postoperatively, two patients 
remained unsatisfied (18.2%) and 3 patients presented with an infection (27.3%). In one 
of these patients, the infection resulted in a fistula (9.1%). Patients who reported being 
unsatisfied with the aesthetic result of the porous polyethylene implant were not re-treat-
ed. Patients who presented with an infection were re-treated; one implant was replaced 
by titanium mesh, and two were replaced by porous polyethylene. After re-treatment, 
one patient presented with a second infection. The implant was removed and, after 3 
months, replaced again by porous polyethylene. No further complications were reported.

chin
Chin implants were placed in two patients. Both had aesthetic indications, and neither 
had any postoperative complications.

Discussion

The treatment of craniofacial defects with maxillofacial reconstructions continues to 
evolve. Surgeons need to make treatment decisions regarding the approach, indica-
tion, and timing of surgical intervention as well as the implant material that will be used 
(Aldekhayel et al., 2014). Before choosing or making a change to implant material, it is 
useful to know the mechanical properties and nature of complications associated with 
the available materials. 
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In PSIs, PEEK is the gold standard of alloplastic materials. It has been used for 
many years in neurosurgery due to its excellent biocompatibility, good mechanical 
strength, and radiographic translucency (Nieminen et al., 2008). In addition, custom 
implants made from PEEK adapt precisely to the region of implantation and therefore 
achieve better cosmesis (Guevara-Rojas et al., 2014; Parthasarathy, 2014). One major 
disadvantage of computer-designed PEEK, however, is its high cost (Lethaus et al., 
2011, 2014), which is not always covered by health care systems.

Over the last 2 years, porous polyethylene has proved to be a functional alternative 
to PEEK as a material for maxillofacial reconstructions (Cenzi et al., 2005; Niechajev, 
2012). Porous polyethylene as an alloplastic material is a biocompatible, durable, 
stable material that can be shaped, is easy to fixate, and exhibits rapid soft-tissue in-
growth with no capsule formation around it (Eski et al., 2007; Frodel and Lee, 1998; Lin 
et al., 2007; Menderes et al., 2004). The rapid tissue ingrowth creates the potential for 
transport of cellular products that can fight infection deep in the implant (Lethaus et al., 
2011; Menderes et al., 2004) and offers biological stabilization that prevents migration 
or extrusion (Cenzi et al., 2005; Menderes et al., 2004).

Despite the advantages of choosing porous polyethylene implants, research into 
the treatment results and complications of porous polyethylene implants is limited. 
The present study reports the treatment results and complications of 40 patients treat-
ed with 69 porous polyethylene implants for various indications in a timeframe of 18 
years. A total of 21 orbital floor, 19 zygomatic, 27 mandibular, and 2 chin implants were 
placed.

Compared to other studies of porous polyethylene outcomes, in which complication 
rates range from 10.3% to 26.3% (Baumann et al., 2002; Hollier et al., 2001; Rudman 
et al., 2011), the rate of complications reported in the present study is high (31.8%). A 
plausible explanation for this high rate of complications is the inclusion of patient dis-
satisfaction with the aesthetic result as a postoperative complication. Without this pa-
rameter, our total complication rate is within the aforementioned range (21.7%). Howev-
er, since data on aesthetic results of Medpor implants in the cranio- and maxillo-facial 
region are limited, we considered this an important complication to report.

Although prefabricated anatomical shapes are available for reconstruction of nearly 
every portion of the maxillofacial skeleton (Carboni et al., 2002), the aesthetic result 
of porous polyethylene implants still largely depends on skills and experience of the 
operator, whose responsibility it is to carve and shape the implant to fit the anatomy of 
the patient (Guevara-Rojas et al., 2014; Frodel and Lee, 1998). Some authors report 
that the rigid nature of porous polyethylene makes it difficult to contour to the surface 
of complex skeletal structures (Frodel and Lee, 1998). Furthermore, surgical removal 
of porous polyethylene can be extremely complicated compared to that of other al-
loplastic materials. This material adheres very sturdily to mucosa and perichondrium, 
indicating a thriving surrounding tissue and vascular ingrowth (Kim et al., 2014). From a 
purely clinical point of view, porous polyethylene implants have shown a high degree of 
stability and consistency. From the histological point of view, it is no longer justified to 
regard porous polyethylene as an immunologically inert material (Gosau et al., 2008). 
Despite the economic and clinical advantages of working with porous polyethylene 
implants, a disadvantage of using these implants is that there may be a risk of patient 
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dissatisfaction with the aesthetic result of this material if the shape of the stock implant 
is determined by the surgeon.

Since the data reported in the current study were collected, advances in comput-
er-aided design and manufacturing (CAD/CAM) techniques have facilitated the rapid 
and precise construction of customized implants (Tsouknidas et al., 2011). The use 
of 3D imaging and CAD/CAM technology aids in the diagnosis and treatment of facial 
contour deformities and provides surgeons with several advantages over the use of 
stock implants. CAD/CAM technology allows surgeons to expand their horizon and to 
better treat more complex deformities. Customized implants have a more precise fit 
and require little if any surgical time to hand carve or to alter the bony anatomy, as is 
often necessary with stock implants. Moreover, a recent study reports a method for 
refining PSI design by changing the implant geometry according to soft tissue simu-
lations (Guevara-Rojas et al., 2014). The computer-assisted reconstruction of maxillo-
facial defects could provide a more predictable aesthetic outcome for patients using 
porous polyethylene implants. Although many case reports discuss computer-assisted 
preoperative planning and creation of custom implants, a general overview of comput-
er-assisted innovations and their treatment outcomes is not readily available (Rudman 
et al., 2011). Hence, further research is needed to determine whether these technologi-
cal advances can improve the aesthetic results of porous polyethylene implants.

Our analysis showed that a significant percentage (8.6%) of the implants placed 
over the past 18 years was removed due to infections and fistulae. This finding is con-
sistent with previous research reporting that complications associated with the use of 
porous polyethylene implants include exposure, infection, migration, fistula formation, 
restrictive strabismus (orbital soft tissue ingrowth resulting in limited ductions), cyst 
formation, and haemorrhage (Lethaus et al., 2011; Cenzi et al., 2005). For example, 
Villarreal et al. (2002) and Carboni et al. (2002) reported infection rates of 12.5% and 
5.7%, respectively. The maxillo-facial region is particularly vulnerable to exposure and 
infection: grafts in this region are often covered by thin and scarring tissues (i.e., nose, 
maxilla, and ear), and infection risk increases in areas containing a high number of 
bacteria, (e.g., the oral cavity) (Merritt et al., 1979; Rubin et al., 1994). As such, these 
sites have a higher risk of implant failure than others (Cenzi et al., 2005). Complication 
rates for Medpor are, therefore, site dependent (Carboni et al., 2002; Niechajev, 2012). 
The failure or success of the graft is also associated with the mass of the surrounding 
tissues that support implant movement. Among them, solid and porous alloplastic have 
shown proper tissue response, but none of them could be stable on the underlying 
bone (Maas et al., 1990). Furthermore, some authors have found indications of possi-
ble biological corrosion in porous polyethylene surgical implants (Draenert et al., 2008).

In our study, the highest number of infections, 3 of 11 (27%), was found in the man-
dibular angle. A possible explanation for this could be that the infected implant was 
removed prematurely, as porous alloplasts have a greater infection rate before vas-
cularisation has taken place. After 3 months, the implant has been fully vascularized, 
fibrovascular ingrowth occurs, and resistance to infection is increased. Moreover, any 
infection that does occur after vascularisation can be treated effectively with antibiotics 
(Merritt et al., 1979; Sclafani et al., 1997).
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There is no consensus about the use of prophylactic antibiotics postoperatively for 
placing maxillofacial implants. When comparing patients who were treated postoper-
atively with and without antibiotics, Villarreal et al. did not find statistical differences in 
rates of infections or in comparisons between patients treated with amoxicillin clavu-
lanate and clindamycin (Villarreal et al., 2002). Nevertheless, the patients described 
in the present study were prescribed preoperative or intraoperative prophylactic anti-
biotics to improve the aseptic conditions of the surgical field. There are adverse side 
effects of using antibiotics, including the potential for antibiotic resistance. As an alter-
native, some authors suggest a short course of intraoperative and postoperative intra-
venous corticosteroids (Villarreal et al., 2002). This would minimize the inflammatory 
response to foreign materials that occurs in the immediate postoperative period. In our 
study, we did not treat patients with corticosteroids either preoperatively or postopera-
tively. Further research is needed in order to develop more evidence-based guidelines 
for the use of prophylactic antibiotics and corticosteroids when placing facial implants.

The results of the present research should be interpreted with the following method-
ological considerations in mind: The data reported in the current study were collected 
retrospectively. As such, data regarding treatment outcomes and patient satisfaction 
with the aesthetic result reflects what was recorded by clinicians in the outpatient clinic, 
in the absence of a protocol. It is possible, therefore, that the frequency with which pa-
tients reported dissatisfaction with the aesthetic outcome was greater than the frequen-
cy with which this dissatisfaction was reported in patient notes. In addition, because 
the data were not collected prospectively, a number of sources of variance or error 
were not measured or controlled. For example, surgeries were performed by a num-
ber of different operators, presumably with varying skill levels, who used a variety of 
surgical approaches (i.e., transcutaneous, transconjunctival). We are therefore unable 
to determine the extent to which rates of infection and rates of dissatisfaction with aes-
thetic outcomes may be attributed to the use of porous polyethylene implants or to the 
surgical procedure (and surgical skill) used to attach the implant. Finally, although the 
total number of facial reconstructive surgeries included in the present analysis is rela-
tively high, whereas our overall rates of complications are based on a reasonable sam-
ple size, the rates of complications associated with specific facial regions are based on 
smaller samples and as such should be interpreted with caution.

Despite these potential shortcomings, the results of our study are consistent with 
previous findings regarding the use of porous polyethylene implants, and contribute 
to our knowledge of treatment outcomes associated with using porous polyethylene 
implants in the maxillofacial region. In addition, by including dissatisfaction with the 
aesthetic outcome as a complication, we highlight a potential disadvantage of using 
stock porous polyethylene implants. We have noted that advances in computerassisted 
design and manufacturing techniques may improve the aesthetic results of porous pol-
yethylene implants. However, further research is necessary to verify this.
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conclusion

The use of porous polyethylene implants in the maxillo-facial region can be success-
ful, with minimal risk and complications. The most frequent complication associated 
with the use of stock porous polyethylene implants was patient dissatisfaction with the 
aesthetic results, followed by infection. We recommend that future research examine 
whether patient satisfaction with the aesthetic results of porous polyethylene implants 
is increased when implants are customised using computer-assisted design and man-
ufacturing. Rates of infection may be improved through the use of antibiotic prophylac-
tics or corticosteroids, but further research and discussion of the costs and benefits of 
these measures is needed.
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absTRacT

Dental implants induce diverse forces on their surrounding bone. However, when 
excessive unphysiological forces are applied, resorption of the neighbouring bone 
may occur. The aim of this study was to assess possible causes of bone loss around 
failing dental implants using finite element analysis. A further aim was to assess the 
implications of progressive bone loss on the strains induced by dental implants. Be-
tween 2003 and 2009 a total of 3700 implant operations were performed in a private 
clinic. Ten patients with 16 fixtures developed severe marginal bone defects. Finite 
element analysis was used to assess the effective strains produced at the bone-im-
plant interface under unidirectional axial loading. These simulations were carried out 
on 4 specific implant types – Camlog Plus, Astra Osseo Speed, Straumann BL and 
Straumann S/SP. All implant types exhibited degraded performance under circular and 
horizontal bone loss conditions. This is evidenced by increased distribution of patho-
logical strain intensities (>3000 μɛ), in accordance with the mechanostat hypothesis, 
in the surrounding bone. Among the implants, the Camlog design seemed to have per-
formed poorly, especially at the chamfer in the implant collar (>25000 μɛ). Implants are 
designed to perform under nearly ideal conditions from insertion till osseointegration. 
However, when the surrounding bone undergoes remodelling, implant geometries can 
have varied performance, which in some cases can exacerbate bone loss. The results 
of this study indicate the importance of evaluating implant geometries under clinically 
observed conditions of progressive bone loss.
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inTRoDucTion

When dental implants are placed into bone it is expected that they will remain functional 
for a lifetime; however complications do occur. According to Esposito et al., implant fail-
ures can be categorised chronologically into ‘early failures’ and ‘late failures’ 1. It is sug-
gested that early failures occur before abutment connection and occlusal loading. Such 
failures are often caused by interferences in the initial healing process leading to non-in-
tegration of the implant. Late failures have been described as occurring after occlusal 
loading 2. According to Koldsland et al., most failures tend to occur at an early stage, that 
is, before occlusal loading 3. One common cause of interference in the initial healing pro-
cess is surgical trauma. The drilling forces induced intra-operatively are very subjective 
and are influenced by the perceptual and motor skills of the clinician involved. When ex-
cess forces are applied during drilling, mechanical and thermal damage can occur to the 
surrounding bony tissue and thereby jeopardize the establishment of osseointegration 4.

Adaptive changes that take place when bone loading occurs can influence the initial 
healing process, a phenomena first described by Wolff in 1892 5. In the 1960s, Frost in-
troduced the mechanostat hypothesis that is a refinement of Wolff’s law 6. The hypoth-
esis attributes strain values between 1000 μɛ and 1500 μɛ to be physiological, which 
can be attained during normal mastication. 

However when strain values greater than 1500 μɛ are induced, a hypertrophic in-
crease in modelling and an associated decrease in remodelling can occur. When peak 
strains exceed values of 3000 μɛ the structural integrity of the bone is endangered and 
can, in some cases, result in pathologic overload.

These high pathological strains can be induced in the surrounding bone during 
implant placement when high torque values (>45 N cm) are applied. Over tightening 
which leads to bone compression, often results in necrosis of the bone and in some 
cases can result in implant failure 7. Such compressive forces are dictated by the im-
plant geometry. Until recently the majority of dental implants have had a cylindrical 
shape, though currently the trend is towards developing tapered implants that resemble 
tooth roots, which are supposed to have better stress transfer into surrounding bone 8.

In order to evaluate the effect of implant geometry on the strain distribution pat-
terns, it is essential to use computational models. Finite element analysis (FEA) is an 
ideal method for modelling complex structures and analysing their mechanical behav-
iour 9– 12. Advances in imaging technology have made it possible to image bone and 
implant structures at the microlevel in 3D. This makes it possible to construct very ac-
curate anatomical models which in turn give reliable results.

Considering the large variation in implant geometries on the market, better under-
standing of the effect of geometry on the surrounding bone tissue is of great clinical rel-
evance. The aim of this study was to assess the effect of 4 different implant geometries 
on the strain distributions in the loaded bone leading to bone loss using FEA. Further-
more, based on clinical cases, the consequences of bone loss around failing implants, 
and the corresponding changes in the strain distribution patterns were assessed. As of 
date, very little research has been done investigate the effect of progressive bone loss 
on the strain distribution around dental implants. Thus the progressive performance of 
these implants consequent to clinically observed bone loss is of particular interest.
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MaTeRials anD MeThoDs

patient information
Between the years 2003 and 2009, 3700 maxillary and mandibular reconstructions, 
employing dental implants to rehabilitate masticatory function, were performed at a 
private clinic for oral surgery in Hamburg Germany by one oral surgeon. All patients 
were randomly allocated by the referring dentists to three different implant systems 
(Straumann AG, Basel, Switzerland; Camlog, Biotechnologies AG, Basel, Switzerland 
and Astra Tech AB, Gothenburg, Sweden). Informed consent was obtained from all 
patients included in this study. Before implant treatment, all patients were screened 
for pre-existing dental problems and systemic health. All patients were treated using a 
standardized two-stage surgical implant placement procedure. Antibiotic coverage with 
amoxicillin (250 mg) had been given 1 h before surgery and every 6 h after surgery for 
three days. For patients allergic to penicillin, erythromycin (250 mg) was used. Chlor-
hexidine (0.12%) mouth rinse was also used topically for 2 weeks after surgery.

In the six year observation period, 10 patients (8 females and 2 males, average age 
56 years) were diagnosed with peri-implantitis having developed circular and horizontal 
bony defects requiring surgical treatment (Table 1). These defects were observed in 
the follow-up radiographs shown in Fig. 1. The radiographs in this study were used with 
patient consent.

peri-implantitis treatment protocol
Following the administration of local anaesthesia, a full-thickness flap was elevated 
and the granulation tissue was then removed. The largely exposed titanium implant 
surface was then subsequently cleaned with gauze soaked in 1% chlorhexidine gel. 
The peri-implant bone defects were then filled with a mixture of autogenous bone 
chips and de-proteinized bovine bone mineral granules (size: 1.0–2.0 mm; Bio-Oss®, 
Geistlich Pharma AG, Switzerland). The soft tissues were repositioned by tension-free 
suturing. A systemic administration of antibiotics was combined with the surgical 
protocol. Postoperative follow-up included clinical examination and radiographs. The 
follow-up period ranged from 1 to 3 years after surgical debridement and augmentation 
with bovine bone mineral granules.

finite element analysis
Simulations were performed on 4 implant types (Camlog Plus, Astra Osseo Speed, 
Straumann BL and Straumann S/SP) to assess the effect of their geometries on the 
distribution of strain in the surrounding bone tissue. To obtain the geometrical model of 
the surrounding bone a cadaveric mandibular bone segment was imaged in a micro-CT 
device (1984 x 1984 x 2175 image volume with 17 lm isometric voxels). The image data 
was used to generate a Standard Tessellation Language (STL) model of the bone seg-
ment using STL Model Creator 13 programmed in MATLAB 2012 (MathWorks, Natick, 
MA, USA). Subsequently the geometrical model of the bone was edited in Magics 
(Materialise, Lueven, Belgium) to create three configurations. These configurations 
correspond to normal bone structure and two types of bone loss patterns observed in 
the clinical cases (Fig. 1). For implant geometry, four implants identical to those used in 
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the study patients (Fig. 2) were scanned with a high resolution ATOS optical 3D scan-
ner (GOM mbH, Braunschweig, Germany). The point cloud information was used to 
generate computer models using SolidWorks 2012 (Dassault Systems, Vélizy-Villacou-
blay, France). It should be noted that while Straumann S and SP implants are different 
products, they both have the exact same geometry in the region that is inserted into the 

Table 1
Details of failed/failing implants observed in the clinical case pool.

Case no. Sex Age Time (months) Loss type Region Implant type Dimensions (mm)

1 F 33 2 Circular 46 Camlog Plus 5 � 11
2 M 64 1 Circular 36 Camlog Plus 5 � 11
3 F 42 3 Circular 36 Camlog Plus 3.8 � 9
4 F 46 2 Circular 36 Camlog Plus 3.8 � 11

37 Camlog Plus 3.8 � 9
5 F 60 1 Circular 47 Camlog Plus 4.3 � 11
6 M 53 9 Horizontal 13 Camlog Plus 4.3 � 11

14 4.3 � 11
15 4.3 � 9
22 3.8 � 11
24 3.8 � 11
26 4.3 � 9

7 F 68 5 Circular 14 Straumann BL 4.1 � 10
8 F 55 3 Circular 47 Astra Osseo Speed 4 � 11
9 F 83 12 Circular 47 Straumann S 4.1 � 12

10 F 56 4 Circular 36 Straumann SP 4.1 � 10

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

(j)

Camlog PlusCamlog PlusCamlog Plus

Camlog PlusCamlog Plus

Straumann BL Straumann S

Straumann SP

Astra Osseo Speed

Camlog Plus

Fig. 1. Radiographs demonstrating circular and horizontal bony defects observed around implants.

178 J. Wolff et al. /Materials and Design 61 (2014) 177–184

figure 1
Radiographs demonstrating circular and horizontal bony defects observed around implants.
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bone. They only differ in the length of the implant collar which does not affect the sim-
ulations performed in this study; where forces are applied uni-directionally along the 
long axis of the implant. The acquired bone and implant models were assembled into 
a three-dimensional finite element mesh structure. The individual components were 
meshed and assembled in ANSYS 14 (Swanson Analysis Systems Inc., Houston, PA, 
USA). The implants were inserted into the model of bone in the exact same location. All 
model volumes were discretized by 10-node quadratic tetrahedral elements with three 
degrees of freedom (SOLID187). Bone tissue was modelled at three different levels of 
discretization (Fig. 3). The bone-implant interface was modelled with finer element siz-
es to enhance accuracy of results in the tissue in close proximity to the implant threads 
(Fig. 3). The mesh representing bone adjacent to the micro-threads in Astra implant 
was further refined to an element size of 0.03 mm. Contact elements CONTA175 and 
TARGE170 were used to model the bone-implant interface. The total number of ele-
ments in the models range from 6 to 7.5 million with approximately 7–10 million nodes. 
The finite element mesh was checked to avoid error elements.

The material properties of bone tissue and the dental implants were defined using a 
homogeneous isotropic linearly elastic material model, explicitly described by two pa-
rameters: Young’s modulus (E) and Poisson’s ratio (μ). For titanium implant these were 
defined as E = 110,000 MPa and μ = 0.3 14–16. The trabecular and cortical bone material 
characteristics were assumed to be similar at the micro-level in keeping with literature 

However when strain values greater than 1500 le are induced, a
hypertrophic increase in modelling and an associated decrease in
remodelling can occur. When peak strains exceed values of
3000 le the structural integrity of the bone is endangered and
can, in some cases, result in pathologic overload.

These high pathological strains can be induced in the surround-
ing bone during implant placement when high torque values
(>45 N cm) are applied. Over tightening which leads to bone com-
pression, often results in necrosis of the bone and in some cases
can result in implant failure [7]. Such compressive forces are dic-
tated by the implant geometry. Until recently the majority of den-
tal implants have had a cylindrical shape, though currently the
trend is towards developing tapered implants that resemble tooth
roots, which are supposed to have better stress transfer into sur-
rounding bone [8].

In order to evaluate the effect of implant geometry on the strain
distribution patterns, it is essential to use computational models.
Finite element analysis (FEA) is an ideal method for modelling
complex structures and analysing their mechanical behaviour [9–
12]. Advances in imaging technology have made it possible to
image bone and implant structures at the microlevel in 3D. This

makes it possible to construct very accurate anatomical models
which in turn give reliable results.

Considering the large variation in implant geometries on the
market, better understanding of the effect of geometry on the sur-
rounding bone tissue is of great clinical relevance. The aim of this
study was to assess the effect of 4 different implant geometries on
the strain distributions in the loaded bone leading to bone loss
using FEA. Furthermore, based on clinical cases, the consequences
of bone loss around failing implants, and the corresponding
changes in the strain distribution patterns were assessed. As of
date, very little research has been done investigate the effect of
progressive bone loss on the strain distribution around dental
implants. Thus the progressive performance of these implants con-
sequent to clinically observed bone loss is of particular interest.

2. Materials and methods

2.1. Patient information

Between the years 2003 and 2009, 3700 maxillary and mandib-
ular reconstructions, employing dental implants to rehabilitate

Fig. 2. Scheme of surrounding bone model used in the simulations – (a) full bone, (b) circular bone loss, (c) horizontal bone loss.

Element size: 0.4 mm

Element size: 0.03 mm

Element size: 0.08 mm

Fig. 3. The different element sizes contained in the mesh representing bone tissue. At the bone-implant interface, bone is specifically refined for consistence with the adjacent
implant threads. Thus, micro-threads present in the Astra implant (as illustrated) justify an element size of 0.03 mm.
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figure 2
scheme of surrounding bone model used in the simulations – (a) full bone, (b) circular bone loss, 
(c) horizontal bone loss.
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17,18. Thus, similar material properties were used for both bone tissues; specifically E = 
13 700 MPa and μ = 0.3 19–23.

A total of four different configurations were constructed for each of the four implant 
geometries (Camlog, Astra, Straumann BL and Straumann S/SP). The configurations 
included two pathological conditions observed in the patients – circular bone loss and 
horizontal bone loss. In addition, the full bone model (without pathological resorption) 
was simulated under two conditions which differed in the extent and type of bone-im-
plant contact (BIC). A clinically osseointegrated implant is where the surrounding 
bone morphology is healthy and the implant surface and adjacent bone tissue fuse to 
form a sturdy interface. In the FEA procedure this condition is simulated by defining 
the bone-implant interface of the model mesh as ‘bonded always’. In this study this 
configuration is referred to as – full bone bonded. Another configuration was created 
to simulate the situation where the BIC in the region of the implant neck degrades, 
specifically within the cortical bone. This can occur due to various reasons, such as 
over-torqueing during insertion resulting in non-fusion of bone and implant, or patholo-
gy in bone tissue when implant geometry induces localised high strains. This condition 
is simulated by defining the bone-implant interface as a ‘friction’ contact. In this study 
this configuration is referred to as – full bone friction. A friction contact allows for minor 
tangential displacements between the implant and bone at the interface. In this study 
the friction coefficient was set to 0.3 15. In all configurations the implants were axially 
loaded with 200 N on the uppermost cross section of the implant based on literature 24. 
All nodes at the mesial and distal borders of the mandibular bone segment were fixed 
in all directions toy along the long axis of the implant. The acquired bone and implant 
models were assembled into a three-dimensional finite element mesh structure. rep-
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hypertrophic increase in modelling and an associated decrease in
remodelling can occur. When peak strains exceed values of
3000 le the structural integrity of the bone is endangered and
can, in some cases, result in pathologic overload.
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tated by the implant geometry. Until recently the majority of den-
tal implants have had a cylindrical shape, though currently the
trend is towards developing tapered implants that resemble tooth
roots, which are supposed to have better stress transfer into sur-
rounding bone [8].

In order to evaluate the effect of implant geometry on the strain
distribution patterns, it is essential to use computational models.
Finite element analysis (FEA) is an ideal method for modelling
complex structures and analysing their mechanical behaviour [9–
12]. Advances in imaging technology have made it possible to
image bone and implant structures at the microlevel in 3D. This

makes it possible to construct very accurate anatomical models
which in turn give reliable results.

Considering the large variation in implant geometries on the
market, better understanding of the effect of geometry on the sur-
rounding bone tissue is of great clinical relevance. The aim of this
study was to assess the effect of 4 different implant geometries on
the strain distributions in the loaded bone leading to bone loss
using FEA. Furthermore, based on clinical cases, the consequences
of bone loss around failing implants, and the corresponding
changes in the strain distribution patterns were assessed. As of
date, very little research has been done investigate the effect of
progressive bone loss on the strain distribution around dental
implants. Thus the progressive performance of these implants con-
sequent to clinically observed bone loss is of particular interest.

2. Materials and methods

2.1. Patient information

Between the years 2003 and 2009, 3700 maxillary and mandib-
ular reconstructions, employing dental implants to rehabilitate

Fig. 2. Scheme of surrounding bone model used in the simulations – (a) full bone, (b) circular bone loss, (c) horizontal bone loss.

Element size: 0.4 mm

Element size: 0.03 mm

Element size: 0.08 mm

Fig. 3. The different element sizes contained in the mesh representing bone tissue. At the bone-implant interface, bone is specifically refined for consistence with the adjacent
implant threads. Thus, micro-threads present in the Astra implant (as illustrated) justify an element size of 0.03 mm.
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figure 3
The different element sizes contained in the mesh representing bone tissue. at the bone-implant 
interface, bone is specifically refined for consistence with the adjacent implant threads. Thus, mi-
cro-threads present in the astra implant (as illustrated) justify an element size of 0.03 mm.
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resent continuity within the mandible. Small displacements were considered during 
solution, as simulations with large displacement did not converge. Effective strain was 
selected as a value for analysis of bone tissue 12,25–28.

ResulTs anD Discussion

A total of 4 bone model configurations (full bone bonded, circular bone loss, horizontal 
bone loss and full bone friction) were simulated for each of the 4 implant types (Astra, 
Camlog and two Straumann; Fig. 4). The axial displacements ranged from 2.9 to 7.5 
μm (Fig. 5). Among the bone configurations, the largest displacements were observed 
in the horizontal bone loss models, with the highest in the Camlog implant (7.5 μm). 
The full bone bonded configuration displayed the least differences between the im-
plants. In full bone friction configuration, the Straumann BL implant displayed the least 
displacement (3.3 μm). The difference in implant displacement magnitudes between 
the full bone bonded and full bone friction configurations (for a given implant) was in-
significant (maximum difference ~1 μm).

The effect of applied loads on the bone-implant interface was observed in terms of 
strains induced in the bone tissue 29–31. All strains are displayed in the corono-apical 
cut of the simulation results. The colour ranges were changed to correspond to strain 
intensity intervals (in micro-strain, μɛ) suggested by mechanostat hypothesis (Fig. 6). 
In Fig. 6, each subfigure represents the results of simulation of a configuration in the 
corresponding location in Fig. 4.

In the full bone bonded configuration, in all implants, the strains induced in the bone 
next to the threads are largely less than 1500 μɛ (Fig. 6a). However in the implant neck 
region the Camlog implant showed an increased prevalence of high strains in compar-
ison to the other two implants. Nonetheless, the unphysiological strain regions (in red) 
are minimal in area. In the bone loss model configurations (circular and horizontal, Fig. 
6b and c) the strain magnitudes increase significantly, with greater regions of unphysi-
ological strains (>3000 μɛ) in all 4 implants types. In the full bone friction configuration 
(Fig. 6d), Astra implant induces minimal regions of unphysiological strain. The Strau-
mann and Camlog implants induce considerable regions of high strains in the bone, 
with the bone adjacent to the neck of the Camlog implant particularly overloaded. The 
bone adjacent to the chamfer in the Camlog implant is subjected to more than 25,000 
μɛ (Fig. 7), which is beyond the fracture limit of bone 6.

The results offer an insight into the performance of geometrically different implants 
under conditions of bone loss. Once bone degradation in the cortical bone commences, 
the differences in geometry between the implants becomes apparent. Of the four, the 
Astra and Straumann geometries seem to offer better distribution of strains, even with 
adjacent bone loss. Of particular note, when the model was simulated with full osseointe-
gration with no bone loss, the Astra implant seems to perform similarly to the Straumann 
implant. A possible reason for this is that the Astra and Straumann implants by their 
design have their threads in the cortical bone, whereas in Camlog a smooth surface 
interfaces with the cortical bone. Thus, the results indicate that the presence of implant 
micro-threads in the cortical bone may have a positive influence on the strain distribution.
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Fig. 4. Schematic representation of the 16 bone and implant configurations simulated for induced strains. The red marker (last row) indicates the extent of the region where
frictional contact is defined at the bone-implant interface. For a colour representation, the reader is referred to the online version of this paper. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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figure 4
Schematic representation of the 16 bone and implant configurations simulated for induced 
strains. The red marker (last row) indicates the extent of the region where frictional contact is 
defined at the bone-implant interface. For a colour representation, the reader is referred to the on-
line version of this paper. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.)



131

Finite element analysis of bone loss around failing implants

8

In the clinical experience of the authors the Camlog implants exhibited a high inci-
dence of complications resulting from rapid bone loss. Thus more detailed simulations 
were performed under conditions simulating relative bone movement at the implant 
surface in the upper part of the implant. Under these conditions (friction contact) the 
simulations revealed that the chamfer at the neck induces very high strains in a very 
small region (Fig. 7). In clinical practice this particular implant site is surrounded by 
cortical bone. Thus a possible explanation for the observed clinical outcomes is that 
unphysiological strain induces bone resorption, subsequent to which the Camlog 
geometry performance deteriorates in comparison to the others. Thus the authors hy-
pothesise that a failure in early osseointegration of the implant surface in the cortical 
bone affects the optimality of implant geometry. The simulation results of the full bone 
friction configuration illustrate that a sharp geometrical feature (chamfer in neck) could 
potentially lead to accelerated bone loss and eventual failure. Limbert et al. 29, in their 
investigation of trabecular strains and micro-motion (implant displacement) in an em-
bedded Astra implant, reported similar performance implications. There are, however, 
a few minor distinctions. Limbert et al. used an already osseointegrated implant (and 
subsequently remodelled adjacent bone) embedded in a porcine mandible segment as 
the basis for their model. The reported strain magnitudes were largely below unphysio-
logical limits (<3000 μɛ) and were minimally affected by varying the friction coefficients 
(a higher value corresponds to a firmer bone-implant contact). However, in our study 
with friction contact, the Camlog implant is observed to induce critical strains at the 
neck chamfer. These distinctions in the results of the studies can be attributed to the 
differences in the morphology of human and porcine mandibles, implant geometries 
tested and boundary conditions. Furthermore, as reported by Wirth et al. in 30,31, bone 
volume fraction has a direct bearing on the strains transferred through the cortical shell 

masticatory function, were performed at a private clinic for oral
surgery in Hamburg Germany by one oral surgeon. All patients
were randomly allocated by the referring dentists to three different
implant systems (Straumann AG, Basel, Switzerland; Camlog,
Biotechnologies AG, Basel, Switzerland and Astra Tech AB,
Gothenburg, Sweden). Informed consent was obtained from all
patients included in this study. Before implant treatment, all
patients were screened for pre-existing dental problems and
systemic health. All patients were treated using a standardized
two-stage surgical implant placement procedure. Antibiotic cover-
age with amoxicillin (250 mg) had been given 1 h before surgery
and every 6 h after surgery for three days. For patients allergic to
penicillin, erythromycin (250 mg) was used. Chlorhexidine
(0.12%) mouth rinse was also used topically for 2 weeks after
surgery.

In the six year observation period, 10 patients (8 females and 2
males, average age 56 years) were diagnosed with peri-implantitis
having developed circular and horizontal bony defects requiring
surgical treatment (Table 1). These defects were observed in the
follow-up radiographs shown in Fig. 1. The radiographs in this
study were used with patient consent.

2.2. Peri-implantitis treatment protocol

Following the administration of local anaesthesia, a full-
thickness flap was elevated and the granulation tissue was then
removed. The largely exposed titanium implant surface was
then subsequently cleaned with gauze soaked in 1% chlorhexidine
gel. The peri-implant bone defects were then filled with a mixture
of autogenous bone chips and de-proteinized bovine bone mineral
granules (size: 1.0–2.0 mm; Bio-Oss�, Geistlich Pharma AG,
Switzerland). The soft tissues were repositioned by tension-free
suturing. A systemic administration of antibiotics was combined
with the surgical protocol. Postoperative follow-up included clini-
cal examination and radiographs. The follow-up period ranged
from 1 to 3 years after surgical debridement and augmentation
with bovine bone mineral granules.

2.3. Finite element analysis

Simulations were performed on 4 implant types (Camlog Plus,
Astra Osseo Speed, Straumann BL and Straumann S/SP) to assess
the effect of their geometries on the distribution of strain in the
surrounding bone tissue. To obtain the geometrical model of the
surrounding bone a cadaveric mandibular bone segment was
imaged in a micro-CT device (1984 � 1984 � 2175 image volume
with 17 lm isometric voxels). The image data was used to generate
a Standard Tessellation Language (STL) model of the bone segment
using STL Model Creator [13] programmed in MATLAB 2012 (Math-
Works, Natick, MA, USA). Subsequently the geometrical model of
the bone was edited in Magics (Materialise, Lueven, Belgium) to
create three configurations. These configurations correspond to
normal bone structure and two types of bone loss patterns
observed in the clinical cases (Fig. 1). For implant geometry, four
implants identical to those used in the study patients (Fig. 2) were
scanned with a high resolution ATOS optical 3D scanner (GOM
mbH, Braunschweig, Germany). The point cloud information was
used to generate computer models using SolidWorks 2012
(Dassault Systems, Vélizy-Villacoublay, France). It should be noted
that while Straumann S and SP implants are different products,
they both have the exact same geometry in the region that is
inserted into the bone. They only differ in the length of the implant
collar which does not affect the simulations performed in this
study; where forces are applied uni-directionally along the long
axis of the implant. The acquired bone and implant models were
assembled into a three-dimensional finite element mesh structure.

The individual components were meshed and assembled in ANSYS
14 (Swanson Analysis Systems Inc., Houston, PA, USA). The
implants were inserted into the model of bone in the exact same
location. All model volumes were discretized by 10-node quadratic
tetrahedral elements with three degrees of freedom (SOLID187).
Bone tissue was modelled at three different levels of discretization
(Fig. 3). The bone-implant interface was modelled with finer ele-
ment sizes to enhance accuracy of results in the tissue in close
proximity to the implant threads (Fig. 3). The mesh representing
bone adjacent to the micro-threads in Astra implant was further
refined to an element size of 0.03 mm. Contact elements
CONTA175 and TARGE170 were used to model the bone-implant
interface. The total number of elements in the models range from
6 to 7.5 million with approximately 7–10 million nodes. The finite
element mesh was checked to avoid error elements.

The material properties of bone tissue and the dental implants
were defined using a homogeneous isotropic linearly elastic mate-
rial model, explicitly described by two parameters: Young’s modu-
lus (E) and Poisson’s ratio (l). For titanium implant these were
defined as E = 110,000 MPa and l = 0.3 [14–16]. The trabecular
and cortical bone material characteristics were assumed to be sim-
ilar at the micro-level in keeping with literature [17,18]. Thus, sim-
ilar material properties were used for both bone tissues;
specifically E = 13 700 MPa and l = 0.3 [19–23].

A total of four different configurations were constructed for
each of the four implant geometries (Camlog, Astra, Straumann
BL and Straumann S/SP). The configurations included two patho-
logical conditions observed in the patients – circular bone loss
and horizontal bone loss. In addition, the full bone model (without
pathological resorption) was simulated under two conditions
which differed in the extent and type of bone-implant contact
(BIC). A clinically osseointegrated implant is where the surround-
ing bone morphology is healthy and the implant surface and adja-
cent bone tissue fuse to form a sturdy interface. In the FEA
procedure this condition is simulated by defining the bone-implant
interface of the model mesh as ‘bonded always’. In this study this
configuration is referred to as – full bone bonded. Another config-
uration was created to simulate the situation where the BIC in the
region of the implant neck degrades, specifically within the cortical
bone. This can occur due to various reasons, such as over-torqueing
during insertion resulting in non-fusion of bone and implant, or
pathology in bone tissue when implant geometry induces localised
high strains. This condition is simulated by defining the
bone-implant interface as a ‘friction’ contact. In this study this con-
figuration is referred to as – full bone friction. A friction contact
allows for minor tangential displacements between the implant
and bone at the interface. In this study the friction coefficient
was set to 0.3 [15]. In all configurations the implants were axially
loaded with 200 N on the uppermost cross section of the implant
based on literature [24]. All nodes at the mesial and distal borders
of the mandibular bone segment were fixed in all directions to

Fig. 5. Observed axial displacements (lm) in the four implants in four different
configurations, under uni-axial loads of 200 N.
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figure 5
Observed axial displacements (μm) in the four implants in four different configurations, under 
uni-axial loads of 200 n.
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represent continuity within the mandible. Small displacements
were considered during solution, as simulations with large dis-
placement did not converge. Effective strain was selected as a
value for analysis of bone tissue [12,25–28].

3. Results and discussion

A total of 4 bone model configurations (full bone bonded, circu-
lar bone loss, horizontal bone loss and full bone friction) were sim-
ulated for each of the 4 implant types (Astra, Camlog and two

Straumann; Fig. 4). The axial displacements ranged from 2.9 to
7.5 lm (Fig. 5). Among the bone configurations, the largest dis-
placements were observed in the horizontal bone loss models, with
the highest in the Camlog implant (7.5 lm). The full bone bonded
configuration displayed the least differences between the implants.
In full bone friction configuration, the Straumann BL implant dis-
played the least displacement (3.3 lm). The difference in implant
displacement magnitudes between the full bone bonded and full
bone friction configurations (for a given implant) was insignificant
(maximum difference �1 lm).

Fig. 6. Differences in strain intensity (le) distribution in the adjacent bone at the bone-implant interface for – (a) full bone bonded, (b) circular bone loss, (c) horizontal bone
loss and (d) full bone friction; in the four implants. Schemes in the leftmost column illustrate the bone morphology used in simulating corresponding configurations. The red
marker in (d) indicates the region where frictional contact is defined instead of ‘bonded always’. For a colour representation, the reader is referred to the online version of this
paper. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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figure 6
Differences in strain intensity (μɛ) distribution in the adjacent bone at the bone-implant interface 
for – (a) full bone bonded, (b) circular bone loss, (c) horizontal bone loss and (d) full bone friction; 
in the four implants. schemes in the leftmost column illustrate the bone morphology used in sim-
ulating corresponding configurations. The red marker in (d) indicates the region where frictional 
contact is defined instead of ‘bonded always’. For a colour representation, the reader is referred 
to the online version of this paper. (For interpretation of the references to colour in this figure leg-
end, the reader is referred to the web version of this article.)
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to the trabecular structure. Thus, this study builds upon the established methodology 
in literature 29–31, by including multiple implant geometries and clinically observed bone 
morphology, to emphasise the importance of geometry evaluation under closely mim-
icked clinical conditions. 

While distinct implant geometries seem to exhibit differences in performance, it 
should be noted that from an overall perspective, the failures are not significant in num-
ber. The clinical data included in this study consists of a large case pool (3700) with 
low incidence of failures (~0.3%). Additionally there are some modelling and simulation 
limitations that need to be considered. In terms of the geometry the model were cre-
ated using a high resolution micro-CT device which limits the object size that can be 
imaged. Thus the realism of anatomy was limited to a section of the mandible in close 
proximity to the implant and extrapolated to the rest of the geometry. This makes the 
whole process of model creation and simulation analysis feasible with modest compu-
tational resources. The simulation parameters employed were limited to axial compres-
sive loading in this study. In future studies, the bucco-lingual direction, mesio-distal di-
rection and their combinations would be considered. Furthermore, a more wholesome 
treatment of this subject must deal with the issue of bone remodelling around the im-
plant. This would involve complex and detailed simulations using an adaptive feedback 
algorithm based on the mechanostat strain threshold 15,32.

The effect of applied loads on the bone-implant interface was
observed in terms of strains induced in the bone tissue [29–31].
All strains are displayed in the corono-apical cut of the simulation
results. The colour ranges were changed to correspond to strain
intensity intervals (in micro-strain, le) suggested by mechanostat
hypothesis (Fig. 6). In Fig. 6, each subfigure represents the results
of simulation of a configuration in the corresponding location in
Fig. 4.

In the full bone bonded configuration, in all implants, the
strains induced in the bone next to the threads are largely less than
1500 le (Fig. 6a). However in the implant neck region the Camlog
implant showed an increased prevalence of high strains in compar-
ison to the other two implants. Nonetheless, the unphysiological
strain regions (in red) are minimal in area. In the bone loss model
configurations (circular and horizontal, Fig. 6b and c) the strain
magnitudes increase significantly, with greater regions of unphys-
iological strains (>3000 le) in all 4 implants types. In the full bone
friction configuration (Fig. 6d), Astra implant induces minimal
regions of unphysiological strain. The Straumann and Camlog
implants induce considerable regions of high strains in the bone,
with the bone adjacent to the neck of the Camlog implant particu-
larly overloaded. The bone adjacent to the chamfer in the Camlog
implant is subjected to more than 25,000 le (Fig. 7), which is
beyond the fracture limit of bone [6].

The results offer an insight into the performance of geometri-
cally different implants under conditions of bone loss. Once bone
degradation in the cortical bone commences, the differences in
geometry between the implants becomes apparent. Of the four,
the Astra and Straumann geometries seem to offer better distribu-
tion of strains, even with adjacent bone loss. Of particular note,
when the model was simulated with full osseointegration with
no bone loss, the Astra implant seems to perform similarly to the
Straumann implant. A possible reason for this is that the Astra
and Straumann implants by their design have their threads in
the cortical bone, whereas in Camlog a smooth surface interfaces
with the cortical bone. Thus, the results indicate that the presence
of implant micro-threads in the cortical bone may have a positive
influence on the strain distribution.

In the clinical experience of the authors the Camlog implants
exhibited a high incidence of complications resulting from rapid

bone loss. Thus more detailed simulations were performed under
conditions simulating relative bone movement at the implant sur-
face in the upper part of the implant. Under these conditions (fric-
tion contact) the simulations revealed that the chamfer at the neck
induces very high strains in a very small region (Fig. 7). In clinical
practice this particular implant site is surrounded by cortical bone.
Thus a possible explanation for the observed clinical outcomes is
that unphysiological strain induces bone resorption, subsequent
to which the Camlog geometry performance deteriorates in com-
parison to the others. Thus the authors hypothesise that a failure
in early osseointegration of the implant surface in the cortical bone
affects the optimality of implant geometry. The simulation results
of the full bone friction configuration illustrate that a sharp geo-
metrical feature (chamfer in neck) could potentially lead to accel-
erated bone loss and eventual failure. Limbert et al. [29], in their
investigation of trabecular strains and micro-motion (implant dis-
placement) in an embedded Astra implant, reported similar perfor-
mance implications. There are, however, a few minor distinctions.
Limbert et al. used an already osseointegrated implant (and subse-
quently remodelled adjacent bone) embedded in a porcine mandi-
ble segment as the basis for their model. The reported strain
magnitudes were largely below unphysiological limits (<3000 le)
and were minimally affected by varying the friction coefficients
(a higher value corresponds to a firmer bone-implant contact).
However, in our study with friction contact, the Camlog implant
is observed to induce critical strains at the neck chamfer. These dis-
tinctions in the results of the studies can be attributed to the differ-
ences in the morphology of human and porcine mandibles, implant
geometries tested and boundary conditions. Furthermore, as
reported by Wirth et al. in [30,31], bone volume fraction has a
direct bearing on the strains transferred through the cortical shell
to the trabecular structure. Thus, this study builds upon the estab-
lished methodology in literature [29–31], by including multiple
implant geometries and clinically observed bone morphology, to
emphasise the importance of geometry evaluation under closely
mimicked clinical conditions.

While distinct implant geometries seem to exhibit differences
in performance, it should be noted that from an overall perspec-
tive, the failures are not significant in number. The clinical data
included in this study consists of a large case pool (3700) with

Fig. 7. Strain results (le) for (a) Astra Osseo Speed, (b) Camlog Plus, (c) Straumann BL and (d) Straumann S/SP implants. Above the horizontal red line, relative frictional
movement at the bone-implant interface is allowed. Below the red line, the interface is assumed to be fully bonded. The images to the right of each scheme show the
distribution, if any, of extremely high strains (>25,000 le) induced in the adjacent bone. For a colour representation, the reader is referred to the online version of this paper.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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figure 7
Strain results (μɛ) for (a) Astra Osseo Speed, (b) Camlog Plus, (c) Straumann BL and (d) Strau-
mann s/sp implants. above the horizontal red line, relative frictional movement at the bone-im-
plant interface is allowed. below the red line, the interface is assumed to be fully bonded. The im-
ages to the right of each scheme show the distribution, if any, of extremely high strains (>25,000 
μɛ) induced in the adjacent bone. For a colour representation, the reader is referred to the online 
version of this paper. (For interpretation of the references to colour in this figure legend, the read-
er is referred to the web version of this article.)
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conclusions

In this study the possible correlation between bone loss patterns observed in 10 se-
lected patients and the associated implant geometries was investigated. Using FEA 
method at the microstructure level, the influence of 4 different implant geometries on 
the strain patterns in the adjacent bone tissue was analysed. When studied under 
progressive bone loss patterns observed clinically, the implants showed degraded per-
formance in terms of increased high strain regions in the surrounding bone (>3000 μɛ). 
The implant geometries were also modelled to simulate an absence of a perfect bond 
at the bone-implant contact at the upper region of the implant. Results indicate that fea-
tures such as sharp chamfers can induce localised, extremely high pathological strains 
(>25,000 μɛ).

Thus, while implants geometries are designed to perform under the assumption of 
osseointegration, when either the bone-implant interface fails or pathological bone loss 
occurs, the implant geometries might no longer be optimal. This study demonstrates 
that when evaluating implant geometries, it is imperative to consider not only the best 
case scenario but also their optimality under progressive bone loss initiated by other 
factors such as infection and overloading.
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absTRacT

The aim of this study was to demonstrate the potential of microcomputed tomography 
(micro-CT) technology in the assessment of retrieved dental implants. Cases are pre-
sented to illustrate the value of micro-CT imaging techniques in determining possible 
mechanical causes for dental implant failures.

Eight retrieved dental implants were randomly selected from a pool and imaged 
using a micro-CT device. Source voltages (80 to 100 kV) and source-to-detector dis-
tances (65 to 70 mm) were based on signal quality requirements with an additional cri-
terion of achieving the highest resolution with the sample entirely in the ield of view in 
the projection plane. One additional sample was chosen for histology and tomographic 
imaging so that the information contained therein could be compared. 

The micro-CT images displayed high contrast between the implant, bone, and 
background, with negligible metal artifacts. The micro-CT technology used in this study 
delivered excellent images of the retrieved implants. As a result of the quality and reso-
lution (pixel size: 5.52 to 6.15 μm) of the images, surface morphology as well as internal 
structures of the retrieved implants could be observed in great detail. The majority 
of the retrieved implants had increased wear, dents, pits, regular shallow scratches, 
and deep scratches in the implant-toabutment engagement area. Furthermore, plastic 
deformations, microcracks, and brittle implant fractures were observed in two implants. 

The mechanical competence of dental implant components plays a major role in the 
success of implant treatment. When failures do occur, a nondestructive three-dimen-
sional assessment of such failed implants and their components is helpful in under-
standing the underlying factors. Micro-CT was found to be a useful tool for the morpho-
logic assessment of retrieved dental implants.
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inTRoDucTion

Dental implant treatment is a clinically validated and practice-proven therapy. Most 
dental implants integrate uneventfully and come into intimate contact with bone. How-
ever, while the overall success rate of dental implant treatment is high,1 implant failures 
do occur sometimes, necessitating the removal of the failing dental implant.2 Accord-
ing to Esposito et al,3 implant failures can be classfied according to chronology into 
early and late failures. Early failures have often been associated with interferences in 
the initial healing process, leading to nonintegration of the implant. Late failures have 
been described as occurring after osseointegration and occlusal loading.4 Recently 
Palma-Carri. et al carried out a literature review of risk factors associated with early 
implant failure.5 In the majority of studies, statistically signficant factors associated with 
early implant failure were smoking, quantity and quality of bone, and posterior implant 
location. Late implant failures, on the other hand, are often inluenced by the microbial 
environment, design of the prosthetic rehabilitation, and the mechanical loads (com-
pression, bending, tension, and torsion) acting on the implant prosthesis during func-
tional loading.4,6,7 

The high prevalence, clinical requirements, and unresolved research questions 
surrounding dental implant warrant follow-up to assess their performance. Dental ra-
diography plays an essential role in clinical routine practice and in research projects 
evaluating dental implants, and it is an essential diagnostic prerequisite for the visual 
evaluation of success and failure of oral implants. Failing implants commonly demon-
strate radiographic alterations, which normally relect pathologic conditions, such as 
mobility, encapsulation, and local inlammation.8 Rapid development of radiologic equip-
ment in recent decades has signficantly changed the role of oral radiology, with cone 
beam computed tomography (CT) technology becoming particularly attractive in many 
in vivo procedures, including for the assessment of failing implants.

However, conventional CT technology has certain limitations when it comes to the 
assessment of microstructures.

Microcomputed tomography (micro-CT) overcomes these limitations in microstruc-
ture visualization, but at the cost of being almost exclusively an in vitro imaging mo-
dality (except for small-animal studies). A micro-CT is basically a miniaturized version 
of CT optimized for the best resolution (in the micron range) and image quality. While 
there are imaging modalities that deal in the nanometer resolution range, such as 
scanning electron microscopy or transmission electron microscopy in structure analy-
sis and atomic force microscopy in surface analysis, they often require extensive and 
destructive sample preparation procedures. Where the features of interest in samples 
are in the micron range (up to 1 μm), micro-CT technology ofers the unique possibility 
to visualize in three dimensions the microarchitectural changes occurring in various 
types and sizes (up to 30 cm in diameter) of materials, with no need for destructive 
sample preparation. 

In terms of implant failure, while a great deal of research has been devoted to the 
biologic and clinical aspects of these failures, far less attention has been paid to the 
assessment of the mechanical factors at play.10–12 Given the evidence that dynamic 
loading can cause fatigue of dental implants,13 more thorough efforts should be un-
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dertaken to investigate this problem. Metal fatigue consists of progressive localized 
damage caused mainly by luctuating stresses and strains on the material, often by 
repeated cyclic loading. Metal fatigue cracks are initiated and propagate in regions 
where the strain is most severe.14 Currently, when implants fail, for a variety of reasons 
they are either returned to the manufacturer for further assessment or simply discarded 
by the clinician. The implant manufacturers often carefully assess the dental implants 
using microscopy but may not publish the results of the sensitive data. This leaves the 
clinician with very little insight and may lead to the widespread understatement of the 
possible role of mechanical factors on implant failure. 

The use of micro-CT in dental research is gaining popularity, as it has shown great 
promise in the qualitative and quantitative assessment of various parameters. 15 Many 
studies have described its use for the assessment of anatomy, implants,16 biomate-
rials,17 and their interface.18 However, to date, no studies, to the best of the authors’ 
knowledge, have yet investigated the use of micro-CT technology for the morphologic 
assessment of structural integrity and surface morphology of retrieved dental implants. 
The aim of the present article is to illustrate the potential applications of micro-CT in 
the inspection of failed dental implants. This will serve as a model for future analysis of 
various commercially designed implants and their behavior in the biomechanical envi-
ronment in which they operate.

MaTeRials anD MeThoDs

Eight retrieved dental implant samples were randomly selected from samples at the 
Oral and Maxillofacial Unit, Department of Otorhinolaryngology, Tampere University 
Hospital, Finland. The use of these samples in the scope of the present study did not 
require ethical approval according to institutional standards. The retrieved samples 
were delivered to the Department of Electronics and Communications Engineering, 
Tampere University of Technology, for radiographic assessment. All dental implant 
samples were aixed on a wooden mount and imaged using a micro-CT device (Xradia 
MicroXCT-400, Carl Zeiss). A wooden mount was chosen to minimize the presence of 
possible artifacts from the sample holder material. Details about the Xradia XCT-400 
CT system have been described previously by Lau et al.19 Briely, the setup consists of 
a four-axis sample stage holder between movable source and detector modules. The 
x-ray source is a standard 150-kV unit from Hamamatsu Photonics. The detector unit 
consists of a scintillator in which the incoming x-rays are converted to photons and 
picked up by the subsequent optical lens module for magnification. Depending on the 
resolution requirements, higher or lower magnification objectives can be selected, just 
as in standard light microscopy. The section tomographs are captured as images by a 
2,048- X 2,048 charge-coupled distributor camera (Andor Technology).

imaging parameters
All the samples imaged in the micro-CT instrument were of similar dimensions and ma-
terial; consequently, the source energies employed were similar for all. The parameters 
used for imaging in the micro-CT instrument are listed in Table 1. Although the samples 
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were made of titanium, a highly dense material, their small cross section meant that 
relatively low x-ray source energies were suicient to produce high-quality images. All 
samples were imaged using the 4X magnification objective, which resulted in an image 
resolution (pixel size) of 5 to 6 μm. While the instrument is capable of imaging at iner 
resolutions (up to 0.7-μm pixel size), this would entail restricting the size of the ield of 
view to a subsection of the implant. The authors deemed the resolution obtained at this 
magnification sufficient for the goal of this work.

Visual analysis
The Xradia micro-CT resident control, reconstruction, and viewing software programs 
use their own proprietary file formats. All images were reconstructed using the software 
provided with the Xradia micro-CT device (XMReconstructor) after appropriate beam 
hardening and sample drift corrections. The sectional views and three-dimensional 
(3D) rendering of the reconstructed volumes were handled in the Xradia 3D viewer 
(XM3Dviewer). Gray-level windowing was done to enhance contrast, but no addition-
al postacquisition image processing was used to treat the images. Screenshots of 
sectional images were saved as .tif iles. Following the data reconstruction, all image 
volumes were visually assessed by two engineers and one maxillofacial surgeon. The 
visual assessment focused on damage inlicted on the retrieved dental implants. Spe-
cial attention was paid to identify any abrasive wear in the screw threads, material frac-
tures, metal debris, and surface indentations.

implant no. source voltage (kV) 
/ power (W)

source distance 
(mm)

Detector distance 
(mm)

pixel size 
(μm)

1 100/10 59 6 6.15

2 100/10 59 6.5 6.1031

3 100/10 60 10.5 5.7664

4 100/10 60 10.5 5.7664

5 80/8 53 12 5.5246

6 80/8 53 12 5.5246

7 100/10 53 12 5.5246

8 80/8 53 12 5.5246

Histology 
sample

100/10 53 12 5.5246
2.24

The histology sample was imaged at two magnifications, resulting in images with two different 
pixel sizes.

Table 1
imaging parameters for the implant samples examined in the study
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histology sample preparation
One additional implant sample retrieved with bone around the external threads was 
processed histologically. This was done to compare histologic images with micro-CT 
image information content, especially in terms of studying bone-implant contact. The 
sample was dehydrated in increasing concentrations of ethanol and embedded into 
polymethylmethacrylate. Histologic sections were cut along the implant axis with an 
Exakt 310 CP microsaw (Exakt Vertriebs), ground, and polished with an Exakt 400 CS 
grinding system. The thickness of the final thin sections for optical microscopy was ap-
proximately 30 μm. Finally, the section was stained with 1% toluidine blue. Prior to his-
tologic preparation, the sample had been imaged and visualized in the same manner 
as the other eight samples (Table 1). In addition, the sample was imaged at a higher 
magnification, with all imaging parameters kept constant and the objective lens consti-
tuting the only change (hierarchical imaging).

ResulTs

Visual inspection of the reconstructed micro-CT images revealed detailed views of 
the implant surface morphology  rom diferent perspectives and permitted a nearly ar-
tifact-free visualization of the retrieved implants. Where the surrounding mineralized 
bony tissue was present, the bone-implant contact was clearly observable. Figure 1 
presents the screenshots of image volumes for each of dental implant samples. Nota-
ble results observed in each sample are summarized in the following.

Implants 1 and 2 showed traces of abrasion, increased wear, dents, pits, regular 
shallow scratches, and deep  scratches in the implant/abutment engagement area. 
Small plastic deformations were seen on the implant collar. The plastic deformation on 
the implant outer wall of the collar of sample 1 was most probably caused by excessive 
forces applied to the implant during removal. No microcracks were observed in the im-
plant bodies when browsing the data volume. 

Implant 3 showed plastic deformation in the form of indentations on the implant 
collar and contained a fractured abutment screw within (Fig 2a). Furthermore, it was 
evident that during abutment/crown placement, an unknown radiopaque material had 
been intentionally or unintentionally placed into the remaining abutment screw shaft. 
The sample had been retrieved with the surrounding bone in the threads intact (Fig 2a).

The bone exhibited a rather dense lamellar structure, with strong bone-to-implant 
contact and small voids. Implant 4 showed a brittle implant fracture at the apical end of 
the implant collar and multiple plastic deformations on the outer surface of the implant. 
Furthermore, an unknown material was seen in the remaining abutment screw shaft. 
No particular microcracks were found in the implant body. The surrounding bone tissue 
showed rather weak bone-to-implant contact, with many large voids (Fig 2b). Implant 5 
showed traces of abrasion, increased wear, dents, pits, regular shallow scratches, and 
deep scratches on the outer surface of the implant. Two microcracks could be seen in 
the implant microthread area. The cracks followed a similar parallel pattern on the sur-
face of the implant (Fig 3a). The cracks initiated from the outer surface and developed 
inward (Figs 3b and 3c).
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low scratches and deep scratches on the implant outer 

wall of the collar of the samples were probably caused 

by excessive forces applied to the implant during re-

moval. No microcracks were observed in the implant 

bodies when browsing the data volume (Fig 4).

The additional sample selected speciically for his-

tologic processing showed traces of dents and shallow 

scratches on the outer surface of the implant (Figs 5a 

to 5d). The internal surface of the implant showed chip-

ping and abrasions at the end of the threads (Fig 5d). 

Fig 1  (Left) Axial, (middle) coronal, and (right) volume render-
ings of the image data for all samples 1 to 8 (a to h, respec-
tively). Where feasible, locations within these orientations 
were chosen to highlight any mechanical deformations in that 
particular sample. 
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h

Figs 2a and 2b  Samples with bone-implant interface; 3D ren-

derings of image volume are shown on the left and coronal projec-

tions are displayed on the right. 

Fig 2a  Sample 3 exhibits relatively denser bone surrounding 
the implant. The broken abutment screw is notable, with a rath-
er sizeable cavity containing unidentiied material. 

Fig 2b  Sample 4, with bone in proximity to the implant surface, 
contains relatively more voids than sample 3. Signs of heavy ex-
ternal mechanical deformations can be observed, as well as the 
presence of unidentiied material in the cavity of the implant, 
similar to sample 3.

a b
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figure 1
(left) axial, (middle) coronal, and (right) 
volume renderings of the image data for all 
samples 1 to 8 (a to h, respectively). Where 
feasible, locations within these orientations 
were chosen to highlight any mechanical 
deformations in that particular sample.

figure 2a
sample 3 exhibits relatively denser bone sur-
rounding the implant. The broken abutment 
screw is notable, with a rather sizeable cavity 
containing unidentified material.

figure 2b
sample 4, with bone in proximity to the 
implant surface, contains relatively more 
voids than sample 3. signs of heavy external 
mechanical deformations can be observed, 
as well as the presence of unidentified ma-
terial in the cavity of the implant, similar to 
sample 3.
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The histologic images and the corresponding micro-CT 

tomographic image slice provided complementary in-

formation on the implant morphology and of the bone 

adjacent to the threads (Fig 5). Hierarchical micro-CT 
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Fig 5a  Three-dimensional rendering of 
the tomographic volume of the implant 
showing slight indentations on the collar. 

Fig 5b  Histologic image of the implant 
midsection under blue polarized light (to-
luidine blue; magniication ×12.5). 

Fig 5c  Histologic image of the implant 
midsection under white light (toluidine 
blue; magniication ×12.5)

Fig 5d  Slice from the tomographic vol-
ume corresponding to the histologic sec-
tion plane.

Figs 5a to 5d  Earmarked histology sample. 
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Figs 3a to 3c  Illustrations of the fracture location and morphol-

ogy in sample 5. 

Fig 3a  Volume rendering of the image data showing the two 
fractures in the microthread area. In addition, some mechanical 
deformation can be observed in the threads. 

Fig 3b  Coronal projection showing a larger fracture that runs 
from the exterior to the interior implant surface. 

Fig 3c  Axial projection showing both fractures. The smaller 
fracture on the left side of the image shown here is at its maxi-
mal depth from the exterior implant surface.
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figure 3
figs 3a to 3c illustrations of the fracture location and morphology in sample 5.
fig 3a Volume rendering of the image data showing the two fractures in the microthread area. in 
addition, some mechanical deformation can be observed in the threads.
fig 3b coronal projection showing a larger fracture that runs from the exterior to the interior im-
plant surface.
fig 3c axial projection showing both fractures. The smaller fracture on the left side of the image 
shown here is at its maximal depth from the exterior implant surface.

figure 4
Three-dimensional volume renderings of implants showing surface mechanical distortions and in-
dentations (possibly inlicted during the retrieval process). (a) sample 6, (b) sample 7, (c) sample 8.
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Implants 6 to 8 showed increased wear, dents, pits, regular shallow scratches, and 
deep scratches in the implant/abutment engagement area. The regular shallow scratch-
es and deep scratches on the implant outer wall of the collar of the samples were prob-
ably caused by excessive forces applied to the implant during removal. No microcracks 
were observed in the implant bodies when browsing the data volume (Fig 4). 

The additional sample selected specifically for histologic processing showed traces 
of dents and shallow scratches on the outer surface of the implant (Figs 5a to 5d). The 
internal surface of the implant showed chipping and abrasions at the end of the threads 
(Fig 5d).

The histologic images and the corresponding micro-CT tomographic image slice 
provided complementary information on the implant morphology and of the bone adja-
cent to the threads (Fig 5). Hierarchical micro-CT imaging corresponded well with the 
high-magnification histologic images (Fig 6), making structural analysis of the interface 
over highly magnified, small field-of-view micro-CT images feasible.

Discussion
Micro-CT ofers a noninvasive, nondestructive, versatile, high-contrast, reproducible 
technique for the 3D assessment of the microstructures of dense materials. Meleo et al 
presented similar visual analysis of a dental implant/abutment interface through nonde-
structive imaging.16 The images presented here study clearly demonstrate the novelty 
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figure 5
figs 5a to 5d earmarked histology sample.
fig 5a Three-dimensional rendering of the tomographic volume of the implant showing slight in-
dentations on the collar.
fig 5b histologic image of the implant midsection under blue polarized light (toluidine blue; mag-
nification X12.5).
Fig 5c Histologic image of the implant midsection under white light (toluidine blue; magnification 
X12.5)
fig 5d slice from the tomographic volume corresponding to the histologic section plane.
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of using micro-CT technology in the area of postfailure dental implant assessment. Mi-
cro-CT is a potentially useful tool for studying the external and internal morphology of 
failed implants through 3D image volumes. 

The reconstructed 3D data provide an insight into the internal condition of the 
components, allowing the thickness, cracks, voids, and delaminations to be revealed 
without destroying the sample. In normal circumstances, abutments create a virtual 
“cold weld” with the implant when fully seated. This connection shields the retention 
screw from excessive loading and virtually eliminates rotational micromovement, tip-
ping, and vibration-related micromovement of the abutment. However, some implants 
in this study showed increased wear in the form of dents, contact stress, scratches, 
and plastic deformation on the implant inner wall, which is the abutment-to-implant 
engagement area. The areas of increased wear were not spread out evenly but were 
concentrated in a few specific locations. A possible explanation for this observation is 
that the abutment was not fully seated and consequently was submitted to excessive 
nonaxial loads. Such misits can be caused by imprecise machining of implant parts, 
excessive torque during abutment insertion leading to distortion, or improper male-fe-
male adaptation.20

A unique observation was the presence of what is presumed to be cement in im-
plant sample 3 and possibly sample 4. The material was sandwiched between the re-
tention screw and the apical end of the implant’s internal chamber (Fig 2a). This could 
have potentially interfered with the locking mechanism of the components; the resulting 
misit at the abutment-implant interface could cause tipping of the abutment and higher 
contact stresses in the conined area. Permanent uneven abutment-implant loading 
can, in some cases, lead to abutment torque loss or even fracture of the abutment 
screws, as seen in Figs 3 and 4.21 Thus, despite all the advantages related to cement 
retention of implant restorations, some disadvantages do exist. For instance, dificult 
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figure 6
Figs 6a and 6b Comparison of multiple magnifications of the histologic images; the image on the 
right corresponds to the boxed area on the left (1% toluidine blue; left: X12.5; right: X40).
Figs 6c and 6d Corresponding hierarchical micro-CT images (left: pixel size 5.5246 μm; right: pixel 
size 2.24 μm), resulting in a level of structural detail similar to the histologic images. The image on 
the right corresponds to the boxed area on the left.
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prosthesis retrieval and excess cement low into neighboring tissues and materials can 
be of concern.22 The authors therefore recommend that dentists be especially vigilant in 
removing excess cement when luting components. 

With erroneous loading of any kind caused by screw mismatch or overtorqueing, 
the titanium implants and abutment material are subjected to added stresses. Since 
titanium has a material-specific ductility that allows for a certain amount of cyclic load-
ing, it will exhibit tolerance to this unusual loading, at the expense of metal fatigue. 
However, when prolonged cyclic movements take place, implant microcracks and 
fractures can occur.23 This suggests that large cyclic forces may have been applied to  
amples 4 and 5 over a period of time, leading to fracture of the implant collar in sample 
4 and the microcracks in the outer and inner implant walls of sample 5. Interestingly, 
the microcracks in sample 5 started at the outer surface and developed inward (Figs 
3b and 3c) and were situated at the end of the internal screw threads. The apical part 
of the internal threads that gives way to the solid part of the implant is an area of high 
stress concentration,24 as the implant walls are very thin in this area, making the ini-
tiation of cracks possible. Thus, the cracks in sample 5 could possibly have caused 
implant failure.

In addition to imaging the material and components, the micro-CT images of the 
bone-implant interfaces of samples 3 and 4 (Fig 2) were very clear and showed no 
signs of metal artifacts. The axial image slices revealed a range of trabecular bone ar-
chitecture in the proximity of the implant surface. The trabecular structure surrounding 
sample 3 showed fewer voids and greater bone-implant contact than sample 4. The 
voids in sample 4 might have been caused by larger vessel canals or a diference in 
bony structure. It is well known that implant surface modifications can enhance bone in-
tegration of titanium implants in many animal models.25 The diferences in bone-implant 
contact in the samples could possibly be attributed to diferent implant types and their 
surface structures. These images exhibit the utility of this micro-CT imaging method in 
gathering data not only on the metal structures but also the surrounding bone morphol-
ogy, as presented by Ikeda et al.18 Because it is a radiographic image, the micro-CT is 
easily understood by bone biologists and pathologists, and in combination with histolog-
ic images, it enhances the usability of the micro-CT data through multimodal analysis.

While this work relies on a well-established imaging technology, there are a few 
limitations inherent to micro-CT devices and a few limitations to the study parameters. 
High-resolution desktop micro-CT devices are limited to nonclinical studies for various 
reasons, such as sample dimension restrictions, long imaging times, and the resulting 
radiation dose considerations. Additionally, the retrieval process employed to obtain 
the samples in this study could have potentially damaged the implants, as hard metal 
tools were used to grip and pull them. Thus, in the evaluation of the external condition 
of a retrieved implant, it remains a challenge to discriminate between external deforma-
tions induced before implant removal and damage caused during retrieval. One solu-
tion is applying greater care during retrieval and, where feasible, drilling out the implant 
with the surrounding bone tissue to eliminate all induced damage. However, these re-
strictions do not impinge upon the utility of this imaging modality in analyzing the struc-
tural integrity of retrieved implants. The structure can be inspected for microfractures, 
surface irregularities, abrasions, and plastic deformation, in addition to revealing any 
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ectopic bone or cement. The individual clinical significance of these structural and ma-
terial observations is as yet unknown; further investigation of the symptomatology as-
sociated with failed implants is required. As shown by the results of this study, high-res-
olution micro-CT imaging has the potential to play a vital role in the multidisciplinary 
pursuit of developing procedures for improving current surgical implant devices.26

conclusions

The authors objectively present cases that demonstrate possible causes of failure 
induced by either the clinician or product insuiciencies. The near absence of metal 
artifacts from the reconstructed images makes it possible to observe surface details, 
even in the presence of sharp features. With application of x-ray beam ilters during 
acquisition and image processing, image analysis tasks can be greatly enhanced to 
aid in determining structural parameters. The a thors emphasize the utility and novelty 
of employing hierarchical three-dimensional microcomputed tomographic imaging to 
investigate mechanical evidence of dental implant failures such as abrasions, cracks, 
fractures,  indentations, and debris.
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In Chapter 1, an introductory overview of the thesis is presented and future trends are 
discussed. In Chapter 2 the use of bone augmentation materials in Finland from 1994 
to 2012 was assessed. In addition, the removal rates of implants placed in combination 
with autologous bone, xenogeneic grafts and synthetic alloplastic materials were also 
assessed. The National Institute for Health and Welfare in Finland granted permission 
to access the raw data of the Finnish Dental Implant Register for implant augmentation 
materials and removal rates of implants placed in augmented sites from April 1994 to 
April 2012. A total of 198,538 implants were placed in Finland between 1994 and 2012 
in 110,543 operations. A total of 3318 (1.7%) of the placed implants were removed dur-
ing the observation period. Augmentations were performed in 20,812 (18.8%) opera-
tions during 1994–2012. The removal rates of implants placed at sites augmented with 
autologous bone were 2.31%, xenogeneic materials 0.91% and synthetic alloplastic ma-
terials 2.80%. The removal rate was 1.87% when no augmentation material was used. 
From these results, it can be concluded that the placement of dental implants in con-
junction with bone augmentation materials is predictable with a low complication rate.

In chapter 3, oral soft tissue augmentation and grafting procedures are discussed. 
Such augmentation procedures are often necessary to achieve proper wound closure 
after tissue deficits resulting from tumour excision, clefts, trauma, dental implants and 
tooth recessions. Autologous soft tissue grafts still remain the gold standard to acquire 
a functionally adequate zone of keratinized attached gingiva. However, soft tissue sub-
stitutes are being more commonly used because they minimize morbidity and shorten 
surgical time. 

Tissue engineering of oral mucosa represents an interesting alternative for obtain-
ing sufficient autologous tissue for reconstructing oral wounds using biodegradable 
scaffolds, and may improve vascularization and epithelialization, which are critical for 
successful outcomes.

Chapter 4 gives an insight into the use of additive manufacturing in maxillofacial 
reconstruction. Additive manufacturing is the process of joining materials to create 
objects from digital 3-dimensional (3D) model data, which is a promising technology 
in oral and maxillofacial surgery. The management of lost craniofacial tissues owing 
to congenital abnormalities, trauma or cancer treatment poses a challenge to oral and 
maxillofacial surgeons. Many strategies have been proposed for the management of 
such defects, but autogenous bone grafts remain the ‘‘gold standard’’ for reconstructive 
bone surgery. Nevertheless, cell-based treatments using adipose stem cells combined 
with osteoconductive biomaterials or scaffolds have become a promising alternative to 
autogenous bone grafts. Such treatment protocols often require customized 3D scaf-
folds that fulfil functional and esthetical requirements, provide adequate blood supply 
and meet the load-bearing requirements of the craniomaxillofacial area. 

Currently, such customized 3D scaffolds are being manufactured using additive 
manufacturing technology. In this review, two of the current and emerging modalities for 
the reconstruction of oral and maxillofacial bone defects are highlighted and discussed; 
namely, human maxillary sinus floor elevation as a valid model to test bone tissue-en-
gineering approaches enabling the application of 1-step surgical procedures. The 
seeding of Good Manufacturing Practice–level adipose stem cells on computer-aided 
manufactured scaffolds to reconstruct large bone defects in a 2-step surgical procedure 
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in which cells are expanded ex vivo and seeded on resorbable scaffolds before implan-
tation is also discussed. Furthermore, imaging-guided tissue engineering technologies 
that predetermine the surgical location and facilitate the manufacturing of custom-made 
implants that meet the specific demands of the patient demands are reviewed. 

The potential of tissue-engineered constructs designed for the repair of large oral 
and maxillofacial bone defects in load-bearing situations in a 1-step surgical procedure 
combining these two innovative approaches is particularly emphasized.

In chapter 5 we discuss the current technological and (pre)clinical advances of 3D 
bioprinting for use in craniofacial reconstruction and highlight the challenges that need 
to be addressed in the coming years.

In chapter 6 acute orbital fractures and naso-orbital ethmoid fractures that can re-
sult in chronic orbital and naso-orbital deformities are discussed. Understanding the 
acute injury is the first step in reconstructing the established late deformity. The best 
management strategy for reconstruction of difficult to manage orbital hypertelorism is 
to avoid late reconstructions and their sequelae or complications that are extremely 
difficult to correct.

In Chapter 7 long-term results and complications of patients treated with porous 
polyethylene (Medpor®) implants in the Department of Oral and Maxillofacial Sur-
gery of VU Medical Centre, Amsterdam over 17 years were assessed. A total of 69 
high-density porous polyethylene implants (Medpor® Biomaterial; Porex Surgical, 
Newman, GA) were used in forty patients (22 males, 18 females). All patients were 
analysed for gender, age, diagnosis, indications for surgery, follow-up period and post-
operative complications. A mean age of 34.1 years was observed. The main reason for 
implant surgery was post-traumatic functional impairment (27.5%). 

Most implants were placed at the mandibular angle and the orbital floor. Unsatis-
factory appearance scored the highest in postoperative complications (10.1%) followed 
by infection rate (7.2%). A comparision of the number of implants placed over the years 
and the incidence of complications shows that the overall complications rate of porous 
polyethylene is very low. A consensus regarding antibiotic prophylaxis is needed. 

Chapter 8 discusses possible causes of bone loss around failing dental implants 
using finite element analysis. A further aim was to assess the implications of progres-
sive bone loss on the strains induced by dental implants. Between 2003 and 2009, a 
total of 3,700 implant operations were performed in a private clinic. Ten patients with 16 
fixtures developed severe marginal bone defects. Finite element analysis was used to 
assess the effective strains produced at the implant-to-bone interface under unidirec-
tional axial loading. These simulations were carried out on four specific implant types 
– Camlog Plus, Astra Osseo Speed, Straumann BL and Straumann S/SP. All implant 
types exhibited degraded performance under circular and horizontal bone loss condi-
tions. This was evidenced by an increased distribution of pathological strain intensities 
(>3000 le), in accordance with the mechanostat hypothesis, in the surrounding bone. 
Among the implants, the Camlog design seemed to have performed poorly, especially 
at the chamfer in the implant collar (>25000 μɛ). 

Implants are designed to perform under nearly ideal conditions from insertion until 
osseointegration. However, when the surrounding bone undergoes remodelling, im-
plant geometries can have varied performance, which in some cases can exacerbate 
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bone loss. The results of this study indicate the importance of evaluating implant geom-
etries under clinically observed conditions of progressive bone loss.

Chapter 9 describes the potential of microcomputed tomography (micro-CT) tech-
nology in the assessment of retrieved, hence failed dental implants. Cases are pre-
sented to illustrate the value of micro-CT imaging techniques in determining possible 
mechanical causes for dental implant failures. Eight retrieved dental implants were 
randomly selected from a pool and imaged using a micro-CT device. Source voltages 
(80 kV to 100 kV) and source-to-detector distances (65 mm to 70 mm) were based on 
signal quality requirements with an additional criterion of achieving the highest resolu-
tion with the sample entirely in the field of view in the projection plane. One additional 
sample was chosen for histology and tomographic imaging so that the information 
contained therein could be compared. The micro-CT images displayed high contrast 
between the implant, bone and background with negligible metal artefacts. 

The micro-CT technology used in this study delivered excellent images of the 
retrieved implants. As a result of the quality and resolution (pixel size: 5.52 μm to 
6.15 μm) of the images, surface morphology as well as the internal structures of the 
retrieved implants could be observed in great detail. The majority of the retrieved im-
plants had increased wear, dents, pits, regular shallow scratches and deep scratches 
in the implant-to-abutment engagement area. Furthermore, plastic deformations, mi-
cro-cracks, and brittle implant fractures were observed in two implants. 

The mechanical competence of dental implant components plays a major role in the 
success of implant treatment. When failures do occur, a non-destructive three-dimen-
sional assessment of such failed implants and their components is helpful in under-
standing the underlying factors. Micro-CT was found to be a useful tool for the morpho-
logic assessment of retrieved dental implants.

In conclusion, much progress has been made in the development of new treatment 
strategies for the reconstruction of skull defects. Even though there are a plethora of 
techniques with various combinations of natural and synthetic materials that can be 
used in the reconstruction of the craniomaxillo-mandibular skeleton, no one clinical 
therapy exists that has the ability to undermine complications. A more cohesive inte-
gration of virtual and biomechanical preoperative planning combined with patient-spe-
cific tissue-engineered constructs could inherently improve surgical outcome and sub-
sequently minimize complications in craniomaxillofacial reconstructive surgery. 

To summarize, the future will see more combinations of alloplastic, autologous and 
tissue-engineered materials in conjunction with advanced computing technologies to 
create the next generation craniomaxillofacial implants. 
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