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Abstract

As imaging possibilities of tumor patients have improved, instead of secondary

reconstruction, immediate reconstruction has gradually become state-of-the-art in

oromaxillofacial surgery.

By using digital 3-D technology, surgeon can produce solid patient specific implants

or scaffolds (PSI). Computer aided design and manufacturing can be carried out in

few days. 3-D CAD – CAM technology offer multiple tools for reconstructive

procedures: simulation, planning, training and production of patient specific scaffolds,

on-lay implants as well as fixation plates. This technique is beneficial in patient

education, as well.

Materials that can be used in 3D CAD-CAM are different for example titanium and

different biomaterials. It can also be carried out with cells. This is called bioprinting.

In this chapter we will elaborate the background of 3D CAD-CAM, its use in

experimental and clinical work, not forgetting the future insights.
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9.1. Introduction

The restoration of oromaxillofacial (OMF) bone, its form and function and rehabilitation

of patients have always been a challenge. Available evidence of timing for restoration

is vague, too.

The argument for the secondary reconstruction is that the possible recurrence will be

easier to detect if the area has not been reconstructed immediately. With the

development of better diagnostic techniques like magnetic resonance imaging (MRI),

the early detection of tumor growth is not a significant problem today (1). In trauma

surgery, immediate reconstruction of large defects has become gold standard. Without

primary reconstruction, loss of continuity of bone leads to severe deformity and

considerable difficulties with regard to speech, mastication, swallowing, and oral

continence, as well as severe psychosocial problems (2, 3). Primary reconstruction

prevents soft tissue retraction and fibrosis and minimizes the number of surgical

procedures (4).

The reconstructive surgery should provide form and symmetry and enable function.

The OMF region has a complex structure and reconstruction should restore volume,

bone continuity and symmetry of the face.  On the other hand, OMF soft and hard

tissues support functions like mimics, mastication, swallowing, and articulation. The

combination of both should be appreciated, and reconstruction should be considered

as marriage of both aesthetic and functional objectives.

The aim of medical 3-D computer aided design and manufacturing (CAD - CAM) is to

gain exact virtual 3-D digital copy of certain anatomic region in order to examine

lesions, injuries or deformities, assess surgical preferences and to determine detailed

plan of the upcoming surgical procedure outside of the patient by using digital 3-D

technology. By using digital 3-D technology, surgeon can produce solid patient specific

implants or scaffolds (PSI). 3-D digital technology helps surgical assessment,

simulation and planning, giving the surgeon information enough to restore original

anatomy, the form and function of OMF region, in both soft and hard tissue. The

additional benefits are shortened operation time, improved recovery and decreased
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morbidity rate. All above mentioned are to improve the patient’s quality of life. The

main handicap is the prolonged time required for medical 3-D CAD – CAM that may

delay the surgery.

During the last decade 3-D technology as well as tissue engineering (TE) has taken

significant steps forwards. Several bone substitute materials and membranes have

become available for reconstructive surgery. Translational research has brought new

knowledge on stem cells and growth factors and has enabled their use in clinical

reconstructive surgery (5, 6, 7).

Based on improvements in 3-D CAD – CAM, digital models seem to be accurate

enough for surgical planning and implant design procedures. Additive manufacturing

and 3-D printing technology have improved during the last years and several

biocompatible materials are available to be utilized in 3-D printing, as well. A few of

these are also available for surgery, including titanium, polylactic acid (PLA) and

hydroxyapatite.

Using additive manufacturing technology, complex structures and models difficult to

manufacture by other means can be produced with ease. Timewise, patient-specific

implants (plates, scaffolds and matrices) can be designed and produced in a few days

with sufficient accuracy. 3-D CAD – CAM technology offer multiple tools for

reconstructive procedures: simulation, planning, training and production of patient

specific scaffolds, on-lay implants as well as fixation plates.

Growing number of translational and clinical research is available related to stem cells

and bone reconstruction in OMF region (8, 9, 10, 11). During the last years, 3-D CAD

– CAM has been introduced into field of tissue engineering (TE) (12,13,14,15).

Combined technique of 3-D CAD – CAM and TE will enable complex anatomical

reconstructions with vital tissue (5, 6, 7, 12, 16, 17). TE providing proliferating cells

and 3-D CAD – CAM technology enable anatomically precise scaffold and matrix

manufacturing, both micro- and macro-anatomy, to support migration and proliferation

of cells, regeneration and maturation of tissue, finally resulting in accurate autologous

defect repair (13).



5

Clinical reports of successfully performed reconstructions using 3-D CAD – CAM

technique in OMF region are available, but only a few have used the combination of

3-D and TE techniques (18).

In spite of clear development of both 3-D technology and TE, facial reconstructive

surgery will not be possible without high quality and multidisciplinary collaboration with

microvascular surgeons, prosthodontists, periodontologists, speech therapists and

many others.

9.1.1. Medical 3-D

The symmetry of OMF area and surgical site is mostly guided by fixation plates,

scaffolds or onlay implants. Deformed or missing anatomical region reconstruction is

guided by manually shaped or bent implants or fixation plates in order to gain suitable

anatomical and functional outcome (19, 20, 21). This procedure is performed during

the surgery and is based on the surgeon’s estimation and experience. Preformed

plates and implants are now available and have gained popularity as can be expected.

The shape of these implants has been obtained using the summary data of multiple

anatomical models. Preformed plates are often accurate enough to reach sufficient

anatomical shape and symmetry (22).

The use of 3-D CAD – CAM technique in medicine is still limited, although these

techniques are widely used in the fields of architecture and engineering. Often only

preoperative planning is carried out based on 3-D technique (23, 24).

Surgeons mostly deal with 2-D plane X-ray images or 2-D images obtained from

computed tomography (CT) or magnetic resonance (MR) scans to gain insight into

pathologies. This requires excellent visualization and orientation skills from the

surgeon. The recent progress of 3-D renderings of CT, MR and echo imagery has

improved visualization of complex pathologies.

3-D CAD – CAM technique has made it possible to execute virtual surgery together

with implant designing. This enables digital simulation, precise planning of surgery and

designing of complex virtual models that are printable (25, 26). Manufactured patient

specific 3-D printed replicas can be used to study complex pathologies, simulate

procedures, to teach students and advice patients (27).
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The aim of present 3-D CAD - CAM is to enable virtual visualization and virtual

processing of person’s anatomy in order to support surgical assessment and implant

design (6, 28, 29). This in turn will shorten operation time, speed the recovery of the

patient and improve the overall outcome (Fig 1 a, b, c).

Medical 3-D CAD - CAM is considered as a process with five consecutive stages; 3-D

imaging data, data conversion, digital planning, manufacturing of implant, and actual

surgery (Fig 2).

The process has proven to be complicated including several stages (6, 28, 29).

Correct 3-D imaging has an extreme importance. The factors, such as tilt, slice

thickness and distorsion should be adjusted properly in order to avoid erroneous

database (Fig 3). CT algorithms have a great influence on data. Human eye

recognizes less than thirty grey shades, while CT may produce up to 1000 shades.

The CT algorithms accentuate the grey shades in question to result in best possible

visualization and resolution of tissue. This means that grey shades are distorted and

3-D data achieved for processing is not comparable to original anatomy. Data formats

of 3-D imaging and CAD – CAM are not compatible with each other and conversions

between surface geometry and volumetric formats are mandatory. Before the 3-D data

is available for CAD procedures, it needs to be processed. This process is

semiautomatic or even automatic in some cases. The process is called segmentation.

The anatomical region is made ‘visible’ for CAD software. Although segmentation has

developed considerably, it includes risks for errors (31). After the process, the 3-D

imaging data is available for surgeon to plan, simulate, and design patient specific

implants. Virtual anatomical 3-D models and PSIs can be manufactured to solid

replicas using 3-D printers or laser technique (Fig 4 a, b, c). It is notable that

segmentation is not required in conventional engineering or architecture CAD.

PSIs are regarded as medical devices. This fact is notable when considering materials

and printing processes for implantable objects. In Europe, the medical devices

implanted to humans need to meet several specifications and directives such as

Directive 93/42/EEC/ Article 1, Directive 2007/47/EU, and ASTM F136 –standard

among others.

9.1.2. Direct and indirect 3-D techniques
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Medical 3-D CAD and implant manufacturing can be performed either using direct or

indirect technique. Both direct and indirect techniques require patient DICOM (Digital

Imaging and Communications in Medicine) data received by 3-D imaging. Data is

converted to 3-D standard tessellation language (STL) mesh format.

Direct technique refers to process where planning, designing and manufacturing is

executed fully digitally without a manual intervention. After format conversion, the data

based on imaging is uploaded into CAD – CAM software (Fig 5 a, b, c, d).

Manipulation, planning of surgery and designing of the virtual PSIs including the virtual

jigs is fully a digital process (Fig 6 a, b, c, d, e). Solid models or replicas can be printed

based on these virtual objects by 3-D printing or by laser techniques (32, 33).

Technology allows complex 3-D structures to be printed in a fully automated manner.

Various printing techniques with numerous types of materials (commonly titanium) are

used for these applications (33).

Indirect technique refers to process where image based 3-D data is simple converted

to STL –format and manufactured into solid model, in other words virtual 3-D imaging

data is copied as exact 3-D solid replica. These patient-specific solid anatomical

replicas are used for planning of surgery. Shaping and bending of the implants and

plates are performed manually accordingly (33).

9.1.3. Anatomical replicas (models)

Surgeons use patient specific anatomical solid replicas for assessing the extent of

tumors or the degree of deformity in direct vision. The 3-D printed anatomical model

seems to give a good representation of the actual pathology showing good accuracy,

but is highly dependent on printing technique and equipment (34, 35, 36).

Replicas are widely used in planning and simulation of surgery in maxillofacial surgery,

dental surgery and neurosurgery (37, 38, 39). Furthermore, implants and fixation

plates are manually shaped (according to 3-D solid anatomical replicas) prior to

surgery to match with defect or fracture. This results in an improved fit of the implant

during the real time surgery. 3-D solid replicas allow manual preparing of drilling or
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cutting guides. Maxillofacial 3-D solid models are frequently used to enhance

operational process. There is evidence that use of anatomical models shortens

operation time (35, 39).

Patients can benefit from 3-D solid models as anatomical models improve patient’s

understanding of the specific pathology and the procedure chosen. This results in

improved communication and greater patient satisfaction. Anatomical models can also

assist medical and surgical students to improve their understanding and knowledge

over deformities, pathologies and diseases.

9.1.3. 3-D guides

There are only a few options to bridge virtual planning with real time surgery, to carry

out operation accordingly. One is to use navigation to bridge virtual with real. Second

option is to use ‘jigs’ or guides to execute the surgery according to the virtual plan. In

fact, most of published studies are related to 3-D printing and surgical guides.They are

used in orthopedics, neurosurgery, dental surgery, and maxillofacial surgery (39,

40,41). These guides are to transfer the virtual plan to actual surgery (Fig 7 a, b, c, d).

Ciocca with coworkers defined this method as a three-step procedure that includes 1)

virtual surgical planning (VSP), 2) design of customized surgical devices and 3)

manufacturing these devices (30). The process starts from a CT scan data, which is

converted to DICOM to allow manipulation by CAD software. After digital planning and

designing, the solid guides are manufactured by 3-D printing. The authors used the

guiding technique to reconstruct a secondary mandibular defect with a fibular free flap.

The defect reconstruction was planned virtually together with surgical guides to correct

the 3-D relationship of segments. Finally, the bone fixation plates were design to fixate

and guide the fibula flap into the correct anatomical location. The guides and plates

were manufactured using the direct metal laser sintering technique. Postoperative

radiologic examination confirmed the correct position of the mandibular condyles and

fibula flap. The authors conclude that virtual planning to produce patient-specific

guides and plates restores function and accurate mandibular contour (28).

There is evidence that preoperative, digitally designed surgical planning gives a more

accurate result compared with free hand reconstruction (29). However, the accuracy
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of guides can vary depending on multiple factors. Issues that may interfere with the

accuracy are variations in 3-D printed elements, MRI or CT data and the time between

the scan used for the production of the guide and the moment of surgery.

CAD – CAM technique can be used also for donor-site surgical planning. Foley and

coworkers used the technique to shape the fibula and iliac crest flaps to create an

orthognathically satisfactory anatomical contour (42). Eight consecutive patients

underwent mandibular reconstruction using VSP. Guiding devices were designed and

manufactured to transfer the virtual planning to both mandible and donor site. They

concluded that the use of VSP and CAD - CAM technology for guides and the prebent

reconstruction plates in executing the surgical procedure, resulted in an accurate

surgical result. Surgical guides seem to reduce the operation time and improve

surgical outcome. The authors conclude though, that the bias of this study is the small

number of patients (42)

Shortened operation time has always been one of the major arguments for medical 3-

D printing. The method provides the surgeon with pre-assessed and simulated surgery

plan that may enable time reduction. Due to shorter theatre time, it may lead to fewer

infection episodes and cost reduction. Although several papers conclude that the

intraoperative use of 3-D guides decreases operation time, there are studies that do

not support this finding (28, 39, 40).

9.2. Tissue engineering

The material of choice for reconstructive bone surgery is autologous bone, either free

graft or free vascularized flap. Bone grafts, including bone marrow have been in clinical

use for years. Autologous bone defines criteria for ideal implant; histocompatible, non-

immunogenic, osteogenetic, osteoinductive, and osteoconductive. However, there are

several drawbacks of autologous bone, both at the donor and at the recipient site. It

would therefore be ideal to tissue engineer new bone either at the site, at the distant

site or completely outside of patient and transfer it into defect area to execute accurate

reconstruction.
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Tissue engineering (TE) and bone regeneration process requires several components

that support the growth and maturation of the bone. Certain characteristics are

considered to have prominent role in this process. 1) Osteoconductive matrix is

essential to support the ingrowth of cells and to enhance new bone growth. 2)

Osteoinductive proteins are required to start and maintain the mitogenesis of

undifferentiated cells. 3) Osteogenic cells are necessary to generate new bone.  In the

bioreactor or human tissue-environment the above-mentioned components refer to

biomaterials, cytokines, morphogenetic proteins, growth factors, stem cells, and to

osteoblast precursors.

The matrix provides tissue specific environment, architecture and scaffold to enable

bone formation. It should be osteoinductive/ -conductive, should give mechanical

support, facilitate cell attachment and support cellular communication by allowing

diffusion of nutrients, and by allowing signalling of cytokines and growth factors. There

are several bone substitute materials, both alloplastic and allografts, that are

candidates for ideal matrix. The most studied and clinically relevant materials are beta-

tricalcium phosphate (β-TCP) and biphasic calcium phosphate (BCP) (14, 15, 18, 43,

44, 45). There are also several reports on ceramics and bioactive glasses for bone

substitutes (46, 47). Several allografts have ability to support bone growth and

regeneration. Most used are anorganic bovine-derived hydroxyapatites and

demineralized cancellous bone allografts. It remains to be seen if 3-D CAD – CAM

technique enables design and manufacturing of these materials in a way that it

facilitates bone growth.

Chapter 3 describes the use of cells in TE and Chapter 5 the use of growth factors in

detail.

9.3. 3-D bioprinting

The ability to print biological ‘inks’ opposite to traditional 3-D plastic and metal printing

has resulted in the birth of the new bioprinting and TE research field. 3-D bioprinting

is a computer-aided deposition of cells, biomaterials and biomolecules (48). The

advantage of 3-D bioprinting compared to traditional tissue engineering is assembling

cells, biomaterials and biomolecules in a spatially controlled manner to reproduce

native tissue (49). In the future, due to high resolution characteristic of printing
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technology with novel printable biocompatible materials or ‘inks’, autologous tissue will

be 3-D printed with macro-, and micro-architecture for reconstruction (Fig 8). The focus

is by controlling the micro- and macrostructures to replicate complex native-like tissue

architecture more reliably than by conventional methods. The wide synergy of

research on biomaterials, and on 3-D bioprinting may enable restoring the form and

functional reconstruction of OMF anatomy in the near future (50). 3-D bioprinting

avoids donor site complications and   immunosuppression. The main obstacles for

wider use for 3-D bioprinting are related to biology, technology and regulatory issues.

Traditional 3-D printing is relatively simple and can be performed by the home

computer using the proper software. For medical use, 3-D digital data is acquired from

computed tomography, magnetic resonance imaging or laser scanning. This data can

be manipulated by CAD – CAM software and be converted into STL format for printing

(see paragraphs ‘Medical 3-D modelling’ and ‘Direct and indirect 3-D techniques’).

Fabrication of solid biomodel is carried out under the computer guidance to accurately

and controlled manner deposit biological materials in a layer-by-layer fashion. 3-D

bioprinter uses a nozzle to deposit biomaterials and cells according to xyz -axis to

create the structure required. Fabricated solid model is then cultured in a bioreactor

under specific conditions to produce specific and designed tissue engineered vital

tissue.

9.3.1. 3-D Bioprinting techniques

Currently, there are five main 3-D bioprinting techniques available (Table 1).

Stereolithography is regarded as the first 3-D printing technique (51). It uses a laser

beam to polymerize photocurable resin layer-by-layer. It was initially developed to

create high-resolution rapid prototypes, and therefore, due to lack of biocompatible

resins has limited utility in biofabrication (52). However, improvements in

biocompatibility and biodegradation of resins make stereolithography a promising

bioprinting technology of the future (53, 54).

Extrusion-based bioprinting is based on the dispense of viscous bioink with

biomaterials, biomolecules and cells through a nozzle (55,56). After printing, the loose

model can be solidified layer by layer. Cell viability in the printed ‘tissue’ seems to be
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as high as 90% in spite of forces and higher temperatures (57).

Laser-assisted bioprinting uses laser beam guided direct writing to induce the transfer

of material from a source film onto a nearby receptor substrate in the form of a

microdroplet (58). Apart from the doubts of minor cell viability compared to other 3-D

techniques, laser-assisted bioprinting has been shown to print mammalian cells

without affecting their function (59, 60).

Inkjet printing uses microdroplets of cells for printing of 3-D high-resolution models

(61). Some of the major drawbacks includes cell viability at higher temperatures and

pressures during the printing process that may lead to low cell density within the 3-D

biomodel (62, 63). The advantages of this technique include the ability to combine

multiple cell types and high resolution to print complex structures. Present research

on this bioprinting suggests it as a promising technology (64).

The nanobioprinting uses nanoscale surface scaffolds to either increase cell-to-matrix

interactions or incorporate nanoparticles into bioinks to non-invasively manipulate and

track cells within tissue-engineered structures, e.g. adding magnetic iron oxide to

‘bioink’ and using magnet as an external manipulation (65, 66).

At present, the main challenges of 3-D bioprinting technologies are related to 1)

biological, 2) technological and 3) regulatory aspects.

From biological perspectives, not only depositing cells, scaffolds and biomolecules in

a spatially controlled manner is sufficient to create durable native-like tissue. A critical

step is the transition of mechanically weak 3-D bioprinted neo-tissue constructs to

native-like functional tissue that is transplantable into human. This development

leading to functional tissue takes place in vitro bioreactor-based culture by using a

various physiological conditions and growth factors and their combinations (67). It may

also take place in vivo through the implantation of the 3-D bioprinted construct.

Challenge is also a lack of vasculature and nutrition due to the size of TE constructs.

Printing complex composite tissue has additional challenges, such as long

biomanufacture times which may result in reduction of cell viability, and reduction in

cellular dedifferentiation with loss of regenerative potential (68, 69).

From technological perspectives two obstacles are still unsolved. The microstructure

of bioprinted constructs and the optimal printable material remain the major research
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focus for printing complex biological structures (70). Detailed and accurate

microstructure not only increase similarity to native architecture but can also enable

physiological pore size and interconnectivity, which is in turn important when

considering that diffusion distances of over 400 – 500 μm limits oxygen and nutrient

transport to cells (71). Currently 3-D printing techniques are diverse in properties,

some, like stereolithography, provide high resolutions but are limited in appropriate

biomaterials and low cell viabilities.

Clinical use of bioprinted structures includes ensuring the safety particularly with

regard to growth potentials and practicalities like stem cell banks, upscaling, sterility

and storage of tissue-engineered constructs. 3-D bioprinted materials need to comply

with good manufacturing practice regulations and need to be approved by regulatory

authorities. One of the main difficulties will be to standardize, validate and monitor 3-

D bioprinting process from planning and design to manufacturing phase. Due to an

utmost individual patient specific and, hence, intrinsically variable process that is

extremely troublesome (72). Several bioprinting technologies are promising, but

because each tissue currently requires a particular technology, the printing of

multicellular tissue constructs is difficult and the mechanical stability of current ‘bioinks’

are not satisfactory for reconstruction.

9.4. Experimental studies

Majority of the research published has focused on the bioprinting of bone, cartilage,

and skin. Multiple experimental studies have shown that new bone can be obtained

using tissue engineering technology and that several lines of stem cells are available

for bone regeneration. The results show that stem cells from deciduous teeth, dental

pulp, bone marrow and adipose tissue have the ability to form bone (16, 73, 74). At

present, mesenchymal stem cells are the most commonly used cell types for the

bioprinting of bone tissue (Table 1).

Fabricated decellularized trabecular bone scaffold has been to create a mandible

condyle. The condyle scaffold was manufactured using CAD – CAM technique. After

placing the scaffold into a perfusion bioreactor, the human mesenchymal stem cells

(hMSCs) were cultivated on the scaffold. The outcome was assessed using SEM, μCT
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and histology. New viable bone was detected and the complex geometry of the

neocondyle was obtained. The study suggests that patient-specific bone grafts for

craniofacial and orthopedic reconstructions can be provided using tissue engineering

(13).

New bone growth in lower jaw using stem cells and polylactic-co-glycolic acid (PLGA)

scaffold has been showed to occur in minipig model (12). Critical size bone defects in

the mandibular ramus were created and filled with autologous MSCs in PLGA scaffold.

The results of this study indicated that autologous MSCs can be manipulated using

tissue engineering to form bone for jaw reconstruction.

Other studies confirm that in vivo tissue engineered bone can be used for mandible

reconstruction, with mechanical stability comparable to that of a natural bone. A

minipig model was to study in vivo bone regeneration in soft tissue. Bovine bone

(BioOss) blocks and human recombinant bone morphogenetic protein 7 (rhBMP-7)

were placed into polylactide mesh scaffold that was implanted into the latissimus dorsi

muscle of five animals. The authors were able to show, firstly, that heterotopic bone

formation was evident in the muscle and, secondly, that heterotopic bone was

histologically similar, and its compression resistance was statistically equal to the

natural porcine mandibular bone (75).

Mandiblular condyle has been reconstructed using hydroxyapatite scaffolds

manufactured by CAD – CAM technique without cells or growth factors in a sheep

model. Hydroxyapatite was shaped with milling machine. Surgical guides and titanium

fixation plates were manufactured using laser sintering technique (DMLS). Guides and

plates were to bridge the virtual planning with actual surgery. Three sheep were

included in this study. The CAD – CAM technology proved to be accurate with a mean

difference of 0.25 mm between virtual plan and actual placement of condyle. After a

follow-up of 16 weeks, some bone regeneration was observed deep within the scaffold

in addition to the formation of new bone at bone–implant contact. However, in scaffold

pores, no evidence of bone was detected (29).
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9.5. Clinical studies

Ideally computer modelling should be used in combination with tissue engineering to

gain the precise shape and placement of tissue components.  The new tools available

for surgeons include 3-D CAD, 3D printing, bone substitute materials, growth factors

and osteogenic stem cells (76, 77, 78). The mutual understanding is that bone TE

requires osteoconductive matrix, osteoinductive proteins and osteogenic cells (79).

Only scattered clinical facial skeleton reconstruction studies related to both stem cells

or bone marrow cells/ aspirate and 3-D CAD – CAM are available (18, 80). The results

suggest that both human stem cells and bone marrow cells hasten new bone

regeneration and enhance early osteogenesis. However, tremendous difference exists

between the results of individual clinical studies.

One of the first reports came from Kiel, Germany by Warnke and his coworkers (81).

They repaired a mandibular continuity defect using vascularized custom made bone

flap with indirect technique by using 3-D computed tomography (CT) and CAD to

produce an anatomically precise virtual model for the mandibular defect. On the basis

of the virtual model, a titanium scaffold was created. The scaffold was filled with bone

mineral blocks, rhBMP-7 and the patient’s own bone marrow. The combination was

then implanted into the latissimus dorsi muscle. After 7 weeks’ maturation, the

latissimus dorsi and the solid model combination was transplanted as a free muscle

bone flap to reconstruct a mandibular defect. Postoperative CT showed bone

remodeling and mineralization. After the follow up of 4 weeks the patient was able to

use her mandible and was satisfied with the aesthetic outcome. The authors conclude

that heterotopic bone induction by tissue engineering to replace bone in a mandibular

defect in human being is possible. Furthermore, this technique allows a lower

operative burden compared with conventional techniques by avoiding creation of

secondary bone defect. In spite of minor postoperative complications, heterotopic

bone induction was evident in the mandible.

A few years later, on 2011, an indirect technique to repair a mandibular defect, caused

by removal of an ameloblastoma, with rhBMP-2, -TCP and autogenous bone chips

added on a collagen sponge together with cortical bone blocks (9). An indirect 3-D PSI

manufacturing technique was carried out. The PSI titanium reconstruction plate and
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titanium scaffold filled with the above-mentioned material combination was implanted

into defect area and fixed to the mandible. The patient was followed postoperatively

for 7 months. At the last visit, the patient was symptomless with stable occlusion. No

signs of infection and immature bone were observed. The authors concluded that

reconstruction of a larger mandibular defect with the combination of rhBMP-2 and

collagen, autogenous bone chips and -TCP is possible. The control CT showed good

bone formation directed to the center of the defect. The authors also concluded that

the reconstruction technique gave a satisfactory result with less invasive surgery and

with minimum morbidity. However, studies with larger number of patients are required

to indicate the treatment modality as a routine in cases of bone continuity defects.

Matsuo and coworkers used the indirect technique to create a patient-specific solid

model (82). After 3-D CAD and surgical simulation, a combination of hydroxyapatite

and the PLLA patient-specific mesh tray was produced. Intraoperatively, particulate

cancellous bone and marrow was harvested and placed into the hydroxyapatite / PLLA

tray with platelet-rich plasma. Two patients were treated and mandible defect repaired.

The follow-ups were 28 and 33 months. Dental implants were placed in one of the

patients 10 months after initial surgery. In the defect area well-formed bone in

hydroxyapatite/PLLA tray was macroscopically observed. The CT evaluation showed

excellent bone quality. However, the authors stated that there were several limitations

in the trial to draw definite conclusion.

Mesimäki and coworkers published a case report of successful maxillary

reconstruction using microvascular flap with heterotopic bone (18) (More in Chapter

7). The same study group performed similar reconstruction to a male patient due to

total maxillary defect (Fig 9 a, b, c). The combination of ASCs, βTCP granules, rhBMP-

2 in polylactide scaffold was implanted into anterolateral thigh flap (ALT). Indirect

technique was used to shape polylactide scaffold. After maturation of 7 months the

microvascular ALT flap with heterotopic bone was raised and placed into defect area.

The exact orientation and fixation of the flap with newly formed bone was secured with

PSI reconstruction plate. The titanium PSI reconstruction plate was designed and

manufactured using direct 3-D CAD – CAM technique. After eventful healing of 5
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months the dental implants were placed and occlusion established with removable

prosthesis (not yet published).

This technique was adapted to a mandible reconstruction. Same study group used

direct 3-D technique and tissue engineering to repair mandible en bloc defects. 14

patients were included into the study. 3-D CAD – CAM planning was performed and

PSIs were designed on virtual model by ProEngineer software. The solid PSI was

manufactured using electron beam melting technology. At the surgery PSIs were filled

with β-TCP granules and with autologous cancellous bone chips harvested from iliac

crest. Sponge soaked in rhBMP-2 was placed to cover the PSI cages in defects

resulted from benign lesion resections to improve the bone formation. All PSIs were

covered with collagen membrane and soft tissue microvascular flap. The follow up was

between 9 – 24 months. The overall recovery of the patients was favourable. The facial

appearance with respect to symmetry and continuity of the mandible was obtained.

Three patients had a major complication. Major dehiscence through soft tissue lead to

infection and the PSI needed to be removed. The authors concluded that PSI

combined with tissue engineering seems to be a promising solution for treatment of

patients demanding large reconstruction of the mandible (83).

Sándor with his coworkers published a case report of mandible reconstruction using

the same methodology. No free flap surgery was required. During the follow up, bone

regeneration was detected and dental implants were inserted into neomandible. The

authors concluded that ASCs in combination with μTCP and rhBMP-2 offer a

promising construct for treating challenging mandible defects. Bone formation in situ

appears to be an attractive alternative for mandibular defect treatment (14).

The largest experience of the use of autologous stem cells with 13 consecutive cases

of craniomaxillofacial bone reconstruction is published by Sandor et al technique (15).

Out of 13 craniomaxillofacial reconstruction cases, 10 were successful. This study is

described in detail in Chapter 7.

The vascularization and nutrition of cells is a key issue of in situ bone regeneration.

Recovery of nutrition by prompt assistance of neovascularization is considered to be

a key issue of bone regeneration. A central vascular pedicle placed through the
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combination of TCP cylinders seeded with bone marrow was used in order to achieve

quicker and better neovascularization. Experimental results were promising (82). In

the same paper, a clinical case of craniomaxillary defect that was reconstructed with

the combination of autologous iliac crest bone marrow, βTCP and rhBMP-2 in titanium

scaffold was decribed. More on this study in Chapter 7. However, further research with

larger samples and long-term follow up are needed in the future.

9.6. Conclusions

There is no doubt that in the future patients will benefit developments both of TE and

of 3-D CAD – CAM. The scientists and clinicians are continuously challenging the

limits of 3-D technology and TE. There are multiple open questions. One of the most

essential issues is the ideal combination of biomaterials, growth factors and stem cells.

It is also unclear whether angiogenetic factors are required to develop heterotopic

bone to enhance the nutrition for cells.

Although anatomical and functional bone identical to original jaw bone cannot be

produced at the present, there is good evidence that the methods will develop and

reliable 3-D CAD – CAM and TE produced bone identical to missing bone part is

available in the near future. The combination of 3-D and TE may produce novel and

profound tools for OMF reconstructive surgery.

Experiences of OMF defect reconstruction using 3-D and “on site” bone tissue

engineering have been promising. The main prerequisite of such a reconstruction is

that the combination of implanted scaffold, bone substitute material and cells should

be completely but loosely covered with soft tissue, preferably thick soft tissue flap. This

is to avoid postoperative dehiscence since it will lead to major complications. Salvage

of the infected scaffold is almost impossible and leads to removal of the implant. There

is no experience on using 3-D together with stem cell technique in cases of an

irradiated area. Probably “on site” technique does not function in such cases. The

option is to use distant heterotopic bone flap.

The issue of using growth factors to enhance bone growth in 3-D and stem cell

reconstruction after malignant tumor resection is not yet solved.



19

In conclusion, the 3-D CAD – CAM and stem cell/ bone marrow technique seems to

lead to a more accurate reconstruction for jaw defects. It may reduce the donor site

complications, since only soft tissue flap is needed instead of bone flap. 3-D CAD –

CAM may also shorten the operation time, since PSI is immediately available

intraoperatively for reconstruction.
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FIGURE LEGENDS

Fig. 9.1 a) Virtual CAD model after planning the resection surgery with individual cutting guide and
onlay implant to support soft tissue of the face, b) Titanium PSI onlay manufactured using laser
sintering technique based on virtual design, c) Intraoperative view after resection and PSI onlay in
place

Fig 9.2. The 3-D CAD – CAM flow includes several critical stages from 3-D imaging to surgery and
to final reconstruction. The figure shows the flow of dental implant surgery. It starts from CBCT
imaging, continues after format conversion to digital design and planning to manufacturing of
drilling guides and finally guides are used to support precise drilling and placing the implants

Fig. 9.3 Artefacts in virtual CAD model based on incorrect slice thickness, distorsion and move of
the patient during imaging

Fig 9.4 a) Virtual implant designed on fractured orbit wall, b) Virtual PSI ready for printing, stl file,
c) Solid PSI manufactured using laser technique (courtesy of Planmeca)

Fig 9.5 a) Virtual CAD model to showing tumour andn planned resection margind, b) CAD
modelwith resection performed and virtual PSI in place. c) cutting guides designed, d) PSI CAD
reconstruction plate ready to be manufactured (courtesy of Planmeca)

Fig 9.6 a and b) Fully automatic condyle repositioning using collision algorithms, c) automated
digital orbit volume calculation, d) FEM based analysis of forces influencing condyle neck fracture,
e) analysis of position of small bones of foot and ankle (courtesy of Disior)

Fig. 9.7 a) Virtual PSI jig to guide onlay implant placement, note drilling holes, b) Intraoerative view
of drilling guiding holes for the onlay implant, c) patient before the surgery, d) after surgery

Fig. 9.8 The use of 3D printing technology with materials that incorporate viable living cells, e.g. to
produce tissue for reconstructive surgery (courtesy of AO Foundation)

Fig. 9.9 a) Preoperative CT 3-D data used to outline patient maxilla after resection operation,
fusion of re- and postoperative CT data, b) virtual scaffold designed based o fusion data, c) CAD
3-D image after reconstruction, data obtained from CT data
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Table 9.1

Available bioprinting techniques and their main properties

Stereolithograph
E.g. photosolidification

Polymerisation of
photocurable resin
layer by layer

Extremely high
resolution enables to
create complex
shapes and
microstructure

Only few proper
biomaterials,

Poor mechanical
properties

Laser assisted
E.g. Laser-guided direct
writing

Deposition of cells
either in a laser beam
or using pulsed laser
for transfer

High resolution

Compatible with wide
range of biomaterial
viscosities

Lower cell viability

Extrusion based
E.g. Fused deposition
modelling

Viscous liquid or
molten material
extruded through
nozzle as a
continuous strand of
individual dots

Deposit clusters of
cells

Scaffolds for soft
tissue engineering

Material viscosity and
potential for
leaks can affect
resolution

Limited mechanical
stiffness

Inkjet based
E.g. thermal 3-D inkjet
bioprinting

Photopolymer-based
bio-ink is
jetted by an inkjet and
cured
with UV light

High resolution

Complex scaffolds
with microstructure
control

Risk for cell death at
higher temperatures
and pressures

Limited available
pore sizes

Nanoscale
E.g. Dip pen
nanolithography

Electron beam
polymerisation or
atomic force
microscope probes

Allows scaffold
surface modification
on the nanoscale for
additional
functionality

Nanoscale printing
can manipulate and
track bioactive factors
and cells

Nanoparticles can
lose viability post
printing

Currently little is
known on cell
behaviour


