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PREFACE


Afirst edition is always a work in progress, and this is especially true in a field as dynamic as implant pros- thodontics. Moreover, dentistry and dental education are in the midst of revolutionary change, primarily because of the refinement of CAD/CAM technologies. These changes are by no means confined to implant prosthodontics. For example, removable partial denture (RPD) metal frameworks designed digitally and printed using selective laser melting now achieve precision and strength equivalent to that produced by the most skilled laboratory technician using analog methods. Fabrication of complete dentures using digital technologies is now possible—although the best outcomes are achieved when time-tested analog impression techniques are combined with digital methods. The digital revolution has allowed us to explore the use of new restorative materials for our implant-borne restorations, to visualize the local anatomy of our patients in three dimensions prior to treatment, and to execute our surgical and prosthodontic treatments with improved precision and efficiency. One of the goals of this new edition is to illustrate when and how digital technologies can be combined with analog techniques to create workable and efficient prosthodontic workflows.


As in the first edition, the book is divided into sections. Several new topics and chapters have been added to the second edition. In chapter 3, a synopsis of biomechanics as it pertains to implant prosthodontics is presented along with our view of the proper approach to occlusal and component design. Where possible, clinical data are combined with engineering principles to illustrate practical application of biomechanical concepts. Mechanotransduction and tissue response to mechanical loading are included to emphasize the dynamic nature of the bone-implant interface. New chapters on digital technologies and contemporary materials used in implant dentistry have also been added. Issues pertinent to maintenance, implant and prosthodontic complications, and their treatment are combined in another new chapter. The chapter on the use of implants in irradiated tissues has been enhanced to include a section on the use of implants in patients treated with bisphosphonates. Another chapter has been added devoted to implant surgery and tailored for nonsurgically trained dentists.


The impetus for this supplement has been the recent mandate by CODA (Commission on Dental Accreditation of the American Dental Association) to train prosthodontic residents in the basic fundamentals of implant surgery. Furthermore, throughout the book, we have tried to present clinical follow-ups of patients displayed in the first edition, some over 30 years postdelivery.


We continue to emphasize the importance of considering conventional prosthodontic methods and presenting these to the patient. As in the first edition, we indicate when conventional approaches (tooth-supported fixed dental prostheses, RPDs, and restoring diseased teeth with endodontic therapy and conventional restorations) should be considered. Frequently, conventional treatments are just as effective in restoring form and function (and sometimes more so), are more time efficient, and more often than not are more cost effective than implant options.


We continue to believe that most patients are best served with an interdisciplinary effort. Some patients present with relatively simple problems and can be handled by a solo practitioner (hence, the addition of the chapter devoted to implant surgery for nonsurgically trained dentists). However, most patients present with significant prosthodontic complexities such as occlusal plane discrepancies, malposed teeth and unfavorable jaw relations, periodontal compromise of existing dentition, and significant bone and soft tissue defects associated with the potential implant sites, especially in the esthetic zone. Achieving sustainable outcomes for such patients requires the prosthodontist or restorative dentist to develop close professional interaction with oral and maxillofacial surgeons, periodontists, orthodontists, and endodontists as well as dental technicians and staff associated with biomedical modeling centers.


An important objective of this edition is to reinforce the basic principles of fixed and removable prosthodontics. In order to develop an appropriate level of expertise in implant prosthodontics, the clinician must have a firm foundation in conventional fixed and removable prosthodontics. Therefore, topics such as occlusal schemes used for the various types of implant prostheses, as well as designing proper resistance and retention form into customized abutments where the prosthesis is to be retained with cement, the principles of smile design and esthetics, and other topics pertinent to the fundamentals of prosthodontics are emphasized and discussed as needed.
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Foundational Principles










CHAPTER 1


History and Biologic Foundations


John Beumer III | Robert F. Faulkner | Kumar C. Shah | Benjamin M. Wu





Introduction and Historical Perspectives


Osseointegration has had a greater impact on the practice of dentistry than any technology introduced during the last 60 years. Since the introduction of osseointegrated dental implants more than 30 years ago, significant advances have been achieved in implant surface bioreactivity, methods used in diagnosis and treatment planning—particularly 3D imaging, computer-aided design (CAD), computer-aided manufacturing (CAM), additive manufacturing, and surface engineering—enhancement of bone and soft tissues of potential implant sites, and prosthodontic approaches and techniques. A degree of predictability with implants has been achieved that is truly remarkable.


The concept of osseointegrated implants was first introduced by Brånemark.1 These implants were made of titanium, and when placed in the jaws, bone was deposited on their surfaces, firmly anchoring the implants in the surrounding bone1–3 (Fig 1-1). This phenomenon was discovered quite by accident. In a series of experiments designed to document bone healing in vivo, Brånemark used an optical chamber made of titanium placed in a rabbit tibia that was connected to a microscope. When he attempted to remove the chamber from its bone site, he noticed that the bone adhered to the titanium chamber with great tenacity. He recognized the importance of this discovery, and during the next several years, he experimented with various sizes and shapes of dental implants, testing more than fifty designs. He and his colleagues finally settled on a simple screw shape with a hex at the top.
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Fig 1-1 The gap between the wall of the osteotomy and the surface of the implant is filled with bone by means of contact (arrows) and distance osteogenesis. (Reprinted from Moy et al3 with permission.)





Most of the previous implant systems were made of cobalt-chrome alloys and were subject to corrosion and release of metallic ions into the adjacent tissues. The presence of these ions in sufficient concentrations is thought to provoke acute and chronic inflammatory responses. When combined with insufficient primary fixation and the lack of stability during healing and function, fibrous encapsulation of the offending material is a common sequela (Fig 1-2a). Subsequently, epithelial migration along the interface between the implant and the fibrous capsule led to development of extended peri-implant pockets, and the chronic infections resulting from these pockets led to exposure of the implant framework and its eventual loss (Fig 1-2b). In general, these implant systems survived for 5 to 7 years before the infections prompted their removal. The infections were particularly destructive of bone and soft tissue in the maxilla (Fig 1-3).
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Fig 1-2 (a) Subperiosteal cobalt-chrome implants are enveloped by fibrous connective tissue slings. (Courtesy of Dr R. James.) (b) Epithelial migration led to the formation of extended peri- implant pockets, which in turn developed into chronic infections. The infections led to exposure of the implant struts and eventually loss of the implant.
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Fig 1-3 Substantial portions of the hard palate were lost secondary to infections associated with a subperiosteal implant. (Courtesy of Dr J. Jayanetti.)





Titanium, however, spontaneously forms a coating of titanium dioxide (TiO2), which is stable and biologically inert and promotes the deposition of a mineralized bone matrix on its surface. In addition, it is easily machined into precision geometries, and the oxide passivation layer provides corrosion resistance under most oral conditions. Following placement of the implant, a blood clot forms between the surface of the implant and the walls of the osteotomy site.4 Plasma proteins are attracted to the area, accompanied by platelet activation and the release of cytokines and growth factors.5–7 Some of these signaling molecules induce angiogenesis, and others orchestrate the cascade of wound healing response, which includes the recruitment of local stem cells. These and other repair cells migrate via the fibrin scaffold within the osteotomy site toward the implant surface. The stem cells differentiate into osteoblasts and begin to deposit bone on the surface of the implant and the walls of the osteotomy site, eventually leading to anchorage of the implant in bone (the result of contact and distance osteogenesis8; see Fig 1-1). The initial events of this process take anywhere from 8 weeks to 4 months depending on the biologic microenvironment and the osteoconductivity (the recruitment of osteogenic cells and their migration to the surface of the implant) of the implant surface.


The original dental implants developed by Professor Brånemark and his colleagues were prepared with a machined surface (Fig 1-4). These machined-surface implants were predictable in bone sites of favorable quantity and quality, such as the mandibular symphysis region, but were problematic when restoring posterior quadrants in partially edentulous patients. Since then, numerous surface treatments (eg, sandblasting, acid etching, titanium grit blasting, electrolytic processes) designed to change the microtopography of the implant surface have evolved that have significantly improved the osteoconductivity of titanium implants, making these implants highly predictable in less favorable sites, such as when restoring the posterior quadrant of the maxilla in partially edentulous patients (see chapter 11).
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Fig 1-4 (a) The original Brånemark machined-surface implant. (b and c) Machined-surface topography.





Prerequisites for Achieving Osseointegration


Uncontaminated implant surfaces


The osteoconductivity of implant surfaces is impaired if they become contaminated with organic molecules; if this occurs, the surface charge is changed from positive to negative, the surface becomes less wettable, and upon implant placement, adsorption of plasma proteins is inhibited. However, implant surfaces can be decontaminated by exposure to ultraviolet light.9,10 Decontaminating implant surfaces with ultraviolet light (photofunctionalization; see chapter 2) enhances adsorption of plasma proteins initially after implant placement and promotes more rapid differentiation of mesenchymal stem cells into osteoblasts once they reach the surface of the implant.


Creation of congruent, nontraumatized implant sites


Careful preparation of the implant site is important to obtaining osseointegration of a titanium implant in bone on a consistent basis (Fig 1-5). In an ideal situation, the gaps between the wall of the osteotomy and the implant are small, the amount of damaged bone created during surgical preparation of the bone site is minimal, and the implant remains immobilized during the period of bone repair. Under these circumstances, the implant becomes osseointegrated a very high percentage of the time (95% or greater with the modern microrough implant surfaces). During surgical preparation of the site, excessive bone temperatures (ie, above 47ºC) should be avoided because they create a zone of necrotic bone in the wall of the osteotomy site, which leads to impaired healing and an increased likelihood of a connective tissue interface forming between the implant and the bone (see Fig 1-5).
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Fig 1-5 (a) Semiguided surgical drill guide. Note the bushings (drill sleeves) incorporated within the drill guide. (b) Implants are being placed. (c) Implants in position.





A similar outcome is seen if excessive torque is employed to improve initial implant stability or if osteotomes are used to compress the bone adjacent to the osteotomy site in order to achieve a similar outcome (so-called “osteodensification”). Excessive compression of the bone adjacent the osteotomy site increases its density but does not improve initial implant anchorage. This practice results in cell death and increases the width of the zone of necrotic bone adjacent to the osteotomy site. Within 1 day of implant placement, the condensed bone interface exhibits microfractures and osteoclast activity. The subsequent resorption of this zone of necrotic bone around the circumference of the implant increases the dip in implant anchorage seen 7 to 10 days following initial implant placement and if the implant is loaded immediately, theoretically increases the likelihood of implant failure.11,12 Finite element modeling, mechanical testing, and immunohistochemical data collected at various time intervals during the osseointegration period have shown that osteodensification results in excessive interfacial strains, marginal bone resorption, and no improvement in implant stability.12


Primary implant stability


Osseointegration is obtained more consistently when initial primary stability of the implant is achieved in the surrounding bone. This is particularly important when one-stage surgical procedures are employed, and is obviously necessary if the implant is to be immediately placed into function (ie, immediate loading or immediate provisionalization). In attempting to establish initial primary stability, often the implant site is underprepared when the bone is porous or soft. If the implant is not stable in its prepared osteotomy site, many clinicians prefer to replace it with an implant of a slightly larger diameter. This was particularly necessary when machined-surface implants were routinely employed. Today, implant surfaces are considerably more bioreactive, and unstable implants (so-called “spinners”) have a reasonable chance of achieving osseointegration when the wound is closed primarily and as long as the clot remains undisturbed during the initial period of healing.


Appropriate initial implant stability is especially essential when considering immediate loading or immediate provisionalization (ie, inserting a prosthesis at the time of implant placement). Recently, an increasing number of implant companies are introducing thread designs with aggressive pitch and drill sequences that result in bone compression. Some of these systems require high insertion torque. However, as mentioned previously, excessive insertion torque appears to actually delay healing and may compromise the quality of implant bone anchorage ultimately achieved.11,12 These studies have generated considerable debate because previously, many clinicians maintained that high torque values were beneficial and resulted in improved initial implant stability, which in turn led to better outcomes when implants were immediately loaded or immediately provisionalized with a prosthesis.13,14 According to Cha et al11 and Wang et al,12 excessive compression of trabecular bone associated with higher torque levels leads to a relatively thick layer of damaged necrotic bone abutting the surface of the implant, and this layer must be resorbed before contact osteogenesis can begin. This is not surprising because it known that high compressive forces shut off angiogenesis and local microvascular blood flow, and the resultant biochemical cascades of cytokines and cellular reprograming leads to bone resorption. In fact, compressive stress on the leading edge of orthodontic tooth force vector is responsible for bone remodeling that is necessary for successful orthodontic movement. The data in this study is also consistent with the findings of many clinicians, who have recorded significant decreases in implant stability levels 7 to 10 days following implant placement.15 The levels rebound, but the patient is instructed to avoid mastication for the first 6 weeks following implant placement, and restorative dentists are advised to avoid manipulations of the prosthesis for at least 12 weeks.16


Implant stability during the healing phase


It was thought that micromovement of the implant could disturb the tissue and vascular structures necessary for initial bone healing.17 Furthermore, excessive micromovement of the implant during healing was thought to induce the detachment of the fibrin clot from the implant surface. Actually, it is well known that an optimal amount of strain is beneficial and necessary for most cellular function, from neurons to cardiac cells to osteoblasts and many more. Each cell type is known to respond to stress state (compression, tension, shear) and strain magnitude. The Frost model18,19 describes a range of optimal microstrain that promotes osteoblast bone remodeling and homeostasis. When insufficient microstrain exists, the bone cells can actually stop producing bone, leading to an osteoblast/osteoclast imbalance. Furthermore, a slight increase above the optimal strain range can promote bone deposition. However, excessive microstrain can lead to necrosis and resorption. The healing processes are highly dependent on the microstrain status. Excessive micromovement tends to produce a connective tissue–implant interface (fibro-osseointegration), while appropriate microstrain can promote a healthy bone-implant interface. These phenomena have clinical significance. For example, immediate loading of dental implants provides a unique challenge. Implants placed into function immediately must be sufficiently stable so as to reduce micromovement to physiologic levels during healing. Otherwise, the implant may fail to osseointegrate.


Role of implant surfaces on implant stability


Any given implant geometry surfaces prepared with a microrough topography are considerably more osteoconductive compared with the original machined-surface implants20,21 (see Fig 1-1). There are several reasons why these surfaces are such an improvement over the original machined surfaces. First, the modern implant surfaces with microrough surface topographies retain the fibrin blood clot more effectively than implants with machined surfaces.22 As a result, the initial critical events (ie, plasma protein adsorption, clot formation, angiogenesis, local stem cell and repair cell migration and attachment, cell differentiation) associated with osseointegration are facilitated.


In addition, local stem cells differentiate more rapidly into functioning osteoblasts following attachment to the microrough surfaces as compared with machined surfaces. These surfaces also upregulate and accelerate the expression of genes of the differentiating osteoblasts associated with the osseo- integration process.23 This leads to a different combination of collagenous and noncollagenous proteins making up the bone deposited on the microrough surfaces as compared with the bone deposited on machined-surface topographies. As a result, bone that matures on implant surfaces with microrough surface topography is harder and stiffer than bone deposited on machined surfaces.24,25


An active and efficient remodeling apparatus is key to maintaining osseointegration during functional loading of the implants.26 Osseointegration of the implant with bone continues to occur up to 1 year following delivery of either a provisional or definitive prosthesis.27 Following initial healing and functional loading within physiologic limits, progressive osteogenesis continues to where the bone-implant contact area approaches almost 90% in favorable sites (Fig 1-6).
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Fig 1-6 Following initial healing and when loading forces are favorable, the bone contact area on the surface of the implant continues to increase. Note the bone density of the peri- implant bone 7 years following delivery.





The Implant–Soft Tissue Interface


The peri-implant mucosa is similar to the mucosa circumscribing natural teeth. It is composed of nonkeratinizing epithelium in the sulcus, junctional epithelium, and a supracrestal zone of connective tissue. The connective tissue layer contains a dense zone of circumferential collagen fibers intermingled with fibers extending outward from the alveolar crest. These fibers run parallel to the long axis of the implant. The zone of connective tissue adjacent to the implant is relatively avascular and acelluar and similar to scar tissue histologically. The soft tissue barrier (interface) assumes a minimal dimension during the healing process. If this dimension is less than 2 to 3 mm, bone resorption occurs in order to establish an appropriate biologic dimension of the peri-implant soft tissue barrier.28


The titanium–soft tissue interface appears to be similar to but not exactly the same as that seen between gingiva and natural dentition (Fig 1-7). The epithelial-implant interface is based on the hemidesmosome basal lamina system, similar to that seen between gingiva and teeth. When implants emerge through attached keratinized mucosa, collagen fibers circumferentially configured around the neck of the implant are interwoven with collagen fibers running from the crest of the alveolus and the periosteum to the free gingiva and hold the epithelium in close proximity to the surface of the implant. The epithelial cells in the sulcus epithelium secrete a sticky substance (a protein network of glycoproteins) onto the surface of the implants, enabling the epithelial cells to adhere to the implant surface via hemidesmosomes. The epithelial cuffs that form as a result of the basal lamina hemidesmosomal system and the zone of connective tissue just apical to it effectively seal the bone from oral bacteria.29 However, what differentiates the soft tissues around implants from the gingival tissues around natural teeth is the absence of gingival fibers inserting into a cementumlike tissue. Hence, the soft tissues around implants are more easily detached from the surfaces of the implant than are the soft tissues surrounding natural teeth. This difference is clinically significant for a number of reasons, including the manner in which these tissues respond to the oral microflora,29 and especially when cement systems are used for retention of implant prostheses because of the risk of embedding cement subgingivally during cementation of the prosthesis30 thereby increasing the risk of peri-implantitis31 (Fig 1-8).
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Fig 1-7 Soft tissue–implant interface.
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Fig 1-8 Peri-implantitis triggered by excess cement beneath the peri-implant soft tissues. The bone loss has compromised the periodontal support of the adjacent teeth. (Reprinted from Moy et al3 with permission.)





The phenomenon of biologic width applies not only to the natural dentition but also to the soft tissues around implants. Biologic width is defined as the combined length of the supracrestal connective tissue and the zone of junctional epithelium associated with the epithelial attachment32 (Fig 1-9). This dimension averages approximately 3 mm around implants28 and is slightly greater than that associated with the natural dentition. In general, the width of the epithelial component is greater and demonstrates more variability than the width of the connective tissue zone. This phenomenon has particular impact in the esthetic zone because, as with the natural dentition, the level and contours of the underlying bone primarily determine the contours and level of the overlying soft tissues. The zonal epithelium can be located on either the implant fixture or the abutment, depending whether the implant platform is supracrestal, crestal, or subcrestal. The dimension of the biologic width in relation to the nature and topography of the implant surface has been the subject of much debate in recent years. However, there is no clear consensus on whether differences in biologic width exist with respect to the varieties of surface topographies and surface treatments currently in use.33 Also, the evidence appears to indicate that there are no significant differences in biologic width achieved between one-stage and two-stage surgical procedures.
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Fig 1-9 Biologic width is defined as the combined length of the supracrestal connective tissue and the zone of junctional epithelium associated with the epithelial attachment. (Redrawn from Spear32 with permission.)





However, it appears that the nature of the microgap between the abutment and the implant and its position in relation to the bone crest increases the biologic width. The deeper the implant-abutment connection in relation to the gingival crest, the greater the biologic width will be, particularly the epithelial component. It is unclear whether multiple abutment manipulations induce an apical migration of the connective tissue–epithelial attachment zone, resulting in marginal bone loss.34,35 The lack of stability of the abutment-implant connection may also trigger an apical migration of the connective tissue–epithelial attachment zone accompanied by marginal bone loss around the neck of the implant, presumably as a result of increased levels of bacterial colonization. The long-term clinical consequences of these findings with respect to implant survival have yet to be determined.


In the esthetic zone, techniques have evolved that idealize the soft tissue contours around the implant prostheses. Provisional restorations are designed to support the soft tissues and develop ideal contours, and these contours can be recorded using customized impression techniques (Fig 1-10). In addition, surgical procedures have been developed that can be used to enhance bone and soft tissue contours.




[image: ]


Fig 1-10 (a and b) A provisional implant crown was fabricated and altered as necessary to refine the peri-implant soft tissue contours. (c) A customized impression coping was used to make the definitive impression. (d) The definitive restoration.





Recent Innovations, Clinical Trends, and Impact


Several innovations have been introduced into clinical practice in recent years. The number of patients now considered suitable candidates for implant treatment has expanded dramatically because of the bioreactivity of modern implant surfaces and of our ability to enhance the bone and soft tissues of the potential implant sites. In addition, improved site evaluation with CBCT scans and the accompanying software, tilted implants, guided implant surgery, improved prosthodontic designs, the introduction of new materials, and a better understanding of the limitations of the prosthodontic materials previously used in conventional dentistry when used for implant prostheses have improved implant success rates and prosthesis predictability.


Impact of 3D imaging and CAD/CAM on diagnosis, treatment planning, surgical planning, surgical placement, and prosthesis fabrication


Initially, the workup of potential implant patients was surgically driven; that is, the suitability of a patient was determined primarily by the 3D volume and quality of the bone sites. Today, the development and the improving sophistication of CBCT scans and CAD/CAM programs permits the workup to be driven by the needs of the prosthetic design. With these tools, clinicians are able to identify vital structures such as the inferior alveolar nerve, determine the 3D nature of the potential implant bone sites, predetermine implant position and angulation with great precision, and fabricate surgical stents and surgical drill guides that allow placement of implants into their intended positions via semiguided or fully guided surgery (Fig 1-11). In addition, CAD/CAM systems allow for the design and manufacture of customized implant connecting bars, custom abutments, provisional restorations, and now, definitive restorations with great precision (see Fig 1-11). All those who practice implant dentistry should become intimately familiar with these technologies.
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Fig 1-11 A computer-guided approach enables the implant team to (a) design a provisional prosthesis and determine the positions of the implants, (b) design and manufacture abutments and fabricate a provisional prosthesis, and (c) fabricate the surgical template prior to implant surgery. (d) The customized abutments. (e) The provisional prosthesis. (f) The definitive prosthesis. (Courtesy of Dr A. Pozzi.)





Impact of changes in the design of the implant body and the implant platform (ie, interface between abutment and implant fixture)


Several new implant designs have been introduced, and the impact of these designs will be addressed in this new edition. For example, recently there has been increased use of self- tapping implant designs (Fig 1-12). These are used primarily in poor-quality bone sites (poor density), such as the posterior maxilla. Another innovation is the development of tapered implants designed specifically for immediate loading. With these two design changes, during insertion of the implant, the trabecular bone of the implant site is compressed around the implant, leading to improving primary stability of the implant. As a result, in select patients the improved initial anchorage allows for immediate loading or immediate provisionalization.
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Fig 1-12 A variety of implant shapes, thread patterns, and implant platforms are available.





Manufacturers continue to introduce new implant platform designs. However, the clinical impact of these design changes is rarely addressed. As a result, restorative dentists must increase their inventories of prosthetic components. A good example is the continuing debate regarding the use of external hex versus internal locking systems (Fig 1-13). The nature of the implant-abutment connection may be clinically significant when restoring single-tooth defects but probably not when restoring multiple-tooth defects. Single implants, especially in the posterior regions, are subjected to significant occlusal forces. The lateral component of these forces may be sufficient to widen the microgaps between the abutment and the implant during function in the external hex designs. Some have speculated that this may be detrimental to the long-term survivability of the implant and the restoration. However, clinical reports do not support this hypothesis.36,37 These issues are probably not clinically significant when multiple implants are splinted together when restoring posterior quadrants or fabricating full-arch restorations where multiple implants are splinted together across the arch.36
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Fig 1-13 Implant platform designs. (a) Internal interlocking system. (b) External hex system.





Likewise, the impact of platform reduction is still far from settled. Some authors have hypothesized38 that using designs where the diameter of the abutment is less than that of the head of the implant fixture horizontalizes the epithelial attachment39 and may also redirect the stresses away from the crestal bone–implant interface,40 and as a result of these phenomena, such designs will reduce the rate of crestal bone loss (Fig 1-14). The clinical evidence for this claim is not convincing,41 and randomized clinical trials have failed to demonstrate a benefit of platform reduction with respect to maintenance of crestal bone levels.42
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Fig 1-14 Platform reduction. The diameter of the abutment as it emerges from the implant is less than the diameter of the neck of the implant.





Impact of surgical innovations


Widening the alveolar ridge with bone grafts has become very predictable, and several new techniques have been introduced (Fig 1-15). The need to maximize the zone of keratinized tissue and retain or restore the interdental papilla has led to the development of many new grafting techniques and flap designs (see Figs 1-15b and 1-15c), particularly in the esthetic zone.43 Furthermore, a one-stage technique can be used in select patients, as opposed to burying the implants beneath the mucosa during the healing period. Recent reports have also suggested that fully guided, flapless implant placement in select patients reduces the incidence of surgery-related bacteremia and may be beneficial for patients with medical risk factors that require prophylactic antibiotic coverage44 (Fig 1-16). Many of these techniques are highlighted throughout the book, including in a newly added chapter 19 that discusses basic surgical techniques.
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Fig 1-15 (a) Grafting defects lacking width has been predictable, and a number of different techniques have evolved (see Moy et al3). (b and c) The zone of attached keratinized mucosa around the implants can also be increased predictably. (d) Definitive prosthesis. (Courtesy of Dr A. Pozzi.)
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Fig 1-16 Fully guided implant surgery enables flapless surgery in select patients with ample bone and keratinized attached tissue volume. (a) The tooth-borne fully guided surgical template in position. (b) A circular patch of tissue was removed from the implant site with a tissue punch before the osteotomy site was prepared. (c) The osteotomy site is prepared. (d) The implant is inserted. (e) A healing abutment has been secured to the implant.





Implant manufacturers are increasingly introducing shorter and narrower-diameter implants with the promise of reducing the need for bone grafting. Despite short-term data, there is a lack of clinical evidence that these implants will enjoy the same long-term success as traditional-sized implants in properly grafted sites.


Impact of tilted implants


The use of tilted implants has emerged as a viable alternative to sinus augmentation,45–48 especially in edentulous patients (Fig 1-17). This improves the biomechanical configuration in edentulous patients (see chapters 7 and 8) and recently has also been employed to restore extended edentulous areas in the posterior maxilla of partially edentulous patients (Fig 1-18). When this concept was first introduced, the anterior wall of the maxillary sinus was exposed in order to precisely postion and angle the implant. However, with the recent improvement in the precision of fully guided implant surgery, the use of tilted implants has become a less invasive and more attractive alternative. Tilted implants can also be used for immediate loading when cross-arch stabilization is possible. The use of this design concept will be discussed in several chapters.
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Fig 1-17 (a and b) Tilted implants have been placed to support this immediate load prosthesis. (Courtesy of Dr A. Pozzi.)
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Fig 1-18 (a and b) Tilted implants have been used to restore an extended edentulous area in the posterior maxilla. (Courtesy of Dr A. Pozzi.)





Impact of Loading Protocols


The original treatment protocols for using machined-surface implants required several months’ delay after implant placement before the prosthesis could be delivered and placed into function. Most patients were required to use removable prostheses during this period. During the last several years, various immediate and early loading protocols have been proposed as implant macro shapes and implant surface textures have evolved (see Fig 1-17). Recent advances in CAD/CAM technologies have provided an additional stimulus to this trend. In this new edition, we offer guidelines regarding the various loading protocols currently in use, namely immediate loading, immediate provisionalization, early loading, and delayed (conventional) loading. The reader should understand that the immediate load prosthesis is a complex, technically demanding treatment and should be attempted only after the implant team has acquired the necessary experience. Mistakes in clinical judgment and execution can lead to a higher incidence of implant failure and loss of the prosthesis.


Impact of new prosthodontic materials


Several new materials and combinations of materials have been introduced to meet the unique demands placed upon implant-supported prostheses. Unfortunately, many materials used for tooth-supported prostheses have proven to be unsuitable for implant-supported prostheses. For example, the crazing and fracture of the resin-bonded systems used to restore extended edentulous areas with implant-supported fixed dental prostheses in the posterior quadrants was quite disappointing. In this edition, we have added an additional chapter (chapter 4) devoted to materials and, where possible, we provide the reader with evidence-based guidelines regarding selection of the appropriate materials for any given application.


Impact of digital technologies upon the role of the restorative dentist


As mentioned previously, digital technologies have had a dramatic impact upon the means of implant site evaluation and implant surgery. These new technologies—CBCT scans and the associated software for guided surgery, navigation systems, and 3D jaw movement recording and analysis systems (electronic pantograph)—allow prosthodontists and restorative dentists to virtually analyze the 3D characteristics of the potential implant bone site and design and fabricate accurate surgical drill guides (Fig 1-19). These new technologies also help prosthodontists and restorative dentists to better determine which patients are best served by referral to a periodontist or oral surgeon for implant placement as opposed to placing the implants themselves.
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Fig 1-19 (a) The maxillary second premolar is to be extracted due to an endodontic failure. (b to d) CBCT scans are obtained, and the position, angulation, and size of the implant are selected.  (e)  The appropriate software permits the design and fabrication of a surgical template.  (f)  A fl ap is refl ected.  (g)  The surgical drill guide is positioned, and the osteotomy site is prepared.





Follow-up data analysis


In recent years, clinical study design has improved, and as a result, clinical decisions have become increasingly evidence based. However, still far too many studies rely on short follow-up times when assessing outcomes. Many current studies report data with only 1 or 2 years of follow-up data, which in most instances is quite insufficient. Even the traditional 5-year follow-up period may not enable clinicians to make truly evidence-based choices, especially when attempting to determine whether bone and soft tissue levels ever become stable. Even when implant treatment is executed properly and under ideal conditions, phenomena such as mesial migration and continued eruption of adjacent natural dentition and apical migration of bone and peri-implant soft tissues may render the outcome suboptimal. These phenomena are rarely recognized at 5-year follow-up and therefore have been largely ignored in the implant literature and by those presenting continuing education programs of instruction. However, these phenomena are often seen after 5 or more years of follow-up (Figs 1-20 and 1-21), and given their frequency, patients must be informed that it is likely that their implant-retained restoration may need to be remade at some future date. In addition, it is the clinician’s responsibility to be aware of and plan for these eventualities and design prostheses that will mitigate their effects.
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Fig 1-20 Three implants were used to restore the posterior teeth. A 20-year follow-up photograph. Note the significant mesial migration of the anterior teeth, resulting in a large space between the canine and the implant-supported fixed dental prosthesis (black arrow). Note also the apical migration of bone and soft tissue around the two posterior implants (white arrows).
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Fig 1-21 (a) Delivery; (b) 6-year follow-up; (c) 20-year follow-up. Note the continuous apical migration of bone and soft tissues around these implant-retained fixed dental prostheses. Also, note the progressive eruption and mesial migration of the adjacent natural dentition, and the numerous instances of chipping and fracture of the laminated porcelain. (Courtesy of Dr A. Davodi.)





Summary


Osseointegrated implants are highly predictable when used appropriately, and in many situations, implant treatment is as predictable or even more predictable than any of the conventional restorative procedures used to restore missing dentition. The key to predictable outcomes when implants are employed is accurate diagnosis and appropriate treatment planning, taking into account significant patient history findings such as parafunctional activities as well as implant biomechanics and the occlusal schemes to minimize undesirable occlusal forces. Successful outcomes are best accomplished in a multidisciplinary setting. The purpose of these volumes is to share with clinicians the approach to patient evaluation and treatment that has enabled the authors to provide these services with a very high degree of success. Indeed, when implant therapy is planned and executed properly, taking into account the basic principles of prosthodontics, it is the authors’ expectation that once the implants are osseointegrated, while the prostheses that are retained by the implants may need to be replaced due to wear or breakage, the implants should last the lifetime of the patient. Recent innovations, including tilted implants, new and improved CAD/CAM systems, advances in implant body design, surgical enhancement of bone and soft tissues associated with the implant sites, and refinement of loading protocols, have improved implant and prosthesis success.
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After the concept of osseointegration was introduced, a high rate of treatment success was achieved in quality bone sites with sufficient volume. The original titanium implants were available in machined surfaces or titanium plasma spray surfaces. Eventually, titanium implants with microrough surface topography were introduced that accelerated the events1 associated with osseointegration and led to stiffer bone anchoring the implants.2 This chapter discusses the biologic sequence of host tissue reactions during the process of implant osseointegration and the pathologic factors that potentially can disturb the maintenance of dental implant systems after they have been placed into function. In addition, recent advances aimed at improving the bioreactivity of implant surfaces are discussed.


Protein Adsorption (Seconds to Minutes)


Upon contact with blood, the implant surface is immediately covered by the noncellular components within the blood.3 These primarily include ions, proteins, salts, lipids, glucose, and numerous metabolic byproducts at various stages of their life cycles. All of these components, especially proteins, interact within the first second and immediately act to modify the physical-chemical-biologic properties of the dental implant surface. Among proteins in blood, albumin is the most abundant, followed by fibrinogen and gamma globulin. The initial nanometer-thick layer of proteins present chemical moieties from amino acids with charged, polar, and nonpolar functional groups. These functional groups interact with the implant surface via weak secondary bonds (hydrogen bonding, van der Waals, and electrostatic interactions), and those that bind strongly will stay longer on the material’s surface.4 The early-binding proteins that bind weakly will desorb away from the surface, displaced by stronger binders. The binding force depends greatly on the implant surface chemistry, the protein composition, and the local environment, including pH, ionic concentration, and cellular activities. Over time, the strongly bound proteins can undergo unfolding, which denatures the protein and exposes additional amino acid functional groups that further stabilize the protein-implant interaction. This time- and surface- dependent microevolution of protein composition based on kinetics and stability of protein adsorption is known as the Vroman effect and is relevant for all blood-contacting biomaterials.5


Once bound to the implant surface, the adsorbed proteins interact with the local biologic molecules via receptor-ligand interactions. These include dissolved proteins (more albumin, fibrinogen, etc) and extracellular matrix proteins such as collagen, von Willebrand factors, fibronectin, coagulation factors, complement proteins, and cell fragments such as platelets that indirectly and directly promote the initial matrix-to-cell adhesion.


Regardless of the surface treatments that have been attempted by dental implant manufacturers, protein adsorption occurs on all materials regardless of hydrophilicity levels. Regardless of surface topology and surface chemistry, some of the early-binding proteins contain binding sites that either directly or indirectly for platelet adhesion receptors and trigger the next stage: hemostasis.


Hemostasis: Platelet Plug and Fibrinogenesis (Minutes)


Cells and biomolecules in blood


The protein-modified surface dictates the kinetics and thermodynamics that platelet-surface adhesion will occur. In turn, the platelet-modified surface will influence platelet-platelet adhesion, platelet activation, fibrinogenesis, and formation of the provisional fibrin matrix. Platelets carry surface receptors suitable for attachment to exposed or damaged collagen fibers while secreting internally stored bioactive factors. In blood, platelets initially rely on their high shear stress receptors to gain initial adhesion, followed by the engagement of low shear stress receptors.6 Because blood flow is slow in dental osteotomy sites, both low and high shear stress receptors on platelet surfaces can contribute to binding. The platelet- derived factors include a series of enzymes that are essential for the cascade of the coagulation process resulting in fibrin and clot formation. These activated platelets also regulate the subsequent inflammatory response and wound healing processes. The fibrin clot not only works as a temporary “plug” to prevent further bleeding until the fibrin is formed via the intrinsic and extrinsic clotting pathways—the resultant fibrin plug, with trapped platelets inside, serves as a bioactive scaffold for epithelial and mesenchymal cell migration to commence wound repair.


Besides the injured collagen fibers and tissues, biomaterials placed in the body can activate platelets at different rates. Platelets are considered to be the first cell-like structures to adhere to the implant, and they immediately start secreting bioactive factors and organizing the fibrin clot. It takes only 2 minutes to initiate the fibrin clot formation on titanium surfaces.7 Platelet adhesion and activation on different biomaterials and material surfaces have become subject to intense investigation because the resulting fibrin clot scaffold is thought to determine inflammation behavior and subsequent wound healing around the biomaterial.


Hong et al8 reported that there was much less platelet activation on the surface of stainless steel plates than on titanium plates. When used as an endosseous implant, stainless steel is surrounded by a sustained inflammatory reaction, resulting in minimal, if any, direct bone contact.9 Therefore, the ability to activate platelets and form the fibrin clot may be an important first step in osseointegration.


Effect of implant surface modifications on fibrin clot formation


Recent research and development efforts have been directed toward creating more bioactive titanium surfaces suitable for increased platelet adhesion. Moderately rough surface topography has been shown to increase platelet activation prepared by various methods: double acid etching10 (Fig 2-1), fluoride ion–modified grit blasting,11 sandblasting, and acid etching.12
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Fig 2-1 Scanning electron micrographs (SEMs) of platelet-rich plasma contact (for 30 minutes) with commercially pure titanium: (a) double acid etched; (b) 320-grit abraded; (c) machined; (d) polished. The platelet aggregation and fibrin clot formation were more significant on roughened titanium surfaces. (Reprinted from Park et al10 with permission.)





Interestingly, in the field of vascular stent development, research efforts have been directed toward decreasing the adhesion of platelets and thus minimizing thrombosis formation. In fact, the micrometer to nanometer surface topography created on the titanium vascular stent13 or polymer materials14 was shown to decrease the platelet adhesion. The stark contrast in the observations regarding endosseous implants and vascular stents that both carry moderately rough titanium surface topography may suggest that not only the surface roughness but also other factors might determine the initial host response.


Complex surface topography is generally associated with increased hydrophobicity, which prevents the adhesion of platelets and cells. Acid etching used to create microtopography increases the surface precipitation of titanium dioxide, or titania (TiO2),10 whereas alkali treatment results in the formation of charged TiO2 on the titanium surface.15 These surface modifications involving TiO2 have been postulated to control platelet adhesion and activation. TiO2 is a stable and relatively bioinert material that is largely responsible for the biocompatibility of titanium implants. However, the therapeutic role of TiO2 has not been well characterized. The zeta potential or electron charge of the surface of TiO2 is influenced by pH levels and the presence of various ions such as Ca2+. Both acidic (low pH) and alkali (high pH) treatments are known to change the zeta potential of TiO2, contributing to the modulated cell and protein adhesion behavior. Recent studies suggest that the proprietary SLActive preparation (Straumann) or postfabrication ultraviolet (UV) light treatments could increase surface hydrophilicity or surface charge of titanium implants. Characterization of their effect on the platelet behavior and fibrin clot formation has just begun,16 which may present an important clue to understanding the role of surface reactivity and zeta potential on osseointegration.


It must be noted that hydroxyapatite (HA) surfaces show somewhat different platelet adhesion and activation properties as compared with titanium surfaces. The HA surface disproportionately increases complement activation in the fibrin clot11 and increases adsorption of serum proteins.17 Therefore, new surface modifications employing a hybrid of TiO2 and HA18–22 may present a unique opportunity to expand the available armamentaria for better optimization of platelet activation and fibrin clot formation relevant to osseointegration.


Platelet activation occurs at the tissue injury site and on the surface of biomaterials. However, the tissue injury site activates fibrin clot formation much more efficiently than do titanium materials.12 Experimentally, the periodontal ligament on the freshly extracted tooth induced significantly more active clot formation than other artificial materials tested.23 Therefore, there may be a gradient of fibrin clot network around the implant that is more organized and matured on the osteotomy-wounded bone surface than on the implant surface7,23 (Fig 2-2).
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Fig 2-2 (a) Diagram of fibrin clot organization around an implant immediately after placement in the osteotomy site. Platelet activation is significantly more efficient on the exposed collagen from the injured tissue than on the titanium surface. As a result, a gradient of fibrin clot (arrow) is organized from the implant surface to the bone surface. (b) A cleaned extracted human tooth with remaining periodontal ligament was dipped in a fresh extraction socket for 60 seconds, and the surface was examined by SEM. A dense fibrin clot was already formed and organized (magnification: left, ×880; right, ×4,400). (Reprinted from Steinberg and Willey23 with permission.) (c) A similar experiment was performed with a titanium plate. A titanium plate was dipped in a fresh extraction socket for 60 seconds. The fibrin clot formed a different architecture. (Reprinted from Steinberg et al7 with permission.)





Fibrin Remodeling (Days to Weeks) and Bone Formation (Weeks) to Bone Remodeling (Years)


Fibrin scaffold network and macrophage infiltration


The wound-induced fibrin clot formation results in the organization of a fibrin scaffold network necessary for the succeeding tissue repair. Although the structure of fibrin networks is determined by multiple factors such as pH, clotting rate, and coagulation factor concentrations, polymerization of fibrin molecules generally occurs within the first 24 hours of wounding. The organized fibrin network is further modified by the incorporation of fibronectin molecules, which serve as the critical factor influencing bone formation in the fibrin scaffold. A recent study suggested the presence of macrophages within the fibrin clot adjacent to a dental implant within 12 to 24 hours.24 The early and transient expression of C-X-C chemokine receptor type 4 (CXCR4; a cell surface receptor of monocytes/macrophages) in this study supports the involvement of macrophages in the process of osseointegration as well as the process of clearing the tissue debris (Fig 2-3).25
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Fig 2-3 A diagram of bone formation around an implant. (a) Immediately after the fibrin clot scaffold is formed, bone marrow–derived myeloid cells called myeloid-derived suppressor cells (MDSCs) migrate into the mature fibrin clot and organize the local environment for wound repair. MDSCs stimulate new vascular formation and suppress wound-induced inflammation. (b) After 24 hours of implantation, the fibrin clot scaffold is already organized on the implant surface. Immunohistologic evaluation revealed the infiltration of CD163+ macrophages (or MDSCs) stained in brown in the fibrin scaffold. (Reprinted from Omar et al25 with permission.)





Macrophages are classically described as pro-inflammatory phagocytic cells (M1 macrophages) that clear tissue debris and eliminate bacterial infection. It has been demonstrated that there are alternative differentiation pathways generating M2 macrophages that are capable of resolving inflammation and actively inducing angiogenesis for tissue repair.24 It must be noted that the study by Omar et al25 further suggested that macrophages infiltrating the fibrin scaffold around the implant were recognized by the CD163 cell surface marker. A subset of macrophages carrying CD163 are thought to express the M2 phenotype and are considered myeloid- derived suppressor cells (MDSCs). MDSCs originate in bone marrow and resolve inflammatory reactions by suppressing T-cell activities. In addition, MDSCs induce angiogenesis and secrete a set of growth factors that support rapid wound healing.26 Therefore, the presence of macrophages and MDSCs may be critical for establishing a tissue repair environment for wound healing and bone formation.


Distance and contact osteogenesis


As seen in wound healing following tooth extraction, initial bone formation occurs in the bottom of the socket, suggesting the establishment of a tissue repair environment in the mature fibrin network (Fig 2-4). Fibronectin is a large glycoprotein with active binding sites not only to fibrin but also to other extracellular matrix (ECM) molecules and integrin-expressing cells. Incorporation of fibronectin in the fibrin network has been shown to be important for supporting macrophage function. The earliest bone formation should occur in the matured fibrin network adjacent to the osteotomy-exposed alveolar bone. An experimental implant model in mice demonstrated the early sequence of bone formation within the well-organized fibrin network that was more apparent on the bone surface.27 This study further demonstrated the highly localized fibronectin molecules associated with the bone surface fibrin network. Bone tissue formation away from the implant is called distance osteogenesis,28 which involves an ordinary sequence of bone wound healing as often seen in the tooth extraction socket or in the bone marrow ablation site.
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Fig 2-4 After rat molar extraction, the fibrin clot is organized at the bottom of the extraction socket (left). The bone remodeling first occurs within the fibrin clot scaffold (right). The cervical region where the initial fibrin clot formed is less organized.





During this period, the implant surface is still associated with a less organized fibrin scaffold network. However, the implant surface fibrin network is rapidly remodeled with the incorporation of fibronectin and provides the scaffold for bone formation. Distance osteogenesis may now approach in close proximity to the implant surface, while the new bone formation can occur within the now-matured fibrin network surrounding the implant. Contact osteogenesis describes this bone formation near the implant surface, which may be significantly affected by the different environment influenced by the implant material.28 The gap between regenerating bone and the implant surface may be completely filled as early as 7 days after surgery, establishing the histologic osseointegration.


Fibrin clot formation and remodeling take place rapidly at the tissue injury site, where distance osteogenesis should be initiated immediately. Slow fibrin network maturation on the implant surface may cause delayed bone formation. In other words, contact osteogenesis around the implant occurs in a sequence, and the bone-to-implant contact (BIC) is established during the last stage of bone remodeling27 (Fig 2-5). There is a small but distinct time lag between distance osteogenesis and contact osteogenesis. However, active implant surface modifications may significantly accelerate contact osteogenesis.
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Fig 2-5 (a) The first bone formation occurs within the fibrin scaffold associated with the bone tissue exposed by osteotomy. Along with the delayed organization of the fibrin scaffold on the implant surface, bone formation catches up and eventually establishes BIC. (b) An experimental implant (IMP: titanium-coated [arrowheads] plastic implant) was placed in an osteotomy site of a mouse femur. Fibrin clots were organized 1 day after implant placement (top). The fibrin scaffold associated with the bone osteotomy site and cortical bone (*) appeared to be more organized than that on the implant surface. Fibronectin (green) was found in the organized fibrin scaffold close to the bone osteotomy site (middle). Two days after implant placement, the initial bone formation was detected within the organized fibrin clot containing fibronectin, while the fibrin network (*) on the implant surface appeared to be still immature. (Reprinted from Jimbo et al27 with permission.)





Characteristics of Peri-implant Bone


Peri-implant bone, which is formed in close proximity to the implant surface, plays a central role in the sustained support of the implant. Peri-implant bone is formed within the fibrin scaffold surrounding the implant and is likely to be influenced by the implant surface topography, chemistry, and charged energy. These factors may affect the unique characteristics of the bone deposited onto the surface of the implant, which could directly or indirectly contribute to the maintenance of osseointegration. This section discusses the biomechanical characteristics, the shear strength at the bone-implant interface, and the long-term stability of peri-implant bone.


Biomechanical characteristics of peri-implant bone


Ideally, the intrinsic biomechanical properties of peri- implant bone should be capable of withstanding functional forces. It has been shown that hardness and stiffness of peri-implant bone may be associated with certain implant surface modifications. Butz et al29 employed nanoindentation assays to measure the hardness and Young modulus of peri- implant bone associated with a relatively smooth machined or double acid-etched titanium implant in a rat model. The hardness of peri-implant bone associated with a relatively smooth (machined) implant was progressively increased from 2 weeks to 4 weeks after the surgical implant placement and reached the equivalent hardness of trabecular bone. The bone hardness associated with a moderately rough (double acid-etched) implant similarly underwent the progressive increase; ultimately, however, it was found to be much harder and reached the equivalent hardness of cortical bone. Recently, a similar experiment in a rabbit model revealed that the hardness of peri-implant bone almost doubled when a moderately rough (sandblasted/acid-etched) implant surface was further modified with a nano-HA coating.30


Once osseointegration is established, the intrinsic biomechanical properties of peri-implant bone should greatly contribute to the load-bearing function. It is intriguing that peri-implant bone may reach the hardness of cortical bone around implants with moderately rough and more complex surfaces. The primary mechanism determining the bone hardness and stiffness has been debated. A positive correlation between the stiffness and bone mineral density was demonstrated in bovine cortical bone31 and porcine mandibular condyles.32


Bone is a composite tissue of collagen-based fibers and crystalline HA. The bone mineral content is regulated by the organic collagen matrix, which is largely composed of type I collagen. Fragile bone is the primary phenotype of a group of genetic disorders called osteogenesis imperfecta. Patients with these disorders experience bone fractures even during normal physical activity. A number of mutations have been discovered in type I collagen genes; however, the most severe form of osteogenesis imperfecta is associated with the genetic mutations in enzymes that control collagen cross-linking, such as prolyl-3-hydroxylase (P3H)33 and cartilage-associated protein (CRTAP).34 In addition, prolyl-4-hydroxylase (P4H) is also involved in collagen cross-linking, and collectively these enzymes are critical in determining the intrinsic bone mechanical properties. In vitro biomimetic mineralization on collagen films using a polymer-induced liquid-precursor mineralization process further supports the notion that increased collagen cross-linking significantly stimulates mineralization and increased intrinsic mechanical properties.35


With the use of genetic characterization methods, the increased expression of P4H and CRTAP has been reported in the peri-implant tissue during the early stages of osseo- integration.1,36 While type I collagen gene expression is not significantly affected by the presence of implant materials, the increased presence of collagen cross-linking enzymes associated with the implant is thought to contribute to the formation of stronger peri-implant bone29,37 (Fig 2-6).
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Fig 2-6 (a) Responding to a titanium implant, peri-implant bone synthesized through contact osteogenesis acquires a unique biomechanical property. (b) Hardness and stiffness of bone formed around an implant with a machined or a double acid-etched surface were measured by a nanoindentation assay. Peri-implant bone of the roughened implant was much harder and stiffer than trabecular bone, and its biomechanical properties nearly resembled that of cortical bone. Peri-implant bone deposited on the smooth, machined implant was not as hard; however, it had increased stiffness. *P < .05; **P < .01; ***P < .001. (Reprinted from Butz et al29 with permission.)





Bone-to-implant contact and interfacial shear strength


Direct bone attachment to the implant surface is the hallmark of osseointegration. Therefore, histologic assessment of osseo- integration commonly uses the percent area of BIC. Higher failure rates in the posterior maxilla have been attributed to its relatively poor trabecular structure leading to decreased BIC. Traditionally, nondecalcified histologic ground specimens have been used to determine BIC. Significant intrasample variations in BIC have been found,38 and a small but critical discrepancy has also been reported between histologic specimens and 3D images reconstructed through microcomputed tomography (microCT).39 Therefore, the data analysis of BIC may require careful interpretation.


Recently, an increasing number of studies report that BIC does not correlate with mechanical failure. When the implant push-in test and microCT-based 3D BIC were used in a rat model, the moderately rough implant (due to double acid etching) showed three times higher shear strength than the relatively smooth machined implant.40 Because the 3D BIC was not different between these tested implants, the increased interfacial shear strength was due to the increased bone bonding to the implant surface. The mechanical interlocking mechanism for roughened implants may contribute to the increased withstanding load. However, this study indicated that epoxy resin–embedded implants showed only a small increase in the withstanding load, suggesting that biologic bone bonding may play the central role. The discrepancy between the BIC measurement and the mechanical withstanding load assay suggests that while bone formation around the implant must be a prerequisite, the development of osseointegration may rely on the actual bonding between the bone and the implant surface.


For many years, the existence of a thin layer of tissue between the bone and the implant surface has been reported in electron microscopy observations. This tissue layer is generally described as comprising an electron-dense zone 20 to 50 nm thick9,41 and a 100- to 200-nm–thick zone without typical collagen fibers,42 followed by the collagen-rich bone tissue. However, considerable structural variations of this interface tissue have been pointed out, possibly due in part to sample preparation artifacts. Davies43 proposed that the electron-dense layer might be comprised of “globular accretions” that are highly mineralized. Cross sections of globular accretions may result in the reported variation in thickness of the interface tissue layer or so-called “cement line”44 (Fig 2-7). A study using a titanium-coated polystyrene cell culture plate revealed a globular accretion–like electron-dense structure abutting the titanium layer.44 The globular accretion–like interface layer was found to contain crystalline calcium phosphates similar to HA and the previously unreported thin collagen fibers. The precise molecular composition of the interface tissue has not been elucidated. However, it is postulated that molecules comprising the interface tissue between bone and the implant surface should hold the key to the mechanical withstanding force of osseointegrated implants.
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Fig 2-7 (a) Diagram of the implant-bone interface. There is a thin layer of interface zone between the peri-implant bone and the implant surface, which is thought to be composed of globular accretions. The cross section of a cluster of globular accretions may be equivalent to the zone of tissue of the cement line. It has been proposed that the molecular composition of this interface structure plays a key role in the function of osseointegration. (b) A recent in vitro study revealed that the osteogenic cells precipitated more mineralized tissue on the titanium-coated polystyrene cell culture plate (bottom) than on the control polystyrene surface (top). (c) Transmission electron microscopy suggested an electron-dense zone of globular accretions (white arrowheads) on the titanium coating (arrows). The globular accretion–like structures were interposed between the titanium coating and poorly mineralized bone (*). (d) A high magnification of the square in part c demonstrated the mineral content (arrowheads) as well as thin fibrous structures. (e) A close-up of the square in part d. The mineral content showed a crystalline structure consistent with HA. (Reprinted from Saruwatari et al44 with permission.)





It has been reported that this interface zone contains proteoglycans (PGs),45 although the amount of PGs has been debated.46,47 PGs are associated with glycosaminoglycan (GAG) side chains, which provide a sticky consistency, and therefore it has been postulated that PG-GAG in the interface zone may play a role in the bonding between bone and implant. The adhesion of in vitro mineralized tissue to a titanium disk was moderately attenuated by the treatment of GAG degrading enzymes such as chondroitinase AC, chondroitinase B, and keratinase.48 Although this study suggested a functional role of PG-GAG for bone adhesion to the implant surface, the impact of chemical degradation of PG-GAG was surprisingly small. Therefore, the shear strength of osseointegrated implants to withstand occlusal load appears to involve more complex mechanisms.


The interface tissue (also known as the cement line) contains osteopontin (OPN).49 OPN is a noncollagenous ECM molecule in bone. It has an integrin-binding sequence, suggesting cell adhesion functions. In addition, because OPN has been found in high levels in mineralized tissue of bone and teeth, its postulated functions include regulation of bone remodeling. However, genetically modified mice lacking OPN were surprisingly normal, and their skeletal tissues developed without any complications.50 The cement line of OPN-deficient mice was also found to exhibit the normal structure. Recently, a reevaluation of OPN-deficient mouse bone revealed that there was a 30% decrease in bone fracture toughness, while the bone mass remained unaffected.51 The nanoindentation assay showed that the stiffness, not the hardness, was significantly decreased. Although this conclusion is highly speculative, the high OPN content in the cement line may contribute to the increase in stiffness of the mineralized interface tissue between the bone and the implant surface, which could contribute to an increase in mechanical withstanding shear strength.


The large shear strength is due to the bone insertion sites of the ligament and tendon. Characterization of this interface zone of ligament insertion to bone repeatedly found the presence of types II, IX, and X collagen52,53 that are commonly found in cartilage tissue. In particular, type X collagen is expressed by hypertrophic chondrocytes during endochondral ossification. In the growing bone, type X collagen is co- localized with PGs and appears on the longitudinal septa of hypertrophic cartilage when the bone starts to bear the body weight.54 Type X collagen forms a network of hexagonal mesh and, when embedded in a mineralized tissue, enforces its intrinsic mechanical property. Therefore, type X collagen in the developing bone and the bone insertion sites of the ligament and tendon is thought to generate the significant shear strength to resist gravity and physical activities.


Studies involving DNA microarray reported a puzzling observation: The gene expression profile of peri-implant tissues contained not only bone-related genes but also other genes that were notably of the cartilage molecules.55–58 Those cartilage-related molecules include PGs; types II, IX, X, and XI collagen; and hyaluronan and PG link protein.59 In other words, the presence of an implant during the healing following osteotomy surgery may create a mixture of bone- and cartilage-related molecules in peri-implant bone. Recently, type X collagen was identified in the interface tissue between bone and implant.55 It may be postulated that cartilage-related molecules such as PGs and type X collagen may be involved in the interface layer between implant and bone, potentially contributing to the shear strength of implant bonding to bone55 (Fig 2-8).
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Fig 2-8 (a) The entire genome microarray gene expression of peri-implant tissue. A hierarchical cluster analysis revealed that there were five major gene groups, of which Cluster 2 exhibited the genes most sensitively associated with implant osseointegration. (b) Cluster 2 included cartilage-related ECM genes (arrowheads). (c) Among cartilage- related genes, type X collagen (green, arrowheads) was identified within the interface zone between the bone and the implant surface. Bone marrow mesenchymal cells (blue). (Parts a to c reprinted from Mengatto et al55 with permission.) (d) Hypothetical structure and molecular components of the bone- implant interface tissue. The cement line is composed of crystalline calcium phosphate particles (gray sunbursts) in globular accretions containing OPN (blue bars) and type X collagen (green hexagonal mesh). These molecules may increase the stiffness and shear strength of the cement line. There is a less mineralized and relatively amorphous zone resembling cartilage tissue containing thin and sparsely arranged type II collagen fibers. The cartilage-like zone may also contain PG-GAG molecules, possibly contributing to the shock-absorbing function.





Long-term stability of peri-implant bone


The osteotomy procedure used to prepare an implant placement site creates an ablation wound in the bone marrow. Intramembranous ossification occurs during the healing of bone marrow ablation60 and tooth extraction wounds,61 thus leading to the formation of woven bone trabeculae in the marrow space. The trabecular bone formed in response to ablation wounding is then subjected to intensive remodeling and largely resorbed to create fatty bone marrow (Fig 2-9). Uniquely, bone tissue formed in the vicinity of implant surfaces appears to resist this catabolic bone remodeling and thus maintains the osseointegration for an extended period.2 Trabecular bone derived from distance osteogenesis may be relatively unstable and can disappear due to physiologic bone remodeling. On the contrary, peri-implant bone derived from contact osteogenesis appears to undergo slower bone marrow remodeling and remains around the implant for the long term (see Fig 2-9).
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Fig 2-9 (a) A diagram of bone marrow ablation healing around an implant. The newly formed bone around the implant is subjected to osteoclastic bone resorption, regenerating the bone marrow space. It has been noted that peri-implant bone resists bone resorption activity. (b) MicroCT- reconstructed 3D picture depicting the persistent presence of peri-implant bone, with the surrounding bone marrow having lost its trabecular structure, in an experimental animal model using rats.





The rapid formation of bone marrow trabecular bone, perhaps with the woven bone characteristics, may occur 1 to 2 weeks after implant placement and may potentially contribute to the immediate implant stability. Whether the early woven bone can support the occlusal load has not been established. While the majority of woven bone may be resorbed, the remaining bone structures continue to mature. During the transition stage from woven bone resorption to the maturation of the small but well-organized trabecular bone, there may be a vulnerable period in which the degree of implant integration may temporarily decrease. This phenomenon has been observed in an animal model (Nishimura et al, unpublished data); however, its clinical significance has not been established.


Bone resorption is facilitated by osteoclasts. Osteoclasts are formed by fusion of monocytes under a combination of chemical cues including receptor activator of nuclear factor κB (RANK) ligand, or RANKL. During the developmental stage, RANKL is secreted from osteoblasts and hypertrophic chondrocytes. However, when bone is matured, RANKL is primarily secreted from osteocytes embedded in bone, which sensitively respond to mechanical stimuli such as occlusal loading.62 As discussed previously, the mechanical property of peri-implant bone may be harder than that of surrounding trabecular bone. It is conceivable that the increased mechanical properties of peri-implant bone may reduce the amount of matrix deformation that the embedded osteocytes experience, leading to reduced RANKL secretion under the normal occlusal force. Above a critical load threshold for peri- implant bone osteocytes, however, implant overloading can stimulate the osteocytes to initiate the secretion of RANKL, resulting in osteoclast formation and bone resorption. The role of mechanical loading on bone remodeling is discussed in further detail in chapter 3.


Osteoclasts strongly adhere to bone surface and form a ringlike apparatus, referred to as the sealing zone. Osteoclasts create an acidic milieu within the sealing zone and secrete proteinases such as cathepsin K to degenerate the organic matrix of bone. As a result, bone mineral HA and collagen matrix are removed. The osteoclast adhesion to the bone surface is required for this bone resorption process. It has been reported that the adhesion of osteoclasts is influenced by the bone surface topography. When mouse osteoclasts were cultured on titanium disks with different surface roughness ranging from 1 to 4.5 µm Ra, the sealing zone formation was shown to be disturbed by microtopographic obstacles.63 There was an inverse correlation between the stability of the osteoclast ring (ie, the structural integrity and sealing zone translocation rate of osteoclasts) and the increasing microtopography.


Because the adhesion of osteoclasts appears to be less effective on a rough surface, it may be postulated that the surface topography of peri-implant bone may be rougher than that of surrounding trabecular bone. The placement of an implant appears to influence biochemical compositions of peri-implant bone. Cartilage and bone comprise the major skeletal system, and both contain ECM such as collagen. There are distinct differences in the composition of ECM molecules; ie, types I and V collagen are predominant in bone, whereas types II, IX, X, and XI collagen are in cartilage. However, recent studies indicate that peri-implant bone may be composed of a mixture of bone and cartilage ECM. In a mouse model lacking type IX collagen, one of the cartilage ECM molecules was shown to develop an age-related osteoporosis-like phenotype.64 Type IX collagen maintains the space between the adjacent collagen fibers and has been shown to exist in a small amount in bone. The lack of type IX collagen appeared to manifest as a dense bone collagen network, resulting in the smoother bone surface. Osteoclasts were found to adhere widely to this mutant bone surface. Although highly speculative, the reduced susceptibility of peri-implant bone to osteoclastic bone resorption may in part be facilitated by its different biochemical compositions, such as increased type IX collagen, and bone surface topography.


Recent Developments Associated with the Microrough Surfaces


Attempts to improve the wettability of the implant surface


In recent years, attempts have been made to improve the wettability of the implant surfaces. The surface wettability of dental implants appears to have a significant impact on the biologic cascade of events that occur at the bone-implant interface and is modulated by the chemistry and topography of the implant surface.65 It has been shown that the wettability of the implant surfaces plays an important role in the adsorption of plasma proteins66 and the differentiation and cell adhesion of mesenchymal stem cells into bone-producing cells.67


Several methods have been used in an attempt to increase the wettability of the implant surface, including the application of fluoride ions and magnesium ions to the implant surface. This is referred to as electrowetting and allows the plasma proteins to flow freely onto the implant surface and into the irregularities of the microroughened surface immediately upon insertion of the implant. Moreover, fluoride ions on the implant surface, when applied to a titanium grit-blasted surface, increase the expression of the genes associated with the differentiation of osteoprogenitor cells68–70 and promote osseointegration during the early stages of healing.71


Another approach is to package the freshly prepared titanium implants in saline. Packaging the implants in this manner reduces the rate of contamination of the surface of the implant, which maintains the surface energy and wettability. Recent studies have also shown that photofunctionalization will increase the wettability of the implant surface.


Genetically engineered implant surfaces


Since the discovery of osseointegration-specific genes, it has been an inviting idea to imbed one or more of these genes onto the surface of the implant. There are several advantages to this approach. The genes do not degrade in these environments and can be applied to the implant surfaces in suitably low doses. Moreover, these genes are associated with the normal cell cascade of cell differentiation and function. However, there are significant disadvantages. The primary disadvantages are the cost of development and the regulatory issues that must be addressed before bringing such a product to the marketplace. Unless there is a significant clinical advantage to be gained using gene-enhanced implant systems, the cost of ensuring safety and efficacy outweighs the benefits.


Nanoenhanced, biomimetic implant surfaces


The surface of bone is highly mineralized with HA crystals and exhibits a highly complex surface topography. During the process of bone remodeling and following acid etching by osteoclasts, bone possesses distinct surface chemistry and topography. Since the phenomenon of osseointegration was introduced in the late 1970s, researchers have attempted to create so-called “biomimetic” implant surfaces; in essence, implant surfaces with surface chemistry and topography that mimic that of acid-etched bone surfaces found in vivo. Furthermore, submicron-to-nanometer titanium surface features enhance cytocompatibility properties for bone-forming cells, increasing both surface energy and cell adhesion.72


The two methods developed during the last several years—crystalline deposition of HA crystals on microrough surfaces of titanium implants18 and the application of pico-to-nanometer-thin TiO2 coating on microroughened titanium surfaces73—are the most recent attempts to mimic the physical and chemical environments found in vivo (see later in the chapter). These nanoenhanced surfaces optimize platelet activation, facilitate the adsorption of plasma proteins, and accelerate differentiation of mesenchymal stem cells into functioning osteoblasts. Furthermore, gene expression of the differentiating osteoprogenitor cells is accelerated and upregulated.18,22,74 The result is that the events associated with osseointegration are substantially accelerated.


Implant surfaces enhanced with recombinant peptides


Application of recombinant osteogenic proteins (OP-1), bone morphogenetic proteins (BMP2, BMP7), and growth factors such as platelet-derived growth factor (PDGF) to the surfaces of implants has been of interest because of the potential of enhancing osteoconductive properties of the implant surface. However, the optimal means of bonding these proteins to implant surfaces have not been determined. In addition, retention and controlled release of these proteins has been difficult. Additional disadvantages are the fact that many of these proteins are costly, they frequently are not associated with the normal cellular cascade, and they may be deactivated during sterilization of the implant. In addition, higher concentrations/doses of BMP2 have triggered troublesome side effects.75


It is possible to bind these proteins to implant surfaces. Implants with HA and chitosan coatings have been used most often. The outcomes of most of these studies indicate that binding BMPs to the implant surface significantly enhances osseointegration.76,77 Other researchers75,78 have attempted to determine whether coatings of osteogenic proteins can be used effectively for vertical augmentation of deficient ridges. In an animal study, WikesjÖ et al75 showed that coating porous titanium implant surfaces with rhBMP 2 induced significant bone formation around the neck of the implants, leading to a clinically significant vertical augmentation of the alveolar ridge. In another study using an animal model, Susin et al78 achieved a similar result with rhBMP 7.


Crystalline deposition of HA crystals


Techniques have been reported whereby nano-sized crystals of HA of a specific size (20 Nm) are deposited onto the surface of titanium implants that have previously been double acid-etched (DAE).18 A highly specific distribution and spacing of these crystals can be achieved (Fig 2-10).79 These crystals are joined to the TiO2 surfaces with covalent bonds. Based on microCT, the amount of BIC associated with nanoenhanced DEA surfaces is equivalent to the BIC of bone deposited onto untreated DEA surfaces. However, the shear bonding strengths needed to separate the implant from the bone anchoring the implant is increased dramatically. The shear bonding levels were more than doubled as compared to DEA surfaces and increased by more than 7 times compared to machined surfaces. Although the effect of crystal deposition was apparent when used on machined-surface implants, the effects were considerably more significant when used in combination with DEA microroughened surfaces, indicating a potential synergistic effect between the two surface phenomena18,79 (Fig 2-11).
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Fig 2-10 (a) A DAE titanium implant surface. (b) A DAE titanium implant surface following depositions of nano-sized HA crystals. (Reprinted from Moy et al79 with permission.)
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Fig 2-11 The shear strength of the bone-implant interface is dramatically increased following deposition of HA crystals on the surface of a DAE titanium implant. (Reprinted from Moy et al79 with permission.)





As mentioned previously, the hardness of peri-implant bone deposited on microrough implant surfaces is increased progressively from 2 weeks to 4 weeks after surgical implant placement and eventually approaches the hardness equivalent of cortical bone. Of interest was the fact that the hardness of peri-implant bone almost doubled when the moderately rough (sandblasted/acid-etched) implant surface was further modified with nano-HA coating.30 The reasons for this finding have yet to be clearly elucidated.


Controlled nanostructuring of titanium surfaces experimentally used to optimize nano-size


A recent study described a new method to create a uniform nanonodular surface topography on titanium implants. This method utilizes a newly discovered phenomenon of titanium nanonodular self-assembly during physical vapor or sputter deposition of titanium onto specially conditioned micro-rough titanium surfaces.80 The size of nanonodules can be controlled by altering the deposition time. The newly added nanostructures must be smaller than the existing microrough configurations of the implant surface (Fig 2-12).79 Using this self-assembly method, implants with acid-etched surfaces were converted to micro/nano-hybrid surface topographies ranging from 100 to 1,000 nm in diameter (Fig 2-13).79 The nanostructure creation effectively creates geometric undercuts and increases the surface area by up to 40% compared with the acid-etched surface with microrough surface topography.
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Fig 2-12 A method has been developed for fabricating micro/nano- hybrid titanium surface topography. This increases surface area, creates mechanical undercuts, and maintains the existing microrough surface topography. (Reprinted from Moy et al79 with permission.)
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Fig 2-13 (a to c) Three different sizes of nanonodules of titanium created on the acid-etched microrough titanium surfaces using a nanonodular self-assembly method. (Reprinted from Moy et al79 with permission.)





The surface topography created with this method closely resembles the surface morphology of biomineralized bone matrices.81 This nanoenhanced implant surface selectively promoted function of cultured osteoblasts but not fibroblasts. Implants with microrough surface topography promote and accelerate differentiation of osteoblasts but inhibit their proliferation. Implants prepared with microrough surfaces enhanced with nano-sized nodules substantially enhanced both of these cell activities. These biologic effects were most pronounced when the nano- nodules were 300 nm in diameter. An implant biomechanical test in a rat femur model revealed that the strength of bone-titanium integration was more than three times greater for the implants with the microrough surface enhanced with nanonodules compared to the implants with unenhanced microrough (acid-etched) surfaces. These results suggest that the establishment of uniquely functionalized nano-in- micro titanium surfaces improved osteoconductivity and may provide a biomimetic micro-to-nano-scale hierarchical model to optimize the nanofeatures of dental implant surfaces and other biomaterials.


Biologic Aging and Photofunctionalization of Implants


Many implants are packaged in plastic and are then sterilized with gamma radiation. This process contaminates the implant surface with hydrocarbons and other carbon-containing impurities. Bioreactivity of the implant surface is impaired, the surface charge is changed from positive to negative, and the surface becomes less wettable. As a result, adsorption of plasma proteins, platelet activation, and recruitment and attachment of osteogenic cells are inhibited.


Biologic aging of implant surfaces


A series of recent studies reported significant changes in the osteoconductivity and other biologic capabilities of titanium implant surfaces over time. These studies have indicated that the bioreactivity of titanium implant surfaces degrade as a function of time, and this phenomenon has been referred to the biologic aging of titanium.82–86 This time-dependent degradation can be substantial, as the strength of osseointegration measured by a biomechanical implant push-in test model can be reduced by 50% for aged titanium surfaces compared to newly prepared titanium surfaces. Moreover, a BIC area higher than 90% can be obtained for new, uncontaminated titanium surfaces compared to a BIC area less than 60% for aged surfaces. The degradation of the implant surface bioreactivity appears to be primarily associated with the reduced capability of aged titanium surfaces to adsorb plasma proteins, activate platelets, and attract osteogenic cells.82–86


Surface property changes associated with the biologic aging of titanium


An analysis of surface chemistry using x-ray photoelectron microscopy has demonstrated that the percentage of carbon molecules on titanium surfaces increases with time.82,87 The percentage of carbon, which in one study was found to be 14% on the acid-etched titanium when first prepared, increases to 63% after 4 weeks of storage under ambient conditions.82 More than half of the titanium surface does not appear as titanium at the molecular level. The increase of surface carbon is due to the deposition of carbon-containing impurities from the local environment onto titanium surfaces, consisting primarily of hydrocarbons. Significantly, the capability of titanium surfaces to attract proteins and osteogenic cells has been shown to have a strong inverse correlation with the percentage of surface carbon. This data implies that the presence of surface carbon plays a crucial role in determining bioreactivity of titanium implant surfaces.82


Implants with hydrophilic surfaces are more bioreactive. However, the contamination of the implant surface described previously degrades the hydrophilicity of titanium implant surfaces and impairs its ability to adsorb plasma proteins. Recent studies have shown that titanium surfaces, immediately after preparation, regardless of the types of processing used, display a water contact angle ranging from 0 to 5 degrees. Such surfaces are considered superhydrophilic. However, the superhydrophilic nature of freshly prepared implants gradually attenuates, and after 1 week the surface becomes hydrophobic and the contact angle increases to over 40 degrees. The contact angle for 4-week-old acid-etched implant surfaces increases to 60 degrees and has been found to be as high as 90 degrees82,83,87–90 (Fig 2-14).
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Fig 2-14 Time-dependent changes in hydrophilic nature of titanium surfaces. Titanium surfaces are superhydrophilic when prepared but become hydrophobic after 1 week, and the degree of hydrophobicity increases with time. (Reprinted from Moy et al79 with permission).





Photofunctionalization


In response to the degradation of the bioreactivity of titanium implant surfaces as a function of time, recent research efforts have focused on developing a means of removing these contaminants and restoring implant surfaces to their previous level of bioreactivity prior to surgical placement. Studies to date indicate that carbon contamination of titanium implant surfaces occurs regardless of the method used to create the microsurface topography. The method described in this section has been shown to be effective in decontaminating all of the titanium implants tested.


Photofunctionalization is defined as a phenomenon whereby the physicochemical properties and bioreactivity of titanium implant surfaces are restored after UV light treatment.84,90–95 Titanium surfaces that have aged (ie, older than 1 month after preparing the surface) become hydrophobic. The contact angle of a droplet of water applied to the surface is generally above 60 degrees and often closer to or above 90 degrees on most surface types. This loss of wettability is common for all surface topographies of titanium.82,87,88,90,91,93,95,96 When water droplets are applied to the surfaces of these implants, the droplet retains its hemispheric form. After treating these titanium implant surfaces with UV light, the surfaces regain their superhydrophilicity, and the contact angle is reduced to almost zero (see Fig 2-15).
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Fig 2-15 (a to c) Aged untreated implant. (d to f) Implant after photofunctionalization. Photofunctionalization improves the hemophilicity of the implant surface (part a vs part d). Photofunctionalization enhances cell adsorption of plasma proteins, enhances attraction of mesenchymal stem cells, and promotes and accelerates differentiation of mesenchymal stem cells into osteoblasts and enhances cell spreading. Note the contrast between part b and part e. The result is that the BIC area is increased to almost 100% in a rat model. Note the difference between part c (untreated surface) and part f (treated surface). (Reprinted from Moy et al79 with permission.)







As mentioned previously, soon after the implants are prepared, hydrocarbons begin to accumulate on their surfaces, most likely from the atmosphere and the surrounding environments during surface preparation and storage.17,37,82,87,95–103 UV treatment reduces the carbon percentage to less than 20% depending upon the conditions.95,96,104 Titanium surfaces covered by hydrocarbons are known to be negatively charged, which makes the implant surface repellent to plasma proteins and osteoprogenitor cells, which are negatively charged.83,84,86,94 After photofunctionalization, titanium surfaces are converted to electropositive and serve to attract plasma proteins and osteoprogenitor cells.84,86,94,105


The biologic effects of photofunctionalization are shown in Fig 2-15. Following photofunctionalization of aged implants, the strength required to separate the investing bone from the implant surfaces—as measured by a biomechanical implant push-in test model—is increased by a factor of three.95 Moreover, BIC area has been shown to increase to above 90% and in some specimens to almost 100%. In contrast, the BIC area for untreated implants is generally in the range of 50% to 60%.95,96 Photofunctionalization has been shown to be effective for all surface topographies tested (anodized, dual acid etched, sandblasted/acid etched, machined surface).88,93,96,104,106,107




In summary, in vitro studies conducted to date have demonstrated that photofunctionalizing titanium implants (1) increases adsorption of plasma proteins on the implant surface, (2) facilitates attachment of and retention of osteogenic cells to the implant surface, (3) facilitates spread of osteoblasts on the implant surface, (4) increases cell proliferation, and (5) promotes and accelerates differentiation of mesenchymal stem cells once they migrate to and bind to the surface of the implant.88,93,96,104,106,107


Clinical implications


To date, most efforts to improve the osteoconductivity of osseointegrated implants have been focused on changing the micro- or nanosurface morphology and chemistry. However, the studies cited earlier have shown that the osteoconductivity of modern implant surfaces can be dramatically enhanced by ridding the implant surface of carbon contaminants. If the degree of BIC established by photofunctionalized implants can be sustained once the implants have been placed under function, these studies imply that several difficult clinical challenges can be addressed. Shorter implants may be employed than previously have been shown to be feasible with untreated surfaces, and implants placed in poor-quality bone sites may be more predictable regardless of whether initial stabilization is accomplished.


A chairside device has been developed for commercial use that emits UV light of multiple wavelengths. The implants are photofunctionalized for 15 minutes before use in patients. Several authors have reported their initial experiences.108–112 Initial reports are promising, but long-term studies are needed to clarify the degree of advantage offered by chairside photofunctionalization.


Other applications


Photofunctionalization appears to have application beyond dental implants. Photofunctionalized titanium mesh, used to house and contain bone grafts, has been shown to be more osteoconductive and able to facilitate more bone regeneration in animal models113 and humans.110 Photofunctionalized orthodontic miniscrews have been shown to develop improved bone anchorage and better resist lateral forces.114 Photofunctionalization is also being employed with increasing frequency in orthopedic surgery.


Degradation of Titanium Dental Implant Surfaces


Dental implants are most commonly made from commercially pure titanium (cpTi) grade II or grade IV. Grade IV has higher strength and lower corrosion resistance than grade II.115 The abutment and prosthetic components are made of titanium alloy (Ti6Al4V) due to its high tensile strength; however, the corrosion resistance of Ti6Al4V is lower than cpTi.116


After surgical implant placement and prosthetic restoration, the dental implant is susceptible to biochemical degradation. Recent studies on the degradation of dental implants and prosthetic components in the presence of microorganisms and the corrosive environment of the oral cavity have gained more attention in the recent literature.117–119 Chemical (dry) and electrochemical (wet) corrosion causes different forms of degradation, which can occur in the oral cavity. Several studies118–125 have shown particles derived from dental implants in peri-implant tissues. It has been suggested that these particles are released from dental implants due to nontherapeutic and therapeutic causes. The released titanium micro- and nanoparticles are cytotoxic126 and act as foreign bodies to the immune system. As a consequence, the released particles activate osteoclasts and local inflammatory cells and increase the expression of pro-inflammatory cytokines such as tumor necrosis factor α (TNF-α), which trigger an inflammatory cascade in the peri-implant tissues.119,125


Nontherapeutic causes


Nontherapeutic causes of implant surface degradation include the presence of biofilm and inflammatory responses (ie, peri-implant diseases), wear from micromovement of contacting surfaces at the implant-abutment connection,127 or the detachment of particles from titanium implant surfaces during insertion.120 The latter is related to the corrosive effects of therapeutic agents such as citric acid, bleaching solutions, and fluoride,118,119 or surgical treatment of peri-implant diseases when implantoplasty is carried out to smoothen the implant surface.123,128


The formation of an oral biofilm can decrease the pH of the oral environment and degrade the titanium surface due to the presence of corrosive metabolites such as the production of lactic acid by Streptococcus mutans in the presence of sucrose.129 Occlusal loading can cause micromovements of the contacting surfaces at the implant-abutment connections. The combined wear and corrosion from the two contacting surfaces in the presence of a biofilm is termed tribocorrosion and can lead to degradation of the titanium implant surface into the surrounding peri-implant tissues.127,130 The mechanical wear facilitates corrosion by damaging the passive protective layer of TiO2 and exposing the implant surface to corrosion. The corroded implant surface becomes more vulnerable to further mechanical wear. Tribocorrosion is also intensified by the use of rough-surfaced dental implants, which are more susceptible to biofilm accumulation compared with smooth-surfaced implants.131 Numerous studies on surface deterioration of orthopedic implants suggest that aseptic loosening of the implant is related to the production of wear debris from the prostheses.132,133


Therapeutic causes


The most important steps in the treatment of peri-implant diseases are debridement and decontamination of the implant surface. Both debridement and decontamination can be achieved by chemical and mechanical means or a combination of both.134 Such means remove the biofilm and inflammatory tissue, but at the same time they can affect the implant surface and connection.


Chemical substances commonly used for implant surface decontamination have been shown to increase the implant surface roughness and release degradation particles, which may stimulate inflammatory responses in the peri-implant tissues.118,135


One profound mechanical technique to debride the implant surface is implantoplasty, or mechanical removal of implant threads in an attempt to decrease the surface roughness and make the implant surface less retentive of biofilm. The procedure is carried out using diamond burs under copious irrigation with sterile saline and stones to polish the implant surface.136 As a result, however, particles and debris from implant surfaces are released into the surrounding tissues despite abundant irrigation to remove debris during and after implantoplasty. In addition, implantoplasty modifies the implant design, causing more stress at the damaged area of the implant surface and surrounding bone.


Titanium brushes have been introduced for mechanical debridement and decontamination of the implant surface.137,138 Although the presence of titanium-based particles following the use of titanium brushes has not been evaluated, it has been suggested that the use of titanium brushes is less damaging to the implant surface compared with diamond burs used for implantoplasty. Similarly, the use of ultrasonic scalers to remove the biofilm from the implant surface can cause surface deterioration. This is observed both with metallic and plastic ultrasonic tips, which also generate titanium particulate that can be identified in rinsing solutions.139


In a histologic investigation of 36 peri-implantitis biopsies in humans treated with implantoplasty, foreign bodies—mostly titanium particles—were formed, and these were surrounded by chronic inflammatory infiltrates.140 Other histologic studies123,139 have confirmed the presence of micro- and nanoparticles in subepithelial connective tissues following implantoplasty. The histologic analysis showed areas of chronic inflammation with lymphocytes and plasma cells, which may suggest negative effects of titanium particles in the surrounding peri-implant tissues. Titanium particles may affect the expression of RANKL and osteoprotegerin (OPG) in osteoblastic cells and activate osteoclasts and pathologic bone remodeling.126 A synergistic effect of the presence of released titanium ions with Porphyromonas gingivalis can increase the expression of cytokine ligand 2 (CCL2), RANKL, and OPG in peri-implant tissues.126 It has been suggested that titanium ions at concentrations of 13 ppm may cause epithelial cell necrosis, but the biologic mechanism is not fully understood.141,142 Pettersson et al143 suggested that titanium particles rather than titanium ions stimulate the inflammatory response, with recent data suggesting that titanium nanoparticles have genotoxic and cytotoxic potential.144–146


The cytotoxicity has been further investigated in orthopedics and showed that particle release from prosthetic joints can be detrimental to cells and body tissues, resulting in aseptic loosening of the implant.122 Nevertheless, the content of particles needed to cause cytotoxicity is still not clear. In addition, systemic accumulation of titanium micro- and nanoparticles has also been reported in the lymph nodes, lungs, liver, and spleen.125,147


Summary


Significant advances have been made during the last 20 years to increase the bioactivity of implant surfaces. The initial efforts (titanium plasma spray surfaces, HA-coated surfaces, the original acid-etched surfaces) to improve the clinical performance of titanium dental implants had significant disadvantages. In the early 1990s, several methods (double acid etching, anodic oxidation, titanium grit blasting, sandblasting/acid etching) were developed to create microrough surface topographies on titanium implants. These surfaces were shown to dramatically improve clinical performance, particularly in poor-quality bone sites. More recently, methods have been developed to improve clinical performance by increasing or maintaining the wettability of the implant surfaces and facilitating osteoconductivity by creating biomimetic nanoenhanced implant surfaces.


Titanium materials have long been considered to be bioinert. Therefore, it has been believed that the presence of a titanium implant in an osteotomy site should not influence the wound healing process. While the mechanistic elucidation is not complete, it is increasingly clear that osseointegration is not achieved only via bone formation. Recent observations and experimental evaluations indicate that there are distinct molecular and cellular behaviors that appear to be unique to peri-implant tissue. Some of these characteristics contribute to the mechanical advantage and long-term stability of osseointegrated implants. In addition, peri-implant bone may not undergo the same biologic and pathologic sequences as tooth-bearing alveolar bone.


After manufacturing and before surgical placement, implant surfaces age, during which hydrocarbons accumulate, hydrophilicity is lost, and the electropositive surface changes to electronegative and impairs the osteoconductivity of implant surfaces. Photofunctionalization is one method to recondition the implant surface by removing hydrocarbons from the implant surface, restoring hydrophilicity and improving electrostatic charge.


After surgical placement, the degradation of implant surfaces in the presence of peri-implant diseases and the release of titanium particles during and after management of peri-implantitis are still of concern. Further studies are required to evaluate the local and systemic effects of those particles and propose guidelines for prevention, management, and maintenance of peri-implant diseases.
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An important goal of prosthodontic rehabilitation is the long-term stability of restorations, supporting structures (eg, tooth, implants, bone, soft tissues), muscles of mastication, temporomandibular joints (TMJs), and the neuromuscular control system during normal function and anticipated occlusal changes. These natural tissues and artificial materials can change over time due to biologic (eg, aging, disease), biochemical (eg, drugs, lifestyle, oral habits), and biomechanical factors. This chapter focuses on the role of biomechanics by considering the action (occlusion, parafunction) and reaction (design parameters) to forces and summarizes relevant clinical considerations that promote long-term success.


Occlusal Forces: Actions and Reactions


Functional and parafunctional occlusal forces and moments (moment = force × distance) result in cyclic stress (stress = force / area) and strain (strain = deformed length / original length) within the prosthetic materials, implant components, and surrounding natural tissues. For natural biomaterials such as bone and soft tissues, the strain magnitudes, frequency, and duty cycle act cooperatively with the local biochemical signals to mediate biologic processes ranging from atrophy, necrosis, resorption, maintenance, remodeling, regeneration, and fracture depending on the load conditions. For artificial biomaterials such as polymers, metals, ceramics, and composites, the stress magnitudes will influence the material deformation, wear, creep, stress relaxation, and fatigue failure. Because stress is induced by occlusal forces, the magnitude of forces will be discussed first.


Magnitude: Maximum and nominal functional occlusal forces


The maximum biting forces that human masticatory muscles can generate depends on the force detection method, muscle mass, vertical dimension, distance from the TMJ fulcrum, periodontal support, health status of the TMJs, occlusal arrangement, age, gender, restoration type, and loading symmetry (bilateral vs unilateral). Given the wide range of variables, it is not surprising that the maximum biting forces for naturally dentate patients have been reported to range from 100 N to 1,700 N over many studies. In general, fully dentate patients generate greater maximum forces than partially dentate patients. Higher occlusal forces are typically observed more in the posterior and medial directions than in the anterior and lateral directions. For partially dentate patients, dental implants generally increase bite force, improve masticatory efficiency, and lead to overall higher patient satisfaction when compared to the partially edentulous state. For completely edentulous patients, implant-assisted overdentures exert greater maximum forces (~170 N) than those with root- supported overdentures (130 N) and conventional dentures (100 N).1


Force measurement depends on the technology used for force recording. Numerous devices such as Black’s gnathodynamometers, strain gauges, semiconductors, strain-sensitive films (piezoelectric and polymer), pressure-sensitive foils, and microprocessor devices have been used with varying degrees of measurement errors and measurement ranges (sensitivity). Also, some of these devices (eg, mechanical dynamometers) require higher vertical jaw separation than others (eg, films), thus the measurements are made with different condylar orientation, skeletal muscle length, contraction velocity, and other factors that can alter force generation.2 These differences are not easily discerned given the large variability in human bite force, and needs have yet to be met for an accurate force recorder that can measure forces at a single-tooth level under a variety of controlled loading conditions and for a system to reproducibly generate the clinical loads.


While maximum voluntary biting force may serve as a potential indicator of masticatory system health, such maximum forces do not predict masticatory efficiency. In fact, maximum forces are typically not the culprit for the common clinically observed material failures. Besides occlusal overload during parafunction, most components fail due to time- dependent processes that occur at lower masticatory loads over millions of chewing cycles. Most healthy vertebrates can masticate involuntarily. Similar to the muscles involved in crucial cyclic movements such as breathing, walking, and gastric motility, the muscles of mastication are controlled by a central pattern generator (CPG) in the brain stem.3 Each CPG contains a group of specialized neurons that receives both sensory and reflex feedback to modulate its basal rhythmic, oscillatory electrical patterns. This phase, amplitude, and frequency of the CPG basal pattern modulates the contraction and relaxation of the masticatory muscles. The net biting force is summed by adding the corresponding resolved force vectors from all muscles of mastication. CPGs operate effectively in the absence of voluntary muscle movement and can be further influenced by external stimuli and voluntary muscle commands. Hence, more emphasis is needed on material selection and design that can prevent the cumulative damage that occurs over millions of functional loading cycles.


The CPG-generated cyclic functional forces are typically 25% to 40% of maximum loads for each individual, with greater forces at the molars and less in the incisors due to the mechanical lever system. Fully dentate patients with complete dentition or implants generate higher cyclic functional forces (~130–150 N) than edentulous patients with implant- supported overdentures (~70 N), root-supported overdentures (60 N), and conventional dentures (~40 N).1 However, the implant overdenture group produced the lowest chewing efficiency, and this difference has been attributed to the implant-related attenuation of sensory feedback to the CPG. Note that the actual forces depend on distance from the muscle and TMJ fulcrum. The human mandible acts as a third-class lever when the food is anterior to the anterior border of the masseter muscles (premolars to incisors) and behaves as a second-class lever when food is posterior to the center of mass of the masseters (molars). Therefore, under the same applied biting force, the mechanical load at the molar can easily double the apparent load at the incisor.


Direction: Axial and nonaxial loading


Forces are vectors. Moments due to a force acting on a point from a distance are axial vectors. Forces and moments acting on implants result in stress and strain throughout the supporting structures. Individual implants osseointegrated in bone can deform or move along directions that are combinations of six basic motions (or six degrees of freedom) around the implant-abutment complex’s center of mass (Fig 3-1): three translational (linear up/down, left/right, forward/backward) and three rotational (yaw, pitch, roll). In the geometric context, pure translational movements occur when every infinitesimal point within an object moves the same distance. By that definition, translation can only occur when an object moves without rotation, tipping, bending, changing shape, or changing size. Conversely, pure rotations occur when all infinitesimal points within an object rotate around an axis of rotation, except those points that lie along the axis. In practice, most intraoral movements are comprised of components of translation and rotation.
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Fig 3-1 Six degrees of freedom that an implant restoration can undergo in response to intraoral forces. The center of mass is the point of lowest resistance to motion at the intersection of the three principal axes.





The three translational forces that act directly on a point tend to produce movement and deformation. Movement can be linear if the force vector acts on the object’s center of mass, resulting in rotation-free bodily movement parallel to the force vector. These forces also produce pure compression/tension on the objects. All other force vectors produce nonaxial movements that involve rotation along with translation. Pure movement happens only in the rare occurrence where an axial force vector is oriented concentrically with the normal axis that lies through the center of mass. By definition, the normal axis is the orthogonal axis that lies perpendicular to the surface. For implants supported by healthy bone, a combination of both translation and compression results. When a vertical force acts on the central axis of an integrated implant, the apical movement (translation) is accompanied by deformation (compression) of the implant and the bone apical to the implant.


Most intraoral forces produce a combination of axial and nonaxial strain components that produce bending, tipping, and rotation around a point of minimum moment of inertia that offers the lowest resistance to each specific motion. By definition, the moment of inertia—or more precisely, the second moment of inertia, also termed the area moment of inertia—is a geometric factor that determines how the 3D shape of an object affects the resistance to deformation such as bending. For maximal resistance (ie, the maximum second moment of inertia), it is desirable to maximize the fractional area to be as far away from the center of mass (more on centroidal axis later in the chapter) as possible. During mastication and oral function, teeth contact and slide over each other by 1.4 to 2.6 mm depending on the type of food and occlusal arrangement.4 The net effect of the applied biting force on each point depends uniquely on the magnitude and direction of the force as well as the distance between the vector and the point. That same force also exerts influence on points that are not aligned along the force axis. The resultant nonaxial force produces rotation and translation of movable objects, bending and shearing of immovable objects, and a combination of both during mastication (Fig 3-2). This is the reason narrow occlusal tables (see section entitled “Occlusal design for partially edentulous patients”) are beneficial by decreasing the length of the moment arm. As another example, occlusal contact on a cantilever pontic causes axial compression on the pontic material directly below the contact point and causes nonaxial bending at the connector between the pontic and abutment. Because multiple points contact during mastication, the sum of all resolved vectors determines the orientation and net magnitude of deformation or movement.
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Fig 3-2 Purely axial forces produce pure translation when the contact planes are perpendicular to the load vector. In all other loading scenarios, nonaxial forces are introduced, adding bending and rotation to the deformation.





Nonaxial forces are usually not aligned to take advantage of the resistance offered by the supporting bone, and most materials are weaker in shear than in compression. Therefore, the reduction of excessive nonaxial forces should be a key design rule if long-term stability is a goal of prosthodontic therapy. At the single-tooth level, wide occlusal tables with steep cuspal inclines pose a greater risk of inducing moments throughout the 3D Posselt envelope of motion and should be avoided when the implant support is suboptimal and whenever the expected loads are high (eg, short or narrow implant in compromised bone).


During function, the implant will experience axial and nonaxial loads simultaneously. Several observations have confirmed the favorable effect of axial forces in distributing the stresses evenly within the peri-implant bone.5–7 Axial loading occurs during closure of the mouth at maximal intercuspation. This is further enhanced if the opposing cusp is occluding against a flat surface, as the applied loads will be parallel to the long axis of the implant. Eventually, the implant and the surrounding bone will be under compression. On the other hand, nonaxial forces will subject the implant to bending moments. These forces can be caused by lateral or oblique application of loads on an implant prosthesis that may occur in situations of occlusal discrepancies, excursive occlusal contacts, bruxism and parafunctional activities, cantilever loading, or occlusal contact on inclined surfaces.8,9 As a result, the nonaxial forces tend to accentuate the stresses within the bone, prosthesis, and implant components along directions that offer the weakest resistance. This was historically referred to as load magnification and can result in detrimental biologic and mechanical complications.5,6,10


Osseointegrated implants are considerably different from natural teeth biomechanically. Natural teeth are attached to the alveolar bone via the periodontal ligament (PDL), which absorbs and efficiently distributes forces applied on the tooth to the surrounding alveolar bone. In addition, the PDL provides proprioception abilities and maintains some degree of physiologic mobility of the natural teeth.7,11,12 As a result, the natural tooth is less vulnerable to suffering from occlusal overloading and can withstand excursive contacts. In comparison, a dental implant is unique in being rigidly connected to bone, so any applied force on the implant prosthesis is directly transferred to the bone. This may lead to excessive stresses and deformation of the surrounding bone, and because the implant is not surrounded by a PDL, there is a reduction of proprioception and mobility. Instead, proprioception and movement of the implant can occur by deformation of bone. In contrast, physiologic mastication results in compression of the natural teeth within their sockets. Therefore, when implants are restored adjacent to natural teeth, the occlusion should allow the natural teeth to compress slightly to allow the implant and natural teeth to distribute the loads evenly. Consequently, the implant and its prosthesis can be subjected to excessive loading, and this overloading can manifest clinically in the form of alveolar bone loss10 and mechanical complications, such as ceramic chipping, screw loosening, material fatigue, creep, and component fracture.5,6,12


The following sections describe the biomechanics of each critical component within the implant-prosthesis system, starting from the dental occlusal design at the most coronal level, down to the prosthetic substructure, the abutment, the implant, and then finally the bone. The important design parameters for each component that influence long-term clinical success are highlighted.


Biomechanics of occlusal design


Numerous case reports, articles, and textbooks have described the importance of dental occlusion when restoring implants. With digital planning using implant component libraries, ideal occlusal schemes can now be designed and executed much more predictably. Planning the appropriate occlusion is important for controlling the load on implant prosthesis-bone systems. Otherwise, occlusal discrepancies predispose to loosening and premature fracture of abutment and prosthetic screws. Besides patient comfort, occlusal discrepancies affect the stability and mobility of implant-assisted overdentures, accelerating wear of attachments and implant connecting bars. Excessive bending moments may also cause micro- fractures within the bone-anchoring implants, triggering a resorptive remodeling response of the anchoring bone and eventual bone loss and implant loss. Occlusal overloading may also have a profound impact on the success or failure of immediately loaded provisional prostheses. Various occlusal schemes and philosophies, whether they were originally developed for complete dentures or fixed prosthodontics, are currently being employed for dental implants depending on the system design.


To overcome the biomechanical limitations of implant prostheses, special occlusal considerations have been proposed in the literature for reducing the likelihood of implant overloading.8,10,12,13 These considerations are centered on increasing the proportion of axial forces and reducing the proportion of nonaxial forces. This involves the number of implants, orientation of the implants, prosthesis design, and application of protective devices.12 To ensure that the implants and the surrounding bone are not overloaded, a sufficient number of well-distributed implants should be placed to support the prosthesis. The implants should be placed in a way that will allow loading in a direction that is parallel to the implant. The occlusion for the prosthesis should be designed for the purpose of reducing lateral forces applied to the implant. The occlusal design is largely dependent on the prosthesis design and location as well as the condition of the adjacent teeth and opposing dentition. In general, the occlusal design should be optimized by reducing prosthesis cantilever, reducing cuspal inclination, and narrowing the occlusal table.12,14–17 Heavy maximal intercuspation and lateral occlusal contacts can be further controlled by splinting multiple implants and reducing the lateral contacts on the implant prosthesis by relying on the remaining natural dentition. In addition, the damaging effect of heavy occlusal forces can be controlled by providing an occlusal splint.


Biomechanics of prosthesis design


If occlusal design and muscles of mastication dictate the magnitude and direction of occlusal forces, then prosthesis design governs how these occlusal forces are transmitted to the underlying abutments, implants, and ultimately, bone.


Individual vs splinted configuration


In a well-osseointegrated implant, the supporting bone resists against translation, and the motion of the implant becomes tipping, bending, and rotation. For example, a premature working-side interference on a posterior implant can result in disclusion of other teeth, reduction of contact surface area (fewer teeth touching), and translation of the load point toward the fulcrum TMJ. All these combine to increase stress that tips, bends, and rotates the implant around its center of mass. Even with the most ideally designed prostheses, normal mastication and routine function can produce nonaxial stresses and can result in moments. The design goal is to minimize—not eliminate—nonaxial stresses. In practice, time-tested procedures such as clinical remounts will reduce stress concentration and overall nonaxial stresses (see later in the chapter).


Splinting can distribute the dynamic loads and strains during function and parafunction more uniformly to the supporting implants, thereby reducing the probability of localized overloading. While some finite element analysis studies show that splinting does not reduce peak strains significantly when there is optimal crown-to-implant ratio, especially when using implants with internal connections, it is critical to understand that although episodic peak loads can be dangerous, greater uniformity reduces the cyclic loads and directly increases the number of fatigue cycles before failure. Furthermore, dentists cannot adequately predict which implants will suffer from future peri-implant bone loss. As bone resorbs around an implant, the center of mass moves apically, increasing the distance between the occlusal table and the center of mass. This ultimately results in greater moments, producing more nonaxial deformation and motion on nonsplinted implants.


Perhaps more important than load distribution, splinting reduces the amount of rotation around the implant axis (yaw), thereby minimizing shear stress on implant-bone interface around the vertical long axis of the implant. A good example that illustrates the significant antirotation effect of splinting is the fact that nonengaging abutments can be used successfully to splint two implants together, but nonengaging features will not resist rotation as single-implant abutments. Compared to single-unit implant restorations, splinting stabilizes the supporting implants by reducing the degree of freedom against implant rotation and mesiodistal tipping. Besides reducing stress on implants and bone, splinting also reduces rotational deformation on abutment screws, incidence of screw failure, and other complications.18


With the widespread availability of digital planning and milling as well as the ability to achieve passive fit and emergence profile to facilitate oral hygiene, the authors recommend splinting implants in most clinical situations, especially in posterior regions. Systematic review of 36 finite element analyses conclude that splinting may reduce crestal marginal bone loss, especially in short implants.19 Based on clinical experience, splinting is recommended when the applied stresses are high and when the supporting abutments (eg, external hex, rotating ball joints, nonengaging abutments) or implants (eg, short, narrow, compromised bone) may cause excessive stresses that can expedite fatigue failure, wear, plastic deformation, rupture, creep, fretting fatigue, and failure of implant-prosthesis components. The clinical justification for splinting will be detailed further in subsequent chapters (see chapter 11, section entitled “Individual implants versus splinted implant designs”).


For multi-unit prostheses, nonaxial forces at connectors can be countered by shortening the span of the unsupported segment or increasing the cross-sectional area of the connectors to maximize the angular mass or rotational inertia. Otherwise, the pontic connectors are at risk of mechanical failure. For posterior teeth in Class I occlusion, this resistance against vertical forces is dominated by the span length (L) and connector apical-occlusal height (h) (Fig 3-3), as deflection is related to the third power of both L and h. For maxillary anterior teeth with Class II occlusion and steep vertical overlap, resistance against horizontal forces is related to the third power of the connector width. The dimensions should not be excessive; they must be optimized for esthetics and allow access for oral hygiene. In many cases, the span length is beyond the control of the prosthodontist or restorative dentist, hence the primary control defaults to connector dimension—more specifically, the dimension that parallels the load axis governs the inertial resistance against deformation (occlusal gingival height for posterior teeth, buccolingual width for anterior teeth).
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Fig 3-3 Prosthesis design parameters that control bending deformation (Dmax), span length (L), and connector height (h) are the most important for posterior teeth under a vertical loading force (F). The moment of inertia for elliptical cross section is shown. Other cross-section geometries seen in dentistry would alter the equation, but the term wh3 remains unchanged.





Linear vs curvilinear configurations


The previous section suggests that antirotation and load uniformity are the primary benefits of splinting. That is certainly true with implants that are splinted linearly, that is, the centroid of all connecting implants are roughly aligned along a straight line (this forms the so-called “centroidal axis”). In the resting, unloaded state, there is no stress or strain anywhere within the prosthesis. When this linear configuration is loaded, stress and strain are distributed throughout the prosthesis except the path of a second axis that runs perpendicular to the load axis throughout the cross section of the prosthesis—the neutral axis, which is defined as the line along which stress and strain (hence “neutral”) are zero when the prosthesis is subjected to linear elastic bending moments. In linear configurations, the centroidal axis and the neutral axis are usually collinear for isotropic, symmetric prosthetic structures prior to visible bending or plastic deformation. Linear configuration is the common design when multiple implants are connected to restore four or fewer teeth.


In contrast, curvilinear (curved line) designs where the implant prostheses span across the arch are more common to treat fully edentulous patients. Mechanically, free-floating curvilinear configurations differ from linear configurations in that they are more prone to bending and torsion and feature noncollinearity between the centroidal axis and the neutral axis20 (Fig 3-4). However, when connected rigidly to osseo- integrated implants, cross-arch stabilization of the implant prosthesis results in reduced tipping motion in all directions. A good clinical illustration of the cross-arch stabilization effect is that even nonretentive abutments (eg, multi-unit abutments) that lack antitipping and antirotation features can be used to rigidly secure curvilinear full-arch prostheses. Individually, these nonretentive abutments cannot be used to retain single-tooth implant restorations because they do not resist rotation and tipping. However, these nonretentive attachments are used frequently to secure cross-arch, full-arch prostheses splinting where the curvilinear design reduces tipping and rotation forces.
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Fig 3-4 The centroidal axis is the line that passes through the geometric center of a bar made of a homogeneous material. The neutral axis is the line along which the materials experience no stress or strain. In a straight beam (upper) with symmetric cross section, the centroidal axis and neutral axis are collinear. In a curved beam (lower) with symmetric cross section, the centroidal axis and neutral axis do not align, and there is a shift of the neutral axis from the geometric centroidal axis.20 By definition, no stress (hence no strain) is experienced along the neutral axis during bending, while the materials above and below the neutral axis planes experience compression and tension depending on load orientation. The shift in neutral axis, difference in stress distribution, and cross-arch connection combine to provide antirotation and antitipping for full-arch curvilinear prostheses.





As shown by the Skalak models,21 the force directed on each implant supporting the curvilinear prosthesis is linearly correlated to the vertical load and inversely correlated to the number of implants. The original Skalak models provided an estimate for maximum force (Fmax) on any implant to be Fmax = 2P / N, where P is the applied load and N is the number of implants. Various modifications by Brunski22 and others to incorporate more jaw flection and prosthesis deformation have been introduced. In general, the use of more implants (eg, increase N from 4 to 5) will yield biomechanical benefits only when the additional implant is positioned to increase the arc that is spanned by the implants (anteroposterior [AP] spread; Fig 3-5). By the same principle, the use of distally tilted, longer implants further lengthens the arc, increases the AP spread, and shortens the distal cantilever. It should be emphasized that most implants and implant components are engineered to withstand these stresses; therefore, the main goal of stress reduction is to minimize the stresses on the freshly created implant-bone interface, especially for early and immediate loading cases in compromised bone.
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Fig 3-5 Implant stress can be reduced by increasing the arc length by spreading out the implants and tilting the terminal implant distally.





This biomechanical approach of treatment planning differs from the original biologic/anatomical approach favored by Brånemark, which involved placing all implants vertically in the anterior segments of the edentulous maxilla and mandible to take advantage of the denser bone structures in those regions. Although the success rate was high, this arrangement produced a linear configuration that precludes second premolar occlusion in order to minimize bending moments associated with long posterior cantilevers. Spreading out the implants farther into posterior sectors and tilting them (eg, all-on-four, maxillary V-4) represent optimization of the biomechanical and biologic/anatomical approaches.23


Biomechanics of Prosthesis- Abutment Connection


Implant screw mechanics


Screws are commonly used to connect implant components together to maintain a union between implant fixtures, abutments, and prostheses. The design of implant screws must meet the opposing demands of being a reliable clamping force, on one hand, and yet being the first-to-fail in deference to other components. It should be emphasized that screws and similar retention mechanisms must be engineered to be part of a failsafe strategy to avoid catastrophic failure of components (eg, implant fixtures) that are not easily replaced.


When a torque is applied to a screw, tension or “preload” is generated within the screw, and the corresponding compressive force clamps components together to create a screw joint. Longer screws with wider-diameter threads generally offer greater resistance for screw joint displacement than short, narrow screws. Preload is affected by the amount of torque applied and the type of alloy of the screw and jointed components. Controlling factors include the surface features of the screw and components, the screw head design, the shape of component fitting surfaces, and the presence of lubricants.


The actual preload force Fpreload is simply Fpreload = δ σy A, where δ is percent of yield strength, σy is the screw material yield strength, and A is the cross-sectional area of the screw under tension. For example, δ of 75% yield strength is cited most frequently as the ideal preload for abutment and prosthetic screws.24 One study showed that during the final stages of screw tightening, each degree of clockwise rotation lengthens the screw by ~1 micron and increases the preload by ~50 N.25 For example, for a typical implant system, when the torque value of 32 Ncm is reached, the abutment screw would lengthen by ~13 microns, and a total preload of > 500 N is produced on the implant-abutment interface.


As most dental implant screws are ductile materials, 75% yield strength is approximately 65% of the ultimate torque to failure. Because it is not practical in the clinic to determine exactly when 75% yield is reached during clinical crown delivery, another popular approach is to estimate the preload force from applied torque (T) from the torque wrench: T = Fpreload D Ktorque, where D is the nominal screw diameter and Ktorque is the “torque coefficient” that summarizes the effects of friction and thread geometry in the joint. Most Ktorque values range from 0.1 to 0.3, and 0.2 is considered a reasonable value when details of the joint are unknown. It should be noted that although implant manufacturers market various torque drivers to apply exact torque levels to abutment and prosthetic screws, the actual preloads are highly dependent on the actual fit of the screw joint components, the quality of the screw-thread interfaces, and variability in the coefficient of friction that comprises Ktorque as well as the accuracy of the torquing device. Ideally, the compressive clamping forces are adequate to withstand the joint-separating forces that may occur between components. Joint-separating forces can arise during function as a result of excursive contacts, off-axis centric contacts (where angled abutments are used or where a wide occlusal table exists), interproximal contacts, cantilever contacts, and where frameworks are not fitting passively. While it is tempting to increase preload to overcome potential joint-separating forces, it is important to note that higher preloads will accomplish higher clamping force by increasing percent yield but will also directly shorten fatigue life because excessive preloads can increase mean stress that promotes microcrack propagation. It must be emphasized that the very existence of a preload equates to stress concentration in the screw thread system, and choosing the proper preload is a compromise between screw loosening and screw fracture.


After initial tightening, loss of preload can occur due to material deformation such as creep, wear, corrosion, and other mechanisms that alter the fit between the screw and the threads. Preload relaxation can result in screw loosening and fracture and is more likely when the initial surface rough spots on the screw-thread interface initiate contact and subsequently undergo wear and/or deformation over time. This is expected in most bolt joint assembly and is consistent with studies reporting loosening torque values that are usually 80% to 90% of tightening torque.26 These studies are based on delivering a normal range of recommended torque values, and when excessive tightening torques are used, phenomena such as cold welding and galling occur that may increase the removal torque. Excessive tightening torque can occur if the torque drivers are not calibrated or are used improperly. In these simple mechanical joint configurations, the screw compresses the separate components together and by itself offers minimal resistance to shear, tensile, torsion, and bending deformations. Without additional joint design features to add resistance, micromotion leads to component wear. Galling is a common adhesive wear and transfer of material between contacting metallic surfaces, causing them to seize together, but can be reduced by application of lubricants. In order to better appreciate screw mechanics, it is useful to understand some physical concepts relating to contact between surfaces. When contact is achieved between two metallic surfaces, the initial interaction is between high points found on the surfaces, such as the screw thread tips, known as the asperities. When movement is applied, the surface irregularities penetrate the opposing surface, causing friction and/or plastic deformation, and pressure is induced, which increases heat and adhesion. Deformation of the contacting surfaces is known as settling, and when components are pressed together, microsurface irregularities on the component surfaces, screw head, and screw threads are flattened out. The magnitude of settling that occurs is a direct function of the initial surface roughness, surface hardness, and the magnitude of loading force applied. Rougher surfaces and larger loads are associated with greater settling. This “settling” effect also occurs when the strength and stability of the implant-abutment connections are inadequate, and more stresses are transmitted to the screw. This is one of several reasons that nonsplinted external hex connections tend to have more screw loosening than internal connections (hex, octagon, conical, Morse taper, etc). Fortunately, preload relaxation can be reversed by retightening the screws over time. To counter the effects of settling clinically, it is recommended that screws are initially torqued down, with further torque applied after waiting 10 minutes once settling has occurred.27 Many textbooks still teach the practice of retightening 1 week after initial tightening because as more settling occurs, less friction is available because of cyclic loading and wear. New screws are recommended after multiple tightening and loosening cycles.


To stabilize the joints, antitipping and antirotational features are incorporated into both internal and external implant connection designs to provide resistance to joint-separating forces. The original Brånemark implants have an external hexagonal connection, but the minimal height of the hexagon limits the extent of stability achievable. This has been addressed with the Brånemark Mk III and Mk IV implants (Nobel Biocare) by increasing the hexagonal wall height to between 0.7 mm (narrow and regular platform) and 1.0 mm (wide platform). Other implant systems with an external hexagon connection include Biomet 3i (Osseotite and Naontite External Hex Implant System), Southern Implants (External Hex Implants), and Straumann (Narrow Neck). Alternatively, a variety of internal connections have been developed with tapered or conical designs are available from Straumann, Bicon, Astra Tech, Southern Implants, and ITS Implants, and internal connections are available in hexagon (Certain 6-point, Zimmer Biomet), double hexagon (Certain 12-point, Zimmer Biomet; Astra Tech Implant System, Dentsply), or trilobe (Nobel Biocare Tri-Lobe; Southern Implants Tri-Lobe). Antirotational features are particularly important for single-implant restorations where engaging abutments with interlocking features are used, as opposed to nonengaging abutments for multi-unit applications. The internal indexing design with seven-point configuration would engage the implant and ensure specific orientation of the individual custom abutment. While this is beneficial for single-tooth restorations, these features may complicate multiple-unit implant restorations with divergent implant angulations.


The properties of screw materials determine both the optimal preload as well as the ability to maintain preload under cyclic loading. Materials used for implant screws include gold alloy, titanium, gold-plated gold-palladium titanium alloy (Gold-Tite, Zimmer Biomet), and polytetrafluorethylene (PTFE)-coated titanium (TorqTite, Nobel Biocare). Titanium is prone to galling and settling. The friction between titanium and other metals is initially low, but with repeated tightening following loosening, it increases to about that of titanium against titanium. However, all screw materials are susceptible to screw loosening. Coating screw surfaces with pure gold creates a very smooth surface, reducing settling effects. Gold alloy screws are capable of greater preload than titanium screws. Dry lubricant coatings reduce friction, allowing greater preloads to be achieved. A recent study reported that saliva contamination reduces reverse torque on implant screws, but blood and fluoride contamination had no effects.28 Interestingly, the same study showed that chlorhexidine contamination actually increased the reverse torque values above statistical significance. It should be noted that previous studies did not report a saliva effect.26


Gold-coated screws (Gold-Tite) have very smooth surfaces due to a thin coating of pure gold, while in contrast, PTFE-coated screws (TorqTite) have rougher surfaces. With repeated loosening and retightening, delamination of the PTFE-coated surface has been observed, so it is recommended that TorqTite PTFE-coated screws should be replaced rather than reused and retightened repeatedly. Historically, to ensure screws remained tightly clamped, some implant manufacturers recommended wrapping PTFE tape around the threads (Integral System, Calcitek) or applying a bonding agent to the threads (Ceka Bond, Preat). With current screw materials and surfaces, these precautions are not generally needed. Generally speaking, due to galling and settling effects affecting thread shape, repeatedly loosened screws should be replaced to ensure optimal preloads are attained and to avoid the risk of screw fracture associated with increased friction when torque is applied.


The most effective way to prevent screw loosening is to ensure that they are tightened sufficiently at the time of placement. The maximum torque generated by hand is approximately 15 to 25 Ncm,29–31 and torque wrenches are necessary to obtain optimal tightening torques beyond this. It is debatable whether to tighten screws to the point where they are difficult to loosen; this depends upon the type of prosthesis used to restore the patient. For example, implant-assisted implant connecting bars retaining overdentures are subject to wear and may need to be removed and remade 15 to 20 years following initial placement. Individual attachments retaining overdentures also wear and need periodic replacement; therefore, the screws retaining these devices must be removable. Screw loosening is less of an issue to manage for screw- retained prostheses, whereas for cement-retained prostheses where retrieveability is difficult, it is much more important to prevent screw loosening. Use of torque wrenches is therefore more critical for cement-retained prostheses. However, torque wrenches are consistently inaccurate32–34 and must be recalibrated on a regular basis. Even with calibrated torque wrenches, parameters such as friction that determine Ktorque would affect the actual preload achieved.


Torque wrench designs available for implant application are categorized into the following five types: (1) friction grip wrench; (2) spring action toggle (ratchet) wrench (metal or ceramic bearings); (3) spring action beam wrench with graduated- force scale; (4) break-open torque-limited wrench; and (5) electronic motor–controlled torque wrench (needs to be recalibrated every 6 months because of the wear associated with the bearings).


It is important to understand that different screw designs have correspondingly different maximum torque preload affecting their application. Prosthetic screws tend to be shorter and of smaller diameter and have finer thread pitch and smaller thread surface area than abutment screws. Abutment screws are generally larger in dimension to resist the forces between abutments and the implant fixture. Abutments are designed to support the overlying prostheses, so forces acting at the screw interface between the abutment and prosthesis are reduced to allow smaller screws to be used.


Screws used to retain prostheses on custom abutments or custom substructures by cross-pinning (also known as set screws) are designed for placement transverse to the long axis of the implant prosthesis (Fig 3-6). Joint-separating forces acting in the transverse direction are relatively minimal compared to those acting down the long axis of the implant in response to occlusal forces, so screws used for cross-pinning can be relatively small and only require finger tightening to remain effectively clamped. The ability to use smaller screws for cross-pinning is a useful feature. Such an approach may be dictated by limited restorative space, resulting in insufficient height of the axial walls of the custom abutment for retention of the prosthesis with cement.
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Fig 3-6 (a and b) Cross-pinning screws used to secure the prosthesis to customized milled abutments. (c) Prosthesis in position.





Laboratory screws are designed for fabrication of implant components in the dental laboratory. These screws should not be used in the clinic because of potential damage secondary to repeated application of torque. Laboratory screws often have thread sections that are shorter (so fewer turns are required to tighten them), and they may not have the same thread coatings as the screws designed for clinical use. Consequently, the preloads attainable with laboratory screws are not as high. Therefore, using old laboratory screws for clinical crowns will compromise the ability to achieve and maintain the desired preload and risk premature loosening or screw fracture.


Biomechanics of implant design


Implant manufacturers are constantly introducing new implant design features, but many of these innovations have not produced clinical evidence of higher implant success. Among the numerous design parameters, implant surface topography and surface chemistry have received tremendous attention (see chapter 2). This section address the more macroscopic implant body design features that have been reported to influence implant success rate. It should be noted that all of these design parameters are highly dependent on one another. This interdependence can complicate data analysis from clinical studies that compare implant systems that typically differ in more than one parameter.


Abutment connections


Most implants connect to their abutments by either an external or internal interface. The external hexagonal interface used in the initial Brånemark system has a long track record of clinical success. However, the short hex height provided suboptimal antitipping and antirotation during millions of masticatory cycles. The small interfacial contact area subjects the interface to concentrated stress that accelerates micromotion and wear, resulting in loosening and fracture of the abutment screw. While these problems are reduced by splinting and cross-arch stabilization as discussed earlier, they present challenges for long-term maintenance of single-tooth implant restorations.


In contrast, internal connection allows the apical end of the abutment to engage the internal features of the implant body. Besides reducing screw failures by redirecting stresses away from the abutment retention screw to the implant, the diameter of the components that comprise the internal connection design are more able to resist bending forces than the screws and small hex used in external connections. However, this size increase at the abutment level is achieved by reducing the implant fixture’s collar wall thickness. The thinning of the collar wall effectively compromises implant fixture fracture strength, and the problem is worsened with smaller-diameter implants and with smaller internal taper angles that further thin down the implant walls (Fig 3-7).
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Fig 3-7 (a) Worn external hex. (b and c) Fractured implants with internal connections and thin walls. (Part c courtesy of Dr N. AbouJaoude.)





One-piece implants incorporate the abutment features into the implant body. This simple design eliminates the thin collar wall problems, and the absence of a retention screw eliminates screw loosening and failures. Furthermore, the absence of a bone-level abutment-implant interface eliminates the microgap that is believed to favor biofilm formation. However, the absence of the abutment screw and abutment-implant connection interface results in a highly stiff joint that tends to distribute more stress to the surrounding bone. Clinically, the one-piece implants have been associated with more extensive marginal bone loss than size-matched two-piece implants.35,36 It appears that of the two parameters (inflammation and mechanical overload) that are most associated with crestal bone loss around implants, mechanical overload may play a larger role in the failure of one-piece small-diameter implants. Although the bone stress can be modulated by other implant design parameters at the thread level, one-piece implants illustrate the importance of a failsafe mechanism to avoid catastrophic damage.


Short vs long implants


Implant length. Under mechanical loading, most of the occlusal stresses are concentrated in the coronal third of each implant. This information, along with the reasonable implant success rate, has been used to justify the selection of short implants over bone grafting in order to facilitate the placement of longer implants. While short implants are worthy options when bone volume is inadequate and bone grafting and nerve repositioning are not indicated, they have the disadvantage of reduced bone-to-implant contact (BIC) surface area. Under the same occlusal force, higher and more concentrated stresses are expected even though most of the stress is confined to the most coronal 3 to 4 mm of crestal bone.19 Although computer modeling shows that longer implants do not reduce stress around the crestal bone and clinical evidence does not show higher success, the role of biology must be respected. Bone can resorb over the lifetime in service due to many reasons (eg, peri-implantitis), and short implants have less “runway” for bone loss. Therefore, grafting for longer implants is recommended unless the risk-to-benefit ratio is unfavorable for bone graft surgery.


Implant diameter. In general, wider-diameter implants offer more contact surface area of bone-implant interface. Wider implants also have a higher probability of engaging the crestal cortical bone. Therefore, most finite element analysis would report overall reduction of stress concentration (and strain) in wider-diameter implants for axial and nonaxial loads.19 However, when space is inadequate (thin alveolar width, short mesiodistal interproximal spaces) and grafting options are limited, smaller implants can be considered as long as the following precautions are accepted by the dentist and the patient. Besides having thinner walls (two-piece implants) that compromise the fatigue resistance of the implant, small- diameter implants also have less BIC surface area. Under the same occlusal force, these translate into higher and more concentrated stresses that reduce fatigue life expectancy and risk bone overloading.


Thread design and pitch


Thread geometry plays an important role in implant placement, primary stability, and stress transfer at the bone-implant interface. Thread design must also facilitate cutting into bone in both clockwise and counterclockwise directions. Threads also play a critical role in primary stability by increasing the surface area of bone-implant interface and converting shear stresses into normal stresses that are better resisted by the bone.


In general, implant threads with sharp edges (eg, V-shape, buttress) can cut bone faster than square-shaped threads, which means they are also more likely to transmit shear forces to the bone, which is weakest against shear. Sharp threads are typically seen in implants designed for type I and type II bone, where initial fixation is easily achieved. The sharp cutting features that cut bone cleanly in both forward and reverse directions without excessive compression are favored. In contrast, threads with square edges transmit less shear stress than sharp threads, which are converted into compressive and tensile stress. When all other parameters are held constant, buttress designs are more resistant against pull-out, and square threads are more resistant against push-in. Square threads are used mostly in type III and type IV bone, where initial fixation is not often achieved due to the low bone density. As sharp threads are not necessary for the softer bone, square threads with aggressive pitch, large surface area, and thread angles can better resist the intraoral forces.


The selection of implant design features based on bone density is likely more important for immediate loading applications, as implant positioning and clocking are crucial for the surgical phase, and the initial fixation is critical to support the immediate mechanical loads.


Numerous studies on implant design suggest that thread design (nonthreaded, V-shaped, buttress, square) did not produce significant differences in clinical success when the loading of these implants is delayed conventionally. At this time, many implant manufacturers are introducing universal implant designs with combinations of sharp apical threads that cut through bone and square coronal threads to provide surface area and initial stability. Long-term studies will be needed to evaluate the performance in type III and type IV bone between the conventional and universal thread designs.


Biomechanics of Bone Along the Bone-Implant Interface


The bone-implant interface, its relation to bone-implant interfacial shear strength, and bone biomechanics have been described in chapter 2. This section focuses on the reaction to mechanical loading by biologic tissues, specifically bone around dental implants.


Occlusal forces that are transferred to the bone-implant interface produce dynamic response of bone tissue. The biologic response depends on the health status of the local tissue, loading parameters (ie, force vector direction, magnitude, frequency, and duty cycle), and greatly on the individual’s biologic environment.


Julius Wolff was the first to make observations related to the functional adaptation of bone architecture and local trabeculae pattern to the amount of mechanical loading.37 His concepts were refined over the next century to Frost’s “mechanostat” hypothesis, which states that bone cells respond to the amount of mechanical strain in their local environment such that with mild increases in strain, the slightly overloaded bone cells are stimulated to deposit more bone.38 Besides the hypothetical “minimal effective strain” for adaptive bone remodeling to occur, bone resorption dominates when the cells lack the minimum stimulation. Subsequent variations of this general approach hypothesize the existence of homeostatic set points.39 Below a minimal disuse threshold, bone resorption dominates. Above the remodeling thresholds, bone deposition dominates. Between these two set points, resorption and deposition both occur at similar rates to produce no net gain or loss. In practice, the magnitude of actual strains are so small that they are measured in units of microstrain (με; where 1 με = 10–6ε; 10 με = 1% strain). Frost proposed ranges of microstrain that are associated with disuse-related bone weakening (< 400 με), homeostatic bone remodeling (400–1,000 με), bone growth/repair (1,500–3,000/με, pathologic overload/microdamage (> 3,000 με), and fracture (> 25,000 με).


The exact strain thresholds depend on biologic status, load frequency, and duty cycle, and several minor modifications of the mechanostat hypothesis have been suggested. It should be noted that peri-implant bone, especially the mandible, experiences stresses that are unrelated to the presence of the implant. The attachment positions of the muscles of mastication exert significant stress and strain within the mandible, enough to cause bending and torsion. These strains, and smaller ones during speech, swallowing, and other jaw movements, cumulate and enhance the total microstrain history on the bone, in addition to the strain transmitted by the implant.


While precise mechanisms remain elusive, the roles of mechanical stimulation on numerous natural tissues have been elaborately studied and mathematically modeled in fundamental biologic processes. Various bone remodeling theories have been proposed. The most common approach relates local bone density changes and internal bone remodeling, while others relate mechanical stimulus to periosteal bone remodeling. The internal remodeling approach may be more applicable to dental implants. Mechanical forces have been shown to play a major role in organogenesis, growth and development, remodeling, disuse, cancer metastasis, and tissue regeneration. For dental implants in human jaw bones, these strain windows provide guidelines into bone resorption at low stimulation, bone remodeling and deposition at intermediate strain (Fig 3-8),40 bone microfracture at higher strain, and resorption and fracture during heavy loading.
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Fig 3-8 There is anecdotal evidence that when implants are placed in the anterior mandible of a patient with a severely resorbed mandibular body and an implant-supported prosthesis (either a fixed prosthesis or an implant-supported overdenture) is fabricated, the bone mass of the body of the mandible will increase.40 Cortical layers thicken, and the vertical height of the body of the mandible can increase as much as 3.0 mm in some patients. (a) Mandibular body before delivery of the prosthesis. (b) Mandibular body several years after delivery of the prosthesis. (Courtesy of Dr H. Davis.)





The disuse window is reached when insufficient dynamic loading is delivered to produce the necessary microstrain stimulation, and bone resorption dominates. Examples include prolonged microgravity, disuse, stress shielding, paralysis, and prolonged bed rest. The bone remodeling window applies to normal daily activities. Bone growth/repair occurs with realignment of internal bone microstructure via controlled osteoblastic bone deposition and osteoclastic bone resorption to produce bone architecture optimized for the applied load (see chapter 7 section entitled “Treatment of the Severely Resorbed Mandible”).


When excessive loading is delivered to exceed microstrain tolerance, mechanical overload can lead to pathologic bone remodeling, microdamage, and resorption. Excessive stresses that accumulate damage faster than bone repair may result in fatigue and fracture. Excessive overload can be due to high stresses (eg, parafunctional habits, small localized contact area, long cantilevers, improper occlusal scheme) or poor resistance (eg, poor-quality bone, inadequate implant number, inappropriate implant body and thread design, inadequate implant dimensions). Crestal bone loss, screw loosening, and material failures are warning signs of mechanical overload. It should be emphasized that the strain window also depends on the stress state. Bone is generally weaker in shear, moderately weak against tension, and stronger in compression. Implant designs such as threads, collar, and any nonlinear protrusions and recesses along the bone-implant interface essentially convert significant portions of shear strain into tensile and compressive strain.


It should be noted that these microstrain windows vary with animal species and frequency. For example, low amplitude (< 500 με) at hyperphysiologic frequency (eg, ~30 Hz, or cycles per second) can be actually osteogenic even though the same microstrain magnitudes at normal frequency (< 1 Hz) would be catabolic, resulting in disuse atrophy. Further decrease in microstrain (~10 με) can be compensated by high frequency (~50 Hz) to maintain osteogenicity.41 Based on these observations, micro-piezoelectric implant stimulators have been proposed to deliver high-frequency, low-amplitude stimulation to promote osseointegration. However, these microstrain frequency effects are nonlinear or somewhat unpredictable due to the complex relationship between mechanoreceptors, mechano-signal transduction, biochemical signals, and osteoblast-osteoclast coupling.


When bone is inflamed or compromised (eg, smoking, bone metabolic diseases, medications), the pro-inflammatory cascade of biochemical signals may significantly influence the cell responses over time. This alteration of the mechanostat is analogous to adjusting the sensitivity of the thermostat controller. Although notable exceptions exist, many in vitro and in vivo studies have shown that inflammation tends to promote bone resorption and reduction of inflammation tends to promote osteogenesis. Besides inflammatory cytokines, the local biology (ie, vasculature, stem cell availability, biochemical signals) may be responsible for the observations that the microstrain windows may differ from person to person, from region to region within the same individual (eg, loaded bone vs non–weight-bearing bone), and even within the same site over time (eg, hence the concepts of immediate, early, conventional, and delayed loading).


Even in mature bone, both osteoblasts and osteoclasts possess the machinery to sense their mechanical environment, and some cells are more reactive than others. Although the microstrain magnitude may differ between long bones and jaw bones, the mechanostat concept seems to apply to most cells, as physical forces play an important role in cell folding, migration, patterning, and differentiation during embryogenic growth and development. Two main mechanotransduction mechanisms have been investigated: (1) stretch-sensitive ion channels and (2) surface-bound adhesion receptors that bind to specific extracellular matrix molecules and other ligands. Once these mechanoreceptors are activated, cells interpret the complex mixture of dynamic mechanical signals and biochemical signals to orchestrate the remodeling of the local bone matrix. It is believed that as cells lay down bone matrix in response to the stimulation, the newly formed bone mass will increase local resistance to the mechanical loading, thereby lowering the microstrain window. Exactly how cells regulate and process the vast input data remains largely unknown, and it is possible that mechanical strain plays a critical role only in the instances of extreme highs (pathologic overload) and lows (disuse) by altering the net effects of local biochemical signals.


Clinical Applications of Biomechanics


Occlusal design for partially edentulous patients


Single posterior implant


Because a single posterior implant prosthesis should not influence the occlusion of the whole arch, the occlusion should conform to the existing static and dynamic lateral occlusal relationship. When designing and fabricating the single- implant crown, it is recommended that the occlusal contacts be located against flat surfaces as close to the implant screw channel as possible to direct the forces along the long axes of the implant (Fig 3-9). Tripodized contacts are not recommended because they may accentuate the lateral forces to a degree that may become clinically significant, thereby increasing the risk of mechanical or biologic complications. For mandibular crowns, their mandibular central fossae should be engaged by the maxillary lingual cusps, hence a “lingualized occlusion” (Fig 3-10). Conversely, an implant restoration in the maxillary arch should be designed with contact by the buccal cusps of the mandibular teeth in the central fossa or a “buccalized occlusion.”
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Fig 3-9 (a and b) When a posterior implant crown in the mandible opposes natural dentition in the maxilla, the occlusal contacts are lingualized where the maxillary palatal cusps occlude against mandibular central fossae, as shown.
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Fig 3-10 (a) Note the shallow cusp angles of the posterior implant crowns. (b and c) This is an example of the lingualized occlusal concept. There are no buccal cusp contacts either in centric occlusion or during lateral excursions.





The biomechanics of an implant prosthesis restoring posterior quadrants are generally more favorable if the occlusal table is narrow and shallow cusp angles are used (Fig 3-11). This will reduce the cantilever forces applied on the implant from functional and parafunctional activities. Further, exaggerated cusp inclinations may cause unwanted interferences during function and may expose the implants to potentially destructive lateral forces. In terms of occlusal guidance, it is more favorable if the posterior implant crown does not exhibit lateral contacts. This means relying on the remaining natural healthy teeth to control occlusal guidance, as they have a PDL and better sensory feedback to control forces. As a result, the occlusion can be maintained as mutually protected occlusion or group function occlusion with no lateral contacts on the implant crown.
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Fig 3-11 The occlusal table in the molar region should be no wider than a premolar when 4- or 5-mm-diameter implants are used. (a) The first and second molars restored with implants. (b) The first molar restored with implants.





Multiple posterior implants


In general, the occlusal considerations for a posterior multiple- implant prosthesis depend on extension of the prosthesis and the existing occlusal scheme. As for the posterior single-implant prosthesis, a “lingualized” or “buccalized” type of centric contact is preferred. Combined with anterior guidance, this will centralize the posterior occlusal forces along the long axis of the implants and minimize lateral forces.


When performing an occlusal analysis for a prospective implant patient who has lost dentition in the posterior quadrants, it is essential to evaluate the existing occlusal guidance and determine whether it is desirable to change the occlusal scheme. The existence of canine guidance or anterior tooth guidance will simplify the treatment. Whenever possible, it is desirable to relieve the implant prosthesis from lateral occlusal contacts; however, this may not always be possible, especially in situations where the implant prosthesis is of large span. Likewise, patients who present with group function and show no discernible signs or symptoms of a pathologic occlusion may be best left functioning with group function, so long as the wear to the remaining dentition is minimal. The implant prosthesis should not introduce nonworking interferences, as this may stimulate parafunctional activities in some individuals.42,43 If the posterior implants are contributing to occlusal guidance, it is advised to splint the implants together44 and fit the patient with an occlusal bite plane, thereby reducing the potential detrimental effects from lateral or shear-type forces during parafunctional activities. However, every effort should be made to restore the anterior guidance.


In some clinical presentations, some authors have advocated for the use of short cantilever when restoring a posterior quadrant with multiple implants. While this option does not appear to influence the peri-implant bone level, based on relatively short-term clinical outcome studies, it is associated with a greater incidence of mechanical complications.45–48


If wear to the dentition is moderate to severe and the edentulous space constitutes the entire posterior quadrant, then restoration of the anterior guidance is desirable to reduce the lateral forces on the posterior implants. Similarly, if patients have lost occlusal vertical dimension (OVD), restoration of the OVD with implant-supported prostheses can be considered. A mutually protected occlusal scheme using anterior guidance is preferable and should be approached after a thorough evaluation and in adherence to sound prosthodontic principles49,50 (Fig 3-12). Indiscriminately opening the OVD should be performed with caution, because implants are ankylotic in nature and will not intrude into bone as do the natural teeth. Patients that exhibit severe parafunctional activities such as central nervous system bruxism, those presenting with a history of fracturing multiple teeth (especially teeth not previously restored) and/or severe wear, or those who are brachycephalic (Fig 3-13) should be approached with caution. The risk-to-benefit ratio of treatment with dental implants in these patients should be carefully considered. A diagnostic wax-up should be completed prior to initiating treatment to assess the type of restorations necessary and to determine what occlusal adjustments need to be made to the remaining posterior teeth. An occlusal splint can be used prior to treatment to establish a treatment position that is compatible with the patient’s envelope of function.
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Fig 3-12 The mandibular first molar and second premolar are restored with implants. Note the anterior guidance during laterotrusion.
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Fig 3-13 An example of a patient with a brachycephalic profile.





Central occlusal contact is defined as follows. The implant crowns are adjusted so that two thicknesses of shim stock (see Fig 3-20b) will pull through the occlusal surface of the implant restoration when the patient is in the closed position and while the remaining teeth hold one layer of shim stock in position. When the patient clenches, two thicknesses of shim stock should be required to hold onto the implant crown. This will allow for compression of the PDL during function and parafunctional activity and help protect the opposing teeth from trauma.


Single anterior implant


Solitary implants should not be the sole means of guidance in the esthetic zone. Guidance should be provided primarily by adjacent natural teeth (Figs 3-14 and 3-15). This is generally not a concern when restoring an individual lateral incisor or a central incisor defect, as implant crowns restoring these spaces can generally be made to restore the full esthetic contours without interfering with lateral occlusion. However, it can be problematic when restoring the canine, where the clinician may be forced to compromise the length of the implant crown in order to conform to this principle. Nevertheless, situations may arise that necessitate using the canine implant crown for guidance. In these scenarios, while the canine implant restoration can be designed to full anatomical contour, the guidance should be kept as minimal as possible and within the limits of the condylar inclination of the patient. This can be accomplished by reducing the guidance steepness of the implant crown or by adjusting the opposing guiding tooth. In addition, the authors strongly recommend the use of a conical connection implant with a placement that maintains sufficient buccal bone (at least 2.0 mm). The conical connection implant has been reported to more evenly distribute the stresses within the bone and possibly reduce the lateral forces on the retaining screw.51,52 When placing implants to restore a solitary canine, every effort should be made to angulate the implant so that the occlusal forces can be directed axially.53
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Fig 3-14 An illustration of the suggested occlusal contact between an implant crown and a natural tooth in the esthetic zone: (a) Centric contact position exists on the cingulum region. (b) During the pathway of the anterior guidance, there should not be any contact. (c) Edge-to-edge contact can exist after maximal protrusion and excursion.







[image: ]


Fig 3-15 (a) The left canine has been restored with an implant. Note that it is shorter than the natural canine on the right. These altered contours are dictated by the occlusion. (b) Note the lack of horizontal and vertical overlap. This occlusal relationship will mitigate occlusal forces during translational movements. Guidance is provided by the adjacent teeth.





Immediate loading—Provisional single crowns in the esthetic zone


Some implants in the esthetic zone can be restored by an immediate provisional restoration when the implant is inserted within healed or partially healed alveolar bone, or as part of immediate implant placement that involves tooth extraction and implant placement. A key indication of immediate provisionalization is adequate primary stability. Studies have shown that when an implant becomes mobilized during the healing period beyond certain limits (100–150 µm), the implant fails to osseointegrate.54,55 Thus, the occlusal contacts should be controlled in a way that will not illicit implant movement. As a result, many clinicians have recommended that if an immediate provisional restoration is deemed necessary to preserve dental esthetics and peri-implant soft tissue contours, it should be adjusted short of occlusal contact in centric occlusion and during lateral excursions56 (Fig 3-16). The challenge with this technique is that the implant is still loaded if the patient is not careful and can lead to osseointegration failure; therefore, this approach is usually only used in a fully compliant patient.
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Fig 3-16 A full-contour provisional restoration secured to an implant replacing the maxillary right central incisor. Notice that the prosthesis is designed to be short of occlusal contact during the healing period.





Alternatively, natural soft tissue contour can be established by customizing the healing abutment, and the edentulous space is restored by an alternative means such as bonding of a denture tooth to adjacent dentition, a partial denture, or a thermoplastic appliance. An example of such a provisional restoration is shown in Fig 3-17 (see also chapter 13). The subgingival contours of the customized abutment are developed by molding provisional material attached to a provisional abutment cylinder. This apparatus extends slightly above the gingival margin. A denture tooth of the desired shape and shade is adapted to fill the edentulous space. Care is taken to avoid contact with the peri-implant soft tissues and the customized abutment. The denture tooth is then bonded to the adjacent teeth with composite resin. This kind of provisional restoration has the advantage of preserving the gingival contour with no occlusal load transfer to the implant fixture, which makes it suitable for a patient who has no or limited compliance during the healing period.
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Fig 3-17 (a) Customized healing abutment. (b) The denture tooth was shaped and bonded to the adjacent natural dentition. This design restores full esthetic contours without exposing the implants to occlusal loads during the healing period.





Multiple anterior implants


As per the single anterior implant situation, centric contacts (as defined earlier) can be achieved with a flattened cingulum region to facilitate axial loading of the implant and reduce the lateral forces. The design of the occlusal guidance is dependent upon the number of implants placed, their position in the arch, and the AP spread. In general, and consistent with our philosophy of overengineering when implants are arranged in a linear configuration or when only two implants have been placed, guidance during excursions is provided by the remaining natural dentition57 (Fig 3-18). This will reduce the lateral and oblique forces applied on the implant prosthesis.
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