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Preface

IntroductionThe application of CBCT for 3-D bone assessment in dental implantplanning is an essential and fast growth in dentistry. Various methodsfor quantifying bone density, cortical thickness, and other relevantparameters have been developed and tested. On the other side, the useof CBCT-based biomechanical simulations to predict implant stabilityand potential complications is still a challenging task and still has spacefor development.The book is structured to guide both clinicians and researchersthrough the intricate relationship between biomechanics and dentalimplant success. We begin by exploring the fundamental principles ofbiomechanics, including stress, strain, and bone adaptation. Thisknowledge is essential for understanding the forces acting on dentalimplants and the subsequent response of the surrounding bone tissue.The intricacies of CBCT technology, from image acquisition toanalysis techniques, and the advantages and limitations of CBCT incomparison to other imaging modalities are discussed to providepractical guidelines for selecting appropriate imaging protocols.The �inal chapters of the book bridge the gap between laboratoryresearch and clinical practice. We present case studies demonstratingthe clinical application of CBCT-guided implant planning and discussthe impact of 3-D bone assessment on treatment outcomes.Furthermore, we explore emerging trends in CBCT technology andfuture directions in the �ield of dental implant biomechanics.
PurposeThis book aims to provide a comprehensive overview of thebiomechanical principles underlying dental implant treatment and thepivotal role of Cone Beam Computed Tomography (CBCT) in 3-D boneassessment. As dental implant therapy continues to evolve, the demandfor precise and accurate bone evaluation has become paramount. CBCT



technology has emerged as a valuable tool in this regard, offeringdetailed, non-invasive imaging of the jawbone.
AcknowledgmentsThis book would not have been possible without the invaluablecontributions of many individuals. I would like to express my sinceregratitude to my supervisor during my Ph.D. candidacy, Prof. Dr. ZainulAhmad Rajion and Prof. Ir. Ts. Dr. Solehuddin Shuib, for their guidance,expertise, and unwavering support that have been instrumental in myresearch and development, and the dental implant community patients:Their participation and dedication to advancing the �ield and theirwillingness to share knowledge have been invaluable.I would also like to acknowledge the top management of YARSIUniversity, Prof. Dr. H. Fasli Jalal Ph.D. and Prof. Dr. Jurnalis Uddin,P.A.K., for their continuous support and encouragement.Finally, we would like to dedicate this book to our family, whose loveand encouragement have been a constant source of inspiration.
OutlineThe book is organized into nine chapters. Chapter 1 introduces thebiomechanics of dental implants and explores 3-D bone assessmentusing CBCT from laboratory to clinical applications. Chapter 2 delvesdeeper into the biomechanics of dental implants, speci�ically focusingon three-dimensional bone assessment. Chapter 3 addresses digitalimaging, implant stability, and Finite Element Analysis (FEA) of studypreparations. Chapter 4 discusses biomechanical assessments based onclinical measurements. Chapter 5 examines the application of CBCTdata for monitoring bone quality and implant stability, as well as theircorrelation. Chapter 6 focuses on the biomechanical assessment ofdental implants using FEA. Chapter 7 explores biomechanicalassessments of patients with high implant stability, while Chap. 8discusses those with low implant stability. Finally, the last chapter(Chap. 9) covers the fundamentals of 3-D bone assessment using CBCT,bridging laboratory research and clinical practice.



ConclusionFinally, we expect that this book is intended to serve as a valuableresource for dental practitioners, researchers, and students interestedin the �ield of dental implantology. By providing a solid foundation inbiomechanics and CBCT technology, we hope to empower readers tomake informed decisions and optimize the outcomes of dental implanttreatment.
Dr.	Maya	Genisa

Prof.	Ir.	Ts.	Dr.	Solehuddin	Shuib
Prof.	Dr.	Zainul	Ahmad	Rajion

Jakarta,	Indonesia
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1.1	 BackgroundA dental implant is de�ined as a device of biocompatible material(s)placed into the mandibular or maxillary bone to replace the edentuloustooth. In addition, it is used also to improve appearance, andmasticatory function and prevent changes in dental arch dimension.Thus, dental implants not only improve the convenience of the patient,it is also able to protect the remaining natural teeth, no bone loss andrestore facial skeletal structure (Staden et al. 2006).Statistically, it was shown that the use of dental implants to restoremissing teeth has become increasingly widespread over the past twodecades (Turkyilmaz and Mcglumphy 2008). The statistics also showedthat the success rate of dental implants is over 95% when the implantsare designed, manufactured, and placed correctly. Staden et al. (2006)calculated the survival rate at 15 years about 90% which becomes anadvantage in implant treatment as low-risk treatment.While the success rate of dental implant treatment is high, thecompatibility of the installed implant into the jawbone system mightgenerate a problem because the forces conveyed by implant devicesdiffer from those conveyed by natural teeth; thus, they requireadaptation from the jawbones. Maximum adaptation will bedetermined by the success of how the implant is integrated into thebone as the so-called osseointegration process. Biomechanical becomesa most important issue in implant dentistry.The research on implant dentistry grew rapidly after Lekholm andZarb (1985) published his �indings as a theory of osseointegration. Inhis theory, osseointegration is de�ined as a direct structural andfunctional connection between living bone and the surface of a loading-bearing implant. Many aspects have been investigated, especially theaspect related to measuring the stability of implant after implantinsertion and correlating it with the mechanism of the internal processof bone to build optimum osseointegration. It still becomes a bigchallenge to solve.Meredith (1998) mentioned that some factors affect the success ofthe implant such as the primary implant stability which comes frommechanical engagement with cortical bone during implant placement,osseointegration, implant placement technique, and local bone quality



and quantity. Another important determinant for a successful implantis secondary stability. Secondary stability offers biological stabilitythrough bone regeneration and remodelling (Atsumi et al. 2007).Continuous monitoring in an objective manner of the status of implantstability will be important to be established to ensure implant successin future.Lack of osseointegration during implant dental rehabilitation hasbeen reported. It is because of some reasons that might happen duringtreatment such as infection processes or inadequate load protocols.Incorrect placement technique and the shape of the implant surfacewill reduce the coupling between bone and implant surface which canproduce spaces where bacteria could grow. On the other hand, themechanism of daily mastication also may produce large loading thatpromotes the mobility of the implant and holes. However, if thegenerated loading is too small, it is not suf�icient to stimulate osteoblastactivity, and hence the osseointegration might be delayed. Themechanism of loading and its effect on progressing the rehabilitationbecome a most important task and the behaviour of the jaw systemduring treatment, especially the stress distribution due to loading stillunclear and still needs further investigation.More questions about stress distribution are still not solved, howbone reacts to the generated stress during loading and its relationbetween generated stress with a mechanical and hormonal responseand remodelling/osseointegration, which is still unclear. Therefore, it isimportant to study the stress patterns distribution and correlate it withthe osseointegration process. However, because of the limitation onavailable clinical instruments that can measure the stress distributiondirectly, alternative analysis based on numerical computation would bethe ultimate method to understand the biomechanical mechanism ofthe implant dental system.Finite element analysis (FEA) is a numerical method, which couldsolve complex mechanical problems into elements, and has been wellaccepted for investigating the behaviour of stress in dentistry. Variousloadings can be examined in different models of in vitro or in vivosituations. This study, a prospective observational study is conducted tointegrate the clinical measurements of implant stability usingResonance Frequency Analysis (RFA), and site implant measurement



using CBCT with numerical studies through FEA to assess thebiomechanical of dental implants comprehensively in 3-D.
1.2	 Statement	of	ProblemsPerfect osseointegration between implant and bone that is indicated byhigh implant stability is a main goal to be achieved during dentalimplant treatment. Internal and external factors affect the process ofachieving early osseointegration. The external factors such as the sizeof the implant, technical, and protocol of implant placement, couplingbetween implant and bone, stress experienced during treatment, andinternal factors such as the quality and quantity of bone, health ofmouth environment and internal activity of bone as a response to theexternal loading, are important factors that determine the success ofdental implant treatment. However, the exact relation between thosefactors and with activity of bone during the healing process is stillunclear. There is a need to do comprehensive regular monitoring tomeasure implant stability which has not been investigated.CBCT imaging is a new technology in dentistry, especially inHospital USM. The accuracy of CBCT in determining the geometry of thejawbone with a high-resolution image and the ability to de�ine thegeometry of the object up to millimetre scale. However, the accuracy ofthis method in estimating density is still questionable. Morejusti�ications for determining the density using this method still need tobe validated and calibrated to gain more con�idence in interpreting thedata.Clinically, the internal activity of bone or the ability of osteoblast torespond to the impact of surgery during implant placement isdetermined by the intensity of stress received during daily loading fromthe mastication process. However, there is no clinical instrument thatcan be used to measure directly the effect of those loading including thegenerated stress around the implant site which can be correlated withan internal bone activity (osseointegration process). It is important tohave a method for evaluating the stress distribution due to variousexternal loads in different conditions.In advance, the developed method should be able to support theclinical measurement, and hence the result of this method can be used



as an early warning to maintain the progress of sustainable dentalimplants. A combination of numerical analysis and clinicalmeasurement needs to be conducted to broaden the use of CBCT datafor a better understanding of the biomechanical evaluation of the jawsystem, and it would be a bridge between laboratory and clinicalassessment.Using 2-D images as tools for evaluating the jawbone can provideonly the image for identifying the static parameters such as density andavailability of space for the implant site evaluation. However, when thedynamic properties such as the evaluation of stress distribution whichusually occurs three-dimensionally, this method is not supported. Onthe other side, CBCT scanning can provide a 3-D image of the jaw. Thenthe 3-D model of the jaw can be generated for further study onbiomechanical evaluation and simulation by using either in vivo or invitro data.The healing process of implant treatment includes the pre- andpost-crown condition. However, the comparative study ofbiomechanical evaluation of implant systems in pre- and post-crownconditions has not been established yet. Hence, the comparison ofdynamic behaviour such as stress distribution for both conditions isstill not evaluated. This study gave a better understanding of themechanism of stress distribution and was able to give feedback todentists from an engineering perspective.
1.3	 Signi�icant	of	StudyThis study could provide reliable measurements of bone density basedon CBCT during the monitoring period, while also introducing a newwork�low for biomechanical evaluation that integrates clinicalmeasurements and numerical studies. It holds particular signi�icancefor the craniofacial research community at USM by supporting imagingtechnology and work�lows for biomechanical assessments based onCBCT data, which can be extended to other imaging technologies suchas CT. Additionally, the evaluation of mandibular density using 3-DCBCT offers clinicians a more accurate prediction of bone densityvariations, aiding in the pre-evaluation of implant site availability.



1.4	 Objective	of	the	StudyThe speci�ic objectives of this study are:To measure the accuracy and repeatability of CBCT scanning inevaluating the bone quality and quantity of dental implant patients.To analyse the relationship between bone quality and quantitymeasured from CBCT with implant stability and its classi�ication thatare measured by using RFA.To determine bone density changes in the jawbone during dentalimplant treatment.To analyse the effect of cortical thickness and friction coef�icient onstress distributions and micromotion of dental implant systemduring loading in pre- and post-crown conditions.To measure the stress distribution and micro motion due to variousloadings on pre- and post-crown conditions of in vivo data.
1.5	 Structure	of	the	BookThe book is organized into nine chapters. The �irst chapter introducesthe biomechanics of dental implants and explores 3-D bone assessmentusing CBCT from laboratory to clinical applications. Chapter two delvesdeeper into the biomechanics of dental implants, speci�ically focusingon three-dimensional bone assessment. The third chapter addressesdigital imaging, implant stability, and �inite element analysis (FEA) ofstudy preparations. Chapter 4 discusses biomechanical assessmentsbased on clinical measurements. Chapter 5 examines the application ofCBCT data for monitoring bone quality and implant stability, as well astheir correlation. Chapter 6 focuses on the biomechanical assessment ofdental implants using FEA. Chapter 7 explores biomechanicalassessments of patients with high implant stability, while Chap. 8discusses those with low implant stability. Finally, the last chaptercovers the fundamentals of 3-D bone assessment using CBCT, bridginglaboratory research and clinical practice.
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2.7	 Dental Imaging Technology
2.7.1	 Computerized Tomography (CT) Scan
2.7.2	 Cone Beam Computer Tomography (CBCT)
2.8	 Biomechanical of Dental Implant System
2.9	 Application of Finite Element Analysis for Dental ImplantAssessmentReferences
2.1	 IntroductionThe main goal of this chapter is to provide the background theory ofbiomechanical dental implant systems the related research andtechnology of dental implants and numerical study through FiniteElement Analysis (FEA). The explanation includes a review of thetechnology related to implant stability which includes a briefdescription of the molar of the mandibular and maxilla, thefundamental mechanism of FEA and Resonance Frequency Analysis(RFA) and the density estimation and its effect on implant stability. Inthe end, this chapter also discussed the technology of dental imagingincluding the explanation of Cone Beam Computed Tomography (CBCT)instrument and its application in dental imaging.
2.2	 Bone	FormationBone is the main part of the body that supports the body as aframework; it is essential for the success of dental implant treatment.The formation of bone consists of main parts which are cells and bonematrix. The bone matrix itself consists of inorganic components thatcover about 69% hydroxyapatite and 22% organic components thatconsist of collagen as a major constituent (Kini and Nandeesh 2012). Ina physiological view, bone is composed of supporting cells that areosteoblasts and osteocytes and remodelling cells that are osteoclasts.These components are responsible for the dynamic process thatconsists of the modelling and remodelling process in the bone.Bone is characterized by its rigidity, hardness, and the degree of thedynamic process in the bone itself such as the modelling andremodelling process. Based on these characteristics, bone can be



categorized into two components that are cortical bone and trabecularbone. The cortical bone is dense, and solid surrounds the marrow spacewhile the trabecular bone is the honeycomb-like network that consistsof trabecular plates and rods interspersed (Kini and Nandeesh 2012).The slicing of cortical bone and trabecular bone is shown in Fig. 2.1.

Fig.	2.1 Jawbone structure obtained from CBCT imageIn the mandible, cortical bone is identi�ied as a clear white in theCBCT image without a trabecular pattern. Meanwhile, trabecular boneis de�ined as a bone in between two cortical plates. The proportionbetween trabecular and cortical bone de�ines the quality of bone in theimplant site. If the proportion of cortical bone is higher than trabecular,the bone quality of the implant site is better.
2.3	 Bone	Quality	and	Quantity	Classi�ication



Bone behaviour can be characterized based on bone quality andquantity. It is a vital factor in achieving osseointegration (Turkyilmazand McGlumphy 2008). Turkyilmaz and Mcglumphy (2008) found thatthe survival rate of implants in the mandible is higher than maxilla. Thisis because the quality of bone in the mandible is higher compared withthe maxilla, especially for the posterior maxilla. Bone quality is de�inedas the ability of bone to withstand a wide range of loading withoutbreaking (Sievänen et al. 2007). In other terms, Lester (2005) de�inedbone quality as a sum of the total of the bone characteristics thatin�luence the bone’s resistance to fracture. Bone quality and quantityaffect the survival rate of implants.Lekholm and Zarb (1985) have started quality and quantityassessment of bone. In their method, bone quality is scaled between 1and 4, which is based on radiographic assessment, and the sensation ofresistance experienced by the surgeon when preparing the implant site.Based on panoramic radiographs, they classi�ied bone quality as: Type Iwhich has homogenous compact bone, Type II has a thick layer ofcompact bone surrounding trabecular bone, Type III has a thin layer ofcortical surrounding dense trabecular bone, and Type IV has a thinlayer of cortical surrounding low-density trabecular bone.Classi�ication of bone density was introduced by Misch and Abbas(2008). In their classi�ication, bone density was classi�ied based onsubjective perception of drilling resistance into four types: D1, D2, D3,and D4. D1 type has a primarily dense cortical bone, the D2 type isdense to the porous cortical bone, the D3 type has a thin cortical and�ine trabecular, and D4 has a �ine trabecular.Other researchers, Linkow et al. (2012) classi�ied bone based onstructure into three groups: Class I, Class II, and Class III. Class I isidenti�ied as bone with spaced trabecular with a small cancellous space.Class II has a larger cancellous, and the uniformity of osseous pattern isless. Class III is identi�ied as bone with a structure of large marrow-�illed space between the trabecular.Most of the explained techniques in determining the bone qualityand quantity are based on subjective experience which has dif�icultiesquantifying in general. This classi�ication will depend on the person-to-person who does the evaluation. It is interesting if there is analternative method that can be used to evaluate bone quality and



quantity quantitatively. Hence, the evaluation of bone can be donewithout personal interference. Because the bone system is a 3-D object,it is interesting if the 3-D image technology can be optimized as a toolfor bone quality and quantity assessment. However, the linearity ofavailable 3-D image technology is another issue. Hence, the evaluationof 3-D image parameters as density indicators needs to be tested.The classi�ications of bone based on subjective parameters haverecently been questioned due to poor objectivity and reproducibility(Shapurian et al. 2006; Al-Nakib 2014). Other techniques such ascutting resistance are performed during surgery; it can be correlatedwith bone density as assessed by microradiography (Sençimen et al.2011; Friberg et al. 1995). Direct measurement of insertion torque alsoshowed that there is a strong correlation between insertion torque withdensity (Bayarchimeg et al. 2013; Khayat et al. 2013).Micro-computed tomography (Micro CT) is a new method in dentalimaging which has very high resolution. This method also can be usedto assess jawbone in three-dimensionally. The assessment includesbone volume, density, trabecular thickness, trabecular separation,trabecular number, and structural model index (Fuller et al. 2015). The3-D morphometric data acquired through micro CT also can becorrelated with conventional bone assessment methods (Fanuscu andChang 2004; Norton et al. 2001; Faot et al. 2015).Cone Beam Computed Tomography (CBCT) with low dosages, fastscanning time, non-destructive, and the ability to produce highresolution is an alternative dental imaging technology in dentistry.Aranyarachkul et al. (2005) demonstrated that CBCT could be analternative diagnostic method for density evaluation, especially sincethe radiation dosage of CBCT is much lower than computedtomography (CT). Not only it can be correlated with bone density butalso it can be correlated with cutting resistance (CR) values as obtainedat the time of implant placement.Chopra (2010) correlated cone beam computerized tomography(CBCT) bone density values with cutting resistance (CR) as obtainedduring implant placement. Also, the optimization of CBCT for densityassessment and correlation with the direction of tooth movement hasbeen introduced by Chang et al. (2012). Other researchers used CBCTas a density prediction tool and correlated it with other measured



parameters such as primary implant stability (Marquezan et al. 2012;Isoda et al. 2012).CBCT offers a high spatial resolution, fast scanning time, and lowdosage of exposure is an alternative technique in bone quality andquantity assessment technique based on imaging. Previous researchershave introduced a correlation between extracted information based onthe Houns�ield value of CBCT with other measured parameters relatedto dental implants. However, the accuracy of this method in de�iningdensity in three-dimensional has still not been tested, and thecorrelation between the Houns�ield value of CBCT and with truedensity of various objects is still unclear. Investigation to �ill this gap isneeded to gain the CBCT advantages in dental implants.
2.4	 Procedures	of	Implant	PlacementA dental implant that is placed to serve the structural support for adental prosthesis has three main components: the implant, theabutment, and the prosthesis. The technique to install those implants isconsidered case by case; it might be a two-stage surgical procedure or aone-stage technique depending on clinical conditions and situations.A two-stage surgical procedure is performed to place an implant inthe jawbone by considering an adequate bone to support those dentalimplants. There are two phases of surgery in this procedure; in the �irstphase, the gingival tissue is opened, and the implant is placed in theproper site and covered back by gingival tissue. After osseointegrationis achieved and the implant is �ixed, the abutment is connected byreopening the gingival tissue and an arti�icial tooth is placed on the topof �ixture (Natali 2003).The one-stage technique is performed by placing the implant intothe jawbone with only one surgical intervention. The abutment isplaced directly into the implant before the implant is covered bygingival tissue. The difference technique is between two-stage and one-stage techniques.Although the one-stage technique requires only a single surgicalintervention, there are certain situations where the two-stage approachis more advantageous (Heijdenrijk 2000). This method allows forbetter protection of the bone from exposure, promoting faster bone



regeneration. Additionally, it minimizes undesirable loading on theimplant, which could affect stability during the critical osseointegrationperiod. The two-stage technique also reduces the risk of infectionduring the healing process, particularly for patients unable to maintainproper oral hygiene. Moreover, it is often a more effective choice forpatients scheduled to receive radiotherapy in the implant region, as ithelps ensure a more predictable outcome.
2.5	 Methods	of	Implant	Stability	Measurement
in	DentistryImplant stability is an indirect indication of osseointegration and is ameasure of the clinical immobility of an implant (Parithimarkalaignanand Padmanabhan 2013). Implant stability is divided into two types:primary implant stability and secondary implant stability. Primaryimplant stability is de�ined as stability during implant insertion;meanwhile, secondary implant stability is de�ined as stability of dentalimplant after implant insertion. Implant stability is in�luenced byinternal and external factors, including both material and local tissue-dependent variables. External factors that affect implant stability arethe material of the implant, the length and diameter of the implant, itsdesign, the micro-morphology of the implant surface and the implantinsertion technique. Meanwhile, the important determinants as internalfactors are the quality and quantity of the bone and theosseointegration process. The greatest primary stability of dentalimplants can be reached with simple drilling. The use of additionalthread cutters and bone condensers has been shown to lessen primarystability signi�icantly (Rabel et al. 2007).Many efforts have been performed to assess dental implant stabilitybiomechanically such as pull-out and push-out measurement, cuttingtorque resistance analysis, reverse torque test, and percussion test.However, these are destructive methods that are available forpreclinical uses only (Chang and Giannobile 2012; Swami et al. 2016).The non-destructive methods that give clinical value are radiographic(CT, CBCT) and RFA methods. However, the resolution and variabilitywhile examination still should be improved (Spin-Neto et al. 2013; Kim2014)



2.6	 Tensional	Test	MethodThe tensional test is used to test the interfacial tensile strength that wasoriginally measured by detaching the implant plate from the supportingbone (Chang et al. 2010; Sachdeva et al. 2016). This technique is adestructive technique that is impossible to be applied to the patientpull-out and push-out measurement method.The pull-out test is the tests that involve a tensile load dislodging apost from post space, while the push-out test uses the tensile load to bereplaced by a compressive load (Ahmadian et al. 2013). That method isused to investigate the healing capabilities within the bone-implantinterface (Haıät et al. 2013; Kempen et al. 2009). Based on thismechanism, the push-out and pull-out tests are only applicable for non-threaded cylinder-type implants, whereas most clinically available�ixtures are of threaded design (Seong et al. 2013). Both methods aredestructive; hence, it was not practised in the clinical study.Pull-out and push-out tests were conducted on an in vitro model toestimate the implant stability. The result showed that this technique isvery sensitive to modi�ications of technical details; therefore, the resultof different models cannot be compared directly (Sakoh et al. 2006). Inaddition, because of this destructive technique, hence �inite elementmethod becomes a great method to explain the behaviour of the tensilemechanism of dental implants that cannot be achieved by push-out andpull-out tests. Chen et al. (2013) used the FEA to simulate the push-outtest on a base model using three parameters: the diameter of the pin,the specimen’s thickness, and the elastic modulus of the intracanal�ilter. The resulting stress was analysed to calculate the bone strength.
2.6.1	 Removal	Torque	MethodThe removal torque refers to the torsional force necessary forunscrewing the �ixture using a torque manometer calibrated inNewton-centimetres (N-cm) and was �irst investigated by Johansson etal. (1998). The removal torque test measures the shear properties ofthe implant–tissue interface. However, this method is categorized as adestructive method.Koh et al. (2009) conducted removal torque by using in vivo studieson the rabbit tibia model; the result showed that at the microscopic



level, the fracture after removal torque test occurred at the implant-bone interface. Bardyn et al. (2010) applied the FEA method toinvestigate the mechanism of removal torque. In their pilot study on thereplica of an implant inserted into polyurethane and sheep bone, thesimulation result showed that there is a high correlation betweenestimation by FEA and a direct measurement of removal torque.
2.6.2	 Cutting	Resistance	or	Insertion	Torque	MethodThe cutting resistance refers to the energy required in cutting a unitvolume of bone while the insertion torque occurs during the �ixturetightening procedure (Chang et al. 2010). Both of these methods can beused to estimate the primary implant stability (Wagner and Ka 2016;Bayarchimeg et al. 2013). However, these methods can be applied onlyduring surgery. It is not applicable for monitoring post-surgery.Dagher et al. (2014) measured the insertion torque of an ex vivostudy on a sheep model. They showed that the insertion torque couldbe used as an indication of primary implant stability. Thismeasurement has been cross-checked with Resonance FrequencyAnalysis (RFA) and the result showed that there is a signi�icant positivecorrelation between insertion torque with RFA result.A numerical study using FEA to investigate the in�luence ofinsertion torque on the stress distribution around an immediate oralimplant has been conducted by Atieh et al. (2012). Their resultsshowed that the use of insertion torque during the placement of dentalimplant increases the stress on crestal bone, and it was correlated withthe bone quality of the site implant.
2.6.3	 Resonance	Frequency	Analysis	(RFA)	MethodResonance Frequency Analysis (RFA) is a non-invasive and non-destructive method that measures the implant stability objectively andreliably for any stage of the treatment or at follow-up examinations(Konstantinović et al. 2015). This method was introduced by Meredithet al. (1997) by developing the device called Osstell®. The implantstability measurement by this method is based on the micro-movementof an implant in its site that is re�lected by a frequency resonance.In the RFA device, a sinusoidal wave with certain frequency ranges(5–15 kHz) is generated and passed into a transducer that is attached



to a small cantilever beam and it attached to the implant or abutment.The received signal will be received by a piezo ceramics element, and itwill be transferred into a frequency analyzer (Digholkar et al. 2014).The peak of amplitude de�ines the excitation which shows a resonancefrequency.There are some important factors during measurement using theRFA system: transducer design, contact between implant withsurrounding bone, and the effective length above the marginal bonelevel (Sennerby and Meredith 2008). To have an optimal measurementresult and avoid the effect of soft tissue, the SmartPeg™ of the RFAdevice needs to be located at least 1–3 mm from the marginal bonelevel or 3 mm above the soft tissue. The direction of that SmartPegshould be perpendicular to the object.Measurement of implant stability by using the RFA method hassome advantages such as the consistency of measurement as object-oriented and measurement can be performed any time on anycondition such as for immediate implant or delayed implant placement.Studies showed that implant stability (both primary and secondaryimplant stability) could be associated with osseointegration (Kunnekelet al. 2011; Shokri and Daraeighadikolaei 2013).Breakthrough on implant stability measurement using RFA exploredmore detail on determinants of the dental implant. Implant stabilitymeasured by RFA can be related to other parameters such as insertiontorque, bone density, and cortical thickness (Má et al. 2011; Trisi et al.2011; Wada et al. 2015). However, the relation between dynamicproperties of implants such as stress distribution, which is generatedduring loading of implants with different grade implant stability stillnot investigated yet.
2.7	 Dental	Imaging	TechnologyRadiography is an important aspect of dental treatment because itprovides the image in detail of the site implant which is important forevaluation purposes. Site implant evaluation includes the dimensionand availability of site implant and bone quality and quantity. Someimaging technologies such as CT scan, OPG scan, CBCT scan, and DEXAhave been used in dentistry. However, the common problem in



radiographic imaging is the bargaining between resolution and doses ofX-ray exposure or radiation. Higher resolution images usually needhigher doses of X-ray which are contradictory to the health issue.
2.7.1	 Computerized	Tomography	(CT)	ScanComputerized tomography (CT) is an imaging technique that showshuman anatomy in cross-section and provides a three-dimensionaldataset that can be used for image reconstruction and analysis inseveral planes or three-dimensional settings. As well as another X-raytechnique, a detector records the X-ray beam that passes through thepatient’s body. The computer then processes this information to createthe CT image. CT technology provides 3-D images that can be used asdiagnostic tools and treatment planning including evaluation of thequality and quantity of site implant (Karatas and Toy 2014).CT technology can provide high-quality images by reducing thesuperimposition of images of structures outside the area of interest andhigh contrast between different tissues. CT technology can detect thedensity difference between tissues even if only 1% (Patel et al. 2009).The image in the CT scan can be viewed as images in the axial, coronal,or sagittal planes or in any arbitrary plane depending on the diagnostictask.Another advantage of CT scan is that this technique can solve theartefact problem caused by metallic material by reducing it with theprogram during image reconstruction (Joemai et al. 2012; Schabel et al.2016; Anderson 2016). Using CT images, radiologists can analyse thecurvature of the maxillary and mandibular arch.CT image scanning is constructed by an element of the image that iscalled a voxel. Each voxel has a value that is referred to in Houns�ieldunits (HU) which represent the density of the object at that position.The different tissues are identi�ied as different HU. The ranges of theHU are from − 1000 for air to + 3000 for enamel; hence, the boneclassi�ication based on CT image is possible. Sençimen et al. (2011)classi�ied bone using Misch’s classi�ications based on HU as: muscle:35–70 HU; �ibrous tissue: 60–90 HU, cartilage: 80–130 HU; bone: 150–1800 HU and characterized bone quality such as D1 bone: > 1250 HU;D2 bone: 750–1250 HU; D3 bone: 375–750 HU; D4 bone: < 375 HU).



CT scan is a powerful technique to produce the accuracy of imageswith high resolution. However, the application for continuousmonitoring is still debatable because of the radiation exposure and costissues (Ogbole 2010; Lin 2010).
2.7.2	 Cone	Beam	Computer	Tomography	(CBCT)In the last decade, the CBCT machine has become a favourite dentalimaging technique. This machine uses a cone type of source and a 2-Ddigital array of detectors to scan 3-D volumes in one scanning. The conebeam scanners are facilitated to rotate around the object of the headand neck up to 360 degrees; hence, multi-slicing (from 150 to morethan 600) can be acquired at one time (Rao et al. 2012). With thistechnology, the examination time of the CBCT machine becomes shorterand the distortion effect due to the internal movement of the patientduring scanning can be reduced.The quality image of CBCT is controlled by controlling the �ield ofview (FOV). However, if FOV is set larger, the quality image willdecrease, the contrast between different tissues will lower and willproduce more scattering (artefact) (Scarfe and Farman 2008; Hwang etal. 2016; Sonya et al. 2016). The quality image of CBCT depends on thesize of the voxel of the area detector which is not dependent on thethickness of the slicing (Rao et al. 2012).The imaging concept of CBCT is like CT which uses an attenuation ofa monochromatic X-ray beam traversed in the material. The path of X-ray on CBCT from source to detector is a conical geometry (Miracle andMukherji 2009). To get the image from CBCT, there are two mainphases: data acquisition which uses cone-shaped X-ray beam and imagereconstruction using computerized tomography.Compared with CT machines, scanning with CBCT has someadvantages, such as CBCT has a high spatial and temporal resolution,rapid scan, and dose reduction compared with CT. Hence, CBCT is moreconvenient for dental implant monitoring rather than conventional CT(Mohan et al. 2011; Shah et al. 2014; John et al. 2016).CBCT has been applied for the evaluation of bone density; thisevaluation is based on the assumption that there is a correlationbetween the attenuation of the X-ray of CBCT with the density (Naitohet al. 2009; Silva et al. 2012). Hence, the density can be estimated from



the Houns�ield unit (HU) obtained from CBCT. However, the scaling ofgreyscale from CBCT is still not standardized; the range can vary from− 1500 to + 3000 (Katsumata et al. 2007). To make more reliable to CTscale, some corrections need to be performed (Nomura et al. 2013).Some of the advantages and disadvantages of CBCT scanning indental imaging are summarized in the following table (Table 2.1).
Table	2.1 Advantages and disadvantages of CBCT (Gupta 2016; Pascual and Morale 2015)
Advantages	of	CBCT Disadvantages	of	CBCT

•	Low	radiation	doses	of	X-ray
•	High	image	accuracy	(the	range	is	from	0.4	mm	to	0.125
mm)
•	Rapid	scan	time
•	Transferring	data	into	different	formats	is	easier.
•	Image	quality	due	to	artefacts	can	be	improved	by
applying	an	artefact	reduction	algorithm

• Produce some artefacts• Sensitive with patientmovement (positioning)• Poor soft tissue contrast• The scale is not standardized

2.8	 Biomechanical	of	Dental	Implant	SystemThe component of the dental implant system at least consists of thematerial of the dental implant, cortical bone, trabecular bone,periodontal ligament, and internal process or modelling/remodelling ofbone. The biomechanical dental system is a combination of allcharacteristics of its components.The materials used in medical devices for dental implants aremetals and their alloys. This material has a high Young’s modulus andyields stress which provides stiffness to the structure. Every materialimplant should have biocompatibility with the human bone, beresistant to corrosion, and must have high fatigue strength and fracturetoughness. The common materials for dental implants are stainlesssteel, cobalt, titanium, and pure titanium with appropriate alloys addedto increase the mechanical characteristics. Examples of this materialare palladium (Ti-0.2Pd), nickel-molybdenum (Ti-0.3Mo-0.8Ni) andaluminium and vanadium (Ti-6Al-4V). Not only will improve corrosionresistance but also with alloy addition will also increase the goodshape-ability (Elias et al. 2008; Jogaib et al. 2015; Shemtov-Yona andRittel 2015).



For components of the crown, ceramic porcelain is usually used. Thehardness of this material is very high but more brittle. The advantage ofthis material is its colour that is close to natural teeth, and hence thismaterial is more favourable to be used. Some material such as gold orzirconia is added into pure porcelain to gain the properties of porcelainmaterial. The impurity of zirconia is more favourable to be usedbecause this material has a similar colour to natural teeth and is alsostronger than gold (Wassell, Walls and Steele 2002).The main component of the implant dental system is the jawboneitself, which consists of cortical, and trabecular bone. Cortical bone isthe hardest part of bone and covers all the surface of the bone (see Fig.2.2). In the dental implant system, the cortical bone is the main supportfor sustaining the implant to be more stable. Hence, the elasticproperties/stiffness of cortical bone are a key factor affecting thebiomechanical system of dental implants. The hardness of cortical boneis different from one location to others; for example, between buccalside and lingual side is different. The buccal side is harder than thelingual side. In other words, the properties of cortical bone are nothomogenous/isotropy (O’Mahony et al. 2001).



Fig.	2.2 Anatomy of bone: cortical and trabecular pictures (modi�ied: Dent-Wiki.co http:// www. dent-wiki. com/ dental_ technology/ alveolar-bone-structure/ )Elastic properties of cortical bone are controlled by some factorssuch as hydration level, bone volume fraction, and bone mineralfraction. Increasing in bone mineral fraction of cortical bone willincrease Young’s modulus of bone. The relation between Young’smodulus and bone volume fraction and bone mineral fraction has beenreported by Wu et al. (2005).Trabecular bone is a porous material called sponge bone orcancellous bone (Fig. 2.2). Like cortical bone, the trabecular bone alsoundergoes some internal processes such as modelling and remodelling.Modelling is an adaptation process of bone to change its shape as aresponse to mechanical loading. However, in adult modelling process isless than remodelling. Remodelling is an internal process of bonerenewing and maintaining bone strength. The remodelling processincludes the absorption of old bone, and it is replaced with new bone.The mechanical properties of bone are controlled by its bone mineraland organic matrix (Clarke 2008).There is a relationship between the loading of dental implants withbone remodelling as reported and investigated by Degidi et al. (2005).They showed that bone remodelling was a signi�icant difference in theimmediate dental implant between unloaded and loaded. Loading canstimulate bone remodelling at the interface with signi�icant differencescompared with unloaded cases.The loading process on dental implants is associated with dailymastication activity. Hence, the evaluation of biomechanicals of dentalimplants cannot be isolated from this process. Loading on the top of theimplant or crown during mastication in�luences the dental implantmechanically. However, the biomechanical of the human mandibleduring masticatory is a complex process.During mastication, forces are exerted on the dental implant indifferent directions. The stresses due to these forces will be transferredinto adjacent teeth through the crown or enamel and periodontalligament. Movement between each tooth also might be generatedduring mastication which depends on the anatomical surface of theproximal contacting surface and the elastic parameter of the object. Thestresses generated with this process not only reach the neighbour teeth

http://www.dent-wiki.com/dental_technology/alveolar-bone-structure/


but also can reach the alveolar bone and make some deformation on it(Pileicikiene and Surna 2004).
2.9	 Application	of	Finite	Element	Analysis	for
Dental	Implant	AssessmentThe Finite Element Analysis (FEA) is a solution technique to solve acomplex mechanics problem by dividing it into a set of small parts(elements) which has their own simple solution (Geng et al. 2008). Inother words, FEA will solve the solution in each element instead ofsolving for the entire body and then combining each solution as asolution for the entire body. Fragmentation of the entire body into smallparts which is called as meshing is needed before running FEA. Thisprocess is called discretization. In this process also, the element andtheir respective nodes and their boundary conditions are de�ined.To solve the FEA equation, a matrix method is commonly used. Thelinear relations between displacements with forces/actions are re-arranged in the matrix form. There are several approaches to solvingthe FEA problem such as the �lexibility approach and stiffnessapproach. In the �lexibility approach, the relation between action (A)and displacement (D) is stated as follows:
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(2.2)where k is a stiffness coef�icient. Equation (2.2) is called a stiffnessapproach, where the stiffness coef�icient can be correlated directly withother elastic properties such as Young’s modulus.



Dental implants are a complex system, and the application of �initeelement analysis needs some assumptions and simpli�ications. Thoseassumptions and simpli�ications include:a. Smoothing of the object, for meshing purposes, the complexmorphology structure of the real object will be simpli�ied by thesmooth object. Therefore, the detail of the complex real objectcannot be achieved with this assumption.
 

b. Interfacing between surface contact area, because of complexity inthe contact interface such as how to get the physical properties onthe surface with the friction coef�icient and size of the space thatallowed objects to move to each other are dif�icult to de�ine. Somesimpli�ications are conducted such as interfacing between implantand jawbone is assumed coupled perfectly. It means that betweenimplant and jawbone is assumed there is no space to make someslip or friction or micro-movement, which is far from the realcondition where the space between implant and jawbone, ispossibly laminated by thin periodontal ligament (PDL)(Papavasiliou et al. 1997).

 
c. Material properties assignment, it is dif�icult to have a model withmaterial properties exactly like the real object where the propertiesof real object are non-homogenous. To simplify the problem,usually, a homogenous model of material is used. The heterogeneityand anisotropy, which represent the variation of density andportion of cortical-trabecular bone, are ignored (Chirchir 2016).

 
Because the solution of FEA resulted from a series ofapproximations and limitations, the interpretation of this needs to beaware of some factors such as the de�inition of material properties,loading schemes and time-based responses, and contact behaviours.Hence, during the interpretation of the results, the user needs to beaware of that limitation.FEA technique has been applied widely in dentistry especially tounderstand the dynamic properties of the system such as stress, strain,and micromotion of dental implants. Lin et al. (2007a) used FEA toquantify the stress and strain developed in the bony tissues and



compared the stress and strain progressions at different healing stages.They tried to investigate the effect of material properties changes onbone due to the bone remodelling process through a 3-D �inite elementmodel, which is derived from 3-D CT scanning.Based on the FEA study, many parameters of dental implants can beidenti�ied in their relationship with generated dynamic processes suchas stress and strain distribution; the geometry of the implant is knownto have an impact on biomechanical responses, and the generated in thejawbone can be identi�ied. Lin li et al. (2005) investigated the in�luenceof dental implant length and bone quality on biomechanical response inbone around implant using nonlinear FEA.Chaichanasiri et al. (2009) used FEA to investigate the in�luence ofpremature contact caused by an implant-retained crown (IRC) on stressand strain distributions in the bone surrounding the implant. Theirresult showed that the magnitude of Von Mises stresses (the criticalstress when the material is at the failure condition) in the bone changesdrastically when there is premature contact. In other words, Von Misesstress is a value used to determine if a given material will yield orfracture. It is mostly used for ductile materials, such as metals. The VonMises yield criterion states that if the Von Mises stress of a materialunder load is equal or greater than the yield limit of the same materialunder simple tension which is easy to determine experimentally, thenthe material will yield. (https:// www. simscale. com).
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torque of immediate wide-diameter implants: a �inite element analysis. Quintessence Int. 43(9),115–126 (2012)T. Bardyn, P. Gédet, W. Hallermann, P. Buchler, Prediction of dental implant torque with a fast andautomatic �inite element analysis: a pilot study. Oral Maxillofac. Radiol. 109(4), 594–603 (2010)D. Bayarchimeg, H. Namgoong, B.K. Kim, M.D. Kim, S. Kim, T. Kim, K. Koo, Evaluation of thecorrelation between insertion torque and primary stability of dental implants using a block bonetest. J. Periodontal Implant Sci. 43, 30–36 (2013)[PubMed][PubMedCentral]E1. Chaichanasiri, P. Nanakorn, W. Tharanon, J.V. Sloten, Finite element analysis of bone around adental implant supporting a crown with a premature contact. J. Med. Assoc. Thai. 10, 1336–1344(2009)P.C. Chang, W.V. Giannobile, Functional assessment of dental implant osseointegration. Int. J.Periodont. Restorat. Dent. 32(5), e147–e153 (2012)P.-C. Chang, N.P. Lang, W.V. Giannobile, Evaluation of functional dynamics during osseointegrationand regeneration associated with oral implants: a review. Clin. Oral Investigat. 16(3), 679–688(2010)H.-W. Chang, H.-L. Huang, J.-H. Yu, J.-T. Hsu, Y.-F. Li, Y.-F. Wu, Effects of orthodontic toothmovement on alveolar bone density. Clin. Oral. Investig. 16(3), 679–88 (2012)W. Chen, Y. Chen, S. Huang, C. Lin, Limitations of push-out test in bond strength measurement. J.Endod. 39(2), 283–287 (2013)[PubMed]H. Chirchir, Limited trabecular bone density heterogeneity in the human skeleton. Anatom. Res. Int.(2016)P.M. Chopra, Correlation of cone beam computerized tomography bone density with cuttingresistance values as obtained at the time of implant placement. Res. Graduat. Stud. Tex. (2010)B. Clarke, Normal bone anatomy and physiology. Clin. J. Am. Soc. Nephrol. 3, 131–139 (2008)M. Dagher, N. Mokbel, J. Gabriel, N. Naaman, Resonance frequency analysis, insertion torque, andbone to implant contact of 4 implant surface: comparison and correlation study in sheep. ImplantDentistr. 1–7 (2014)M. Degidi, A. Scarano, M. Piattelli, V. Perrotti, A. Piattelli, Bone Remodeling in immediately loadedand unloaded titanium dental implants: a histologic and histomorphometric study in humans. J.Oral Implantol. 31(1), 18–24 (2005)[PubMed]S. Digholkar, V. Naga, V. Madhav, J. Palaskar, S. Digholkar, A. Statistics, E. Alert, Methods to measurestability of dental implants. J. Dent. Allied Sci. 3(1), 17–23 (2014)C.N. Elias, J.H.C. Lima, R. Valiev, M.A. Meyers, Biomedical applications of titanium and its alloys. J.Minerals Metals Mater. Soc. (March), 46–49 (2008)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=23508040
http://www.ncbi.nlm.nih.gov/pmc/articles/PMC3596632
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=23321247
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15751384


M. Fanuscu, T. Chang, Three-dimensional morphometric analysis of human cadaver bone:microstructural data from maxilla and mandible. Clin. Oral Implants Res. 15(2), 213–218 (2004)[PubMed]F. Faot, M. Chatterjee, G.V. de Camargos, J. Duyck, K. Vandamme, Micro-CT analysis of the rodentjaw bone micro-architecture: a systematic review. Sci. Direct Bone Rep. 2, 14–24 (2015)B. Friberg, L. Sennerby, J. Roos, U. Lekholm, Identi�ication of bone quality in conjunction withinsertion of titanium implants. A pilot study in jaw autopsy specimens. Clinical	Oral	Implants
Research,	6(4), 213–9 (1995)H. Fuller, R. Fuller, R.M.R. Pereira, High resolution peripheral quantitative computed tomographyfor the assessment of morphological and mechanical bone parameters. Rev. Bras. Reumatol. 55(4),352–362 (2015)[PubMed]J. Geng, W. Yan, W. Xu, K.B.C. Tan, S. Lee, H. Xu, J. Chen, Finite element modelling in implantdentistry, in Advanced	Topics	in	Science	and	Technology	in	China (2008)D. Gupta, The	role	of	CBCT	Imaging	in	Dentistry	by.	Dentaltown	Magazine,	(March) (2016)G. Haıät, H.-L. Wang, J. Brunski, Effects of biomechanical properties of the bone-implant interfaceon dental implant stability: from in silico approaches to the patient’s mouth. Ann. Rev. Biomed.Eng. 16, 187–213 (2013)K. Heijdenrijk, Two-stage dental implants inserted in a one-stage procedure. J. Clin. Periodontol.
29(10), 901–909 (2000)J.J. Hwang, H. Park, H.G. Jeong, S.S. Han, Change in image quality according to the 3D locations of αCBCT phantom. PLoS ONE 11(4) (2016)K. Isoda, Y. Ayukawa, Y. Tsukiyama, M. Sogo, Y. Matsushita, K. Koyano, Relationship between thebone density estimated by cone-beam computed tomography and the primary stability of dentalimplants. Clin. Oral Implants Res. 23(7), 832–836 (2012)[PubMed]R.M.S. Joemai, P.W. de Bruin, W.J.H. Veldkamp, J. Geleijns, Metal artifact reduction for CT:development, implementation, and clinical comparison of a generic and a scanner-speci�ictechnique. Med. Phys. 39(January), 1125 (2012)[PubMed]D. Jogaib, C. Nelson, R. Zufarovich, Properties and performance of ultra�ine grained titanium forbiomedical applications. Mater. Res. 18(6), 1163–1175 (2015)C.B. Johansson, C.H. Han, A. Wennerberg, T. Albrektsson, A quantitative comparison of machinedcommercially pure titanium and titanium-aluminum-vanadium implants in rabbit bone. Int. J. OralMaxillof. Implants 13, 315–21 (1998)G.P. John, T.E. Joy, J. Mathew, V.R.B. Kumar, Applications of cone beam computed tomography for aprosthodontist. J. Ind. Prosthodont. Soc. 16(1), 3–7 (2016)O.H. Karatas, E. Toy, Three-dimensional imaging techniques: a literature review. Eur. J. Dentistr.

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15008933
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=25582999
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=21545533
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=22320823


8(1), 132–140 (2014)A. Katsumata, A. Hirukawa, S. Okumura, M. Naitoh, M. Fujishita, E. Ariji, R.P. Langlais, Effects ofimage artifacts on gray-value density in limited-volume cone-beam computerized tomography.Oral Surg. Oral Med. Oral Pathol. Oral Radiol. Endodontol. 104(6), 829–836 (2007)D.H.R. Kempen, L. Lu, A. Heijink, T.E. Hefferan, L.B. Creemers, A. Maran, W.J. Dhert et al., Effect oflocal sequential VEGF and BMP-2 delivery on ectopic and orthotopic bone regeneration.Biomaterials 30, 2816–2825 (2009)P.G. Khayat, H.M. Arnal, B.I. Tourbah, L. Sennerby, Clinical outcome of dental implants placed withhigh insertion torques (Up to 176Ncm). Clin. Implant Dent. Relat. Res. 15, 227–233 (2013)[PubMed]D.-G. Kim, Can dental cone beam computed tomography assess bone mineral density? J. BoneMetabol. 21(2), 117–126 (2014)U. Kini, B.N. Nandeesh, Radionuclide and Hybrid Bone Imaging, in Radionuclide	and	Hybrid	Bone
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3.4	 Procedure of Dental Impression
3.5	 Procedure of Crown Installation
3.6	 Dental Imaging and Implant Stability Measurement
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3.1	 IntroductionTo achieve all the research objectives, the clinical treatments thatinvolve dental implant patients and a series of laboratory work havebeen conducted. This research deals with in vitro and in vivo data.Therefore, ethical approval is needed before starting the research. Theethical approval was obtained from Hospital USM (Hospital USM). Allthe research activity related to the patient treatments is conducted byan oral surgeon from Hospital USM; the researcher is not involveddirectly in those clinical treatments of the patients.
3.2	 Ethical	ApprovalEthical approval for this study was obtained from the Human Researchand Ethics Committee of University Sains Malaysia (USM)[No.254.4(1.3)]. The title of the approved study was Biomechanics ofDental Implant: Three-Dimensional Bone Assessment Using Cone BeamComputer Tomography (CBCT) and Dual Energy X-Ray Absorptiometry(DEXA) from Laboratory to Clinic. However, because of theunavailability of instruments, the use of DEXA is eliminated.
3.2.1	 Study	Design



In general, this research is divided into two types of studies that are invitro and in vivo studies. The schematic of all work is shown in Fig. 3.1.

Fig.	3.1 Work�low of research consists of in vivo and in vitro studiesIn the in vivo study, data are collected in two ways: observationalperspective and longitudinal design. Observational perspective studiesare conducted to measure bone density which is associated with theosseointegration process during implant treatment of the patient, asmentioned in objective 3. In this study, 10 dental implant patients areincluded for statistical analysis purposes. The direct treatment of



dental implants, including evaluation of CBCT to assess the availabilityof implant, implant surgery, cast impression, crown installation, andevaluation post-implant, is performed by a professional at HospitalUSM using the standard procedure at Hospital USM. In this research,every patient is treated with the same implant type that is MegaGenImplant Co., Ltd., South Korea, with the size adjusted based on thepatient's conditions.Longitudinal studies are performed to investigate the relationshipbetween secondary implant stability and the quality of bone as statedin objective 2. The same samples of the patients as well as in cross-sectional study are involved. The assessment of implant stability wasconducted in three phases. The �irst assessment is conducted on thesame day as implant placement (immediately after implant surgery),and it is called stage 1. The data collection during this stage includesthe CBCT scanning and Resonance Frequency Analysis (RFA)measurement. The second stage (so-called stage 2) for the assessmentof the implant stability is performed about 3 months after implantplacement; this condition represents the preloading condition. Thethird stage of assessment (stage 3) is performed 4 months after implantplacement or 1 month after crown installation; this conditionrepresents the post-loading condition. For each stage assessment, CBCTscanning and RFA are performed to measure the density and implantstability in ISQ value. The density through CBCT measurements isperformed to monitor the remodelling and osseointegration of the bonesurrounding the implant during implant treatment.
3.2.2	 Reference	PopulationAll subjects for dental implant placement undergoing CBCT wereobtained from the Hospital USM. The inclusion criteria for implantpatient selection are age between 25 and 55 years old, willing to do theprogram, natural single tooth edentulous on mandible case, the patientwho has edentulous at molar teeth. Meanwhile, the exclusion criteriaare a smoker and a person who has no systemic disease such as heartproblems, high blood pressure, and diabetes.
3.2.3	 Sample	Size



The number of sample sizes which are included in this research isdetermined using StatsDirect statistical software V 2.7.8. In thiscalculation, the sample size is derived from the Pearson correlationbetween CBCT and RFA methods that resulted from previousresearchers. The inputs for this calculation are Power = 90%,ALPHA = 5%, RH0 = 0, Alt RH = 0.56; hence the estimated sample size is10 patients.
3.2.4	 Statistical	AnalysisThe Statistical Package of Social Science (SPSS) version 18.0 is used fordata entry and statistical analysis. Paired t-test has been used tocompare the two group measurements of pre- and post-implant usingeither CBCT or RFA. The FEA result from in vitro study has beencompared with the direct measurement of RFA using an unpaired t-test.
3.3	 Procedure	of	Implant	PlacementIn this study, the procedure of implant that is used was following theHospital USM procedure by using a two-stage implantation technique.On the day of surgery, the patient is administered topical and localanaesthesia followed by implant surgery and implant installation. Fordental implant placement, the dental submerged; this placement ofimplant the sub-merger type where healing screw would close (suture)resorbable about 3 mm. The illustrations of implant placement formolar edentulous are shown in Fig. 3.2.

Fig.	3.2 a Loss of the molar tooth, b placement implant insertions, and c torquingwrench/screwdriver instrument is being used to tighten the implant



The next step during implant insertion is healing screw placement.The healing screw is placed to protect the exposed portion of the dentalimplant; hence, it can seal the internal part of the dental from the oralenvironment. The gum tissue then is sutured to cover the area of theimplant and healing screw or cap. The healing screw, condition afterhealing screw insertion, and suture condition are shown in Fig. 3.3.

Fig.	3.3 a Healing screw, b condition after insertion of the healing screw, and c condition aftersutureAfter 3 months, the patient is called to remove the healing screwand replacement with a gingival former screw. The impression thatconsists of the step removing the gingival former screw was performedafter 1 week from placement, and it was replaced by transfers copingand proceed impression with polyvinyl siloxane (PVS). The transferredcoping screw together with the impression tray is sent to a lab forcrown construction and healing screw replacement at the implant site(Fig. 3.4).



Fig.	3.4 a Suture after implant placement, and b after 3 months, replacement healing screw andplacement of the gingival former screwFinally, then the implant is loaded immediately with a temporaryscrew-retained crown. The screw retain was used to make it easier forRFA measurement purposes after 1 month of crown placement.
3.4	 Procedure	of	Dental	ImpressionThe dental impression is taken 1 week after placement gingival screwformer and unscrews the gingival screw for these purposes. Then thetransfer coping is placed to replace the gingival screw. The dentalimpression was started by inserting the tray that was �illed withalginate to cast the maxilla side and the patient was asked to holdhis/her tooth several times until the material became a gel. Thecondition of the implant after removing the gingival and after replacedby transfer coping is shown in Fig. 3.5



Fig.	3.5 a Condition of implant 1 week after placement gingival former screw, unscrew thegingival screw for placement the transfers coping into the implant, and b transfers coping withscrew partly intrudedAfter the tray for maxilla is �inished and taken out it from mouth,the new tray for casting of mandible is inserted. The examic material issprayed into the tray until it covered the whole space on the implantand surrounding implant. After the material becomes solid, the tray istaken out from the mouth, the transfers coping is put back, and it isplaced into the mandible tray. The healing screw again is placed back tocover the implant. Illustration for maxilla casting and tray for themandible that ready to be sent for next steps, and implant conditionafter installed back the healing screw cast is shown in Fig. 3.6.



Fig.	3.6 a Dental impression will be used later when the dentist is ready to make the crown, bimpression of the lower teeth with the transfers coping in place is now sent to the lab, and cscrewing the healing cap back on to the implant for two weeksAll those trays are sent to the laboratory for crown fabrication. Inthe laboratory, crown fabrication started by �illing the tray withmoulded material to cast the maxilla and mandible teeth. In the siteimplant target was covered by plastic to simulate the gum tissue and tomake it easier the remove the abutment after the crown fabrication.The next step is abutment installation on-site implant; the abutment iscut to make the length of the abutment and is same as an availablespace during biting conditions at this location. The mandibular model iscut and also follows the space available in the area between the teeth,and then the crown material is �illed in the implant location to cast theedentulous crown. This crown model is trimmed following themorphology of the tooth then furnished and polished to make it moreresemble the natural tooth. The abutment before and after cuttinginstalled in the cast impression tray and crown cast is shown in Fig. 3.7.

Fig.	3.7 Crown will be ready in 2 weeks. Before that crown installed into patient, the �inishing,re�inement, and repositioning with maxillaries and mandibular teeth are performedThe crown will be ready in 2 weeks. Before that crown is installedinto a patient, the �inishing, re�inement, and repositioning withmaxillaries and mandibular teeth are performed.
3.5	 Procedure	of	Crown	Installation



After �inishing the polishing and testing repositioning with themaxillaries and mandibular teeth model, the crown and abutment werelifted out from the tray cast impression model. The abutment andcrown were ready to be installed into the patient, and the patient wascalled for crown installation (Fig. 3.8).

Fig.	3.8 a Abutment and b crown ready for installationIn the crown installation stage, the �irst step is unscrewing thehealing cap from the implant and placing the abutment in the implant.The abutment is tightened until the maximum interlocking is achieved.The illustration of this step for unscrewing the healing cap andabutment installed is shown in Fig. 3.9.



Fig.	3.9 a Unscrewing the healing cap from the implant and b installed abutment into the implantAfter the abutment is installed properly in the implant, the next stepis inserting the crown into the abutment. Before installation, someepoxy/glue was �illed into the crown to make better interlockingbetween crowns with abutment. Finally, the last step in implanttreatment is cementation of the surface of the crown to close theopened crown surface. The installed crown and after-cementation stepare shown in Fig. 3.10. Then the patient asked to be scanned usingCBCT for monitoring purposes (stage 3). Implant stability at post-crown condition is measured one month after crown installation.



Fig.	3.10 a After the crown is installed into the abutment and b after cementation of the crown asthe �inal stage of implant treatment
3.6	 Dental	Imaging	and	Implant	Stability
MeasurementThe dental imaging during treatment is performed by using CBCTperiodically following the stage of implant treatment. During the periodof monitoring, not only CBCT scanning was performed but also theimplant stability measurement. The implant stability was measured byusing RFA. The schedule for CBCT scanning and RFA measurementduring implant treatment is shown in Table 3.1.
Table	3.1 Evaluation measurement schedule during implant placement
Scanning Pre-scanning Stage	1 Stage	2 Stage	2

RFA
scanning
CBCT
scanning

1 week before Implant(without RFA) Immediateafter implant 3 monthsafter implant 4 months after implant (1month post-crown)
Fourteen patients (eight males and six females, aged from 25 to 55years) were involved, and they were scanned using CBCT (Promax 3-D,Planmeca, Finland). To maintain the same parameters for every patienton each stage of monitoring, the parameter scanning that consists ofvoltage, current, resolution, �ield of view (FOV), and patient’s position iskept the same. Hence, those external factors were assumed not to affectthe bone density measurements obtained from the CBCT images.The position of patients during CBCT scanning was kept in astanding position with the head upright and positioned so that theintersection lines were straight horizontally and vertically through thecentre of the region of interest. For all patients, CBCT images weretaken with the following parameters: 84 kVp, 8 mA, 320-μm voxelresolution, and FOV 16 cm. All the recorded images are saved in themachine, and they will be transferred into MIMICS software for densityestimation and further processing steps.

3.6.1	 Validation	of	CBCT	Scanning	on	Phantom



Density estimation from CBCT is one issue that wants to be investigatedthrough this research. Hence the validation of CBCT is necessary thatwe need to do �irst. The CBCT validation was performed by using aknown-density object. In this research, an object (ATOM Max Dental &Diagnostic Head Phantom, Model 711–HN, CIRS, Nederland) has beenused. The density of this phantom is close to realistic human tissuesand geometry. The energy of the CBCT was set to 50 keV–25 MeV. Themodel and scanning position of this model using CBCT scanning areshown in Fig. 3.11.

Fig.	3.11 a Model 711-HN and b the position on the CBCT scanningThe material of Model 711-HN provides the physical of the malehuman head, and the size and structure represent the general conditionof a male human head. The component of this model includes: theanthropomorphic anatomy including brain, bone, larynx, trachea, sinus,nasal cavities, and teeth. In this model, the bone is provided in bothcortical and trabecular models. The structure of the dental system isrepresented in detail including dentine, enamel, and root structure



including the nerve. The densities of each element of this model areprovided by the vendor, and it was provided in g/cc. The detail of thedensity of each element in this model is provided in Table 3.2.
Table	3.2 Density and material of elements of CIRS Model 711-HN
Description Percentage	by	weight

C O H N Ca Mg Cl Others Density,
g/cc

Soft	tissue	(blue) 64.36 20.57 9.07 6.00 0 0 0 0 1.103
Cortical	bone 25.37 35.28 3.3 0.91 22.91 3.36 0.03 P (8.82) 1.91
Trabecular	bone 54.84 25.28 7.46 1.3 8.84 2.12 0.11 0 1.197
Spinal	disc 45.76 31.06 6.71 1.88 0 14.36 0.21 0 1.13
Spinal	cord 56.21 24.78 8.46 1.53 0.25 8.41 0.18 P (0.12) 1.061
Brain	tissue
(average)

53.6 26.49 8.16 1.53 0 9.98 0.19 0 1.07
Tooth	enamel 21.81 34.02 2.77 0.82 26.6 0 0.03 P (12.33) 2.04
Tooth	dentin 35.35 29.41 4.51 1.23 19.84 0 0.04 S (0.31), Ba(1.31) 1.66
Sinus	cavities	(lung
inhale)

65.89 19.26 8.59 3.52 1.01 0 1.69 P (12.33), S(0.31), Ba(0.33) 0.205
Phantom is scanned �ive times with slice size 250 × 250 withincrement of 0.320 mm and pixel size is 0.320 mm, �ield of view (FOV)is 8 cm, gantry tilt is 0.000, and number of slices is 250. The energy ofCBCT was set to 90 KV, 122.99 mAs. The examples of CBCT scanningresults at the target area are presented in Fig. 3.12.



Fig.	3.12 CBCT scanning result of phantom 711-HN model and its density measurement onMIMICS software at 8 mm level (apically) from CEJFor each CBCT scanning, the densities are measured in the samelocation. The obtained HU value from CBCT is plotted against actualdensity to get the relation between HU and density in gr/cc. Thisrelationship is useful to estimate the density in gr/cc from CBCT whichis measured in HU.
3.6.2	 Validation	of	CBCT	Scanning	Using	CT	ScanningThe application of CT scanning for dental imaging has been widelypractised in clinics; the grey value of CT image is associated with thedensity of the object. Objects with high density will appear as a highintensity, and inversely the object with low density will be identi�ied aslow intensity or even dark. The space of infection can be identi�ied as adark area. Because CT is an established technology for dental imaging,it is important to validate CBCT scanning with CT in terms of accuracyin determining density.For this purpose, a model phantom (CIRS Model 711-HN) that wasused in the CBCT scanning was scanned also with a CT machine. Incomparison with CBCT scanning, CT scanning is varied with differentangles as same as CBCT scanning. The phantom was scanned at 0°, 15°,



and 30°. The positions of the phantom during scanning with differentangles are shown in Fig. 3.13.

Fig.	3.13 CT scanning of phantom with different angles: a 0°, b 15°, and c 30°
3.6.3	 Measurement	of	Bone	Density	Using	MIMICS
SoftwareThe CBCT data that were stored in the database of the CBCT machinewere retrieved into DICOM format and loaded into MIMICS software forbone evaluation purposes and further processing. During loading intoMIMICS software, the coordinate system of image scanning is checkedto make sure that the loading process does not change the coordinatesystem during the transformation.The density measurements are conducted on MIMICS software byusing density measurement tools. Bone density is estimated in twodifferent point locations: buccal and palatal sides. Each densitymeasurement location is evaluated at a different level measured fromthe cementoenamel junction (CEJ). For monitoring during treatment,density for each patient was measured at an 8 mm level from CEJ at thebuccal and palatal side and it was measured for every stage ofmonitoring. Meanwhile, for repeatability study purposes, the densitywas evaluated at 6, 8, and 12 mm measured from CEJ.
3.6.4	 Measurement	Implant	Stability	Using	Resonance
Frequency	Analysis



Implant stability which mechanically represents how well that implanttightened into the dental system was measured using a ResonanceFrequency Analysis (RFA) instrument. The RFA device used is (Osstell,Integration Diagnostic AB, Gȍteborg, Sweden) with the SmartPegabutment (Integration Diagnostic AB). Measurement of the implantstability using this instrument follows the protocol of Barewal et al.(2003) and Bischof et al. (2004) In this procedure, the SmartPegs weremounted on the implants and tightened by hand with a screw. Thetransducer was directly connected perpendicular to the implant asrecommended by the manufacturer. The illustration of implantmeasurement using an RFA instrument is shown in Fig. 3.14.

Fig.	3.14 a Implant with a SmartPeg to measure stability implant using RFA and b measurementof RFA from the buccal and lingual sideMeasurements were taken twice in each direction: in thebuccolingual direction from the buccal side and the lingual directionfrom the mesial side (Guler et al. 2013). RFA values were representedby a quantitative unit called the implant stability quotient (ISQ) on ascale from 1 to 100. The results were expressed in ISQ and averagedfrom all measurements for each implant.



Implant stability was measured three times for each patient, and theRFA measurement during implant treatment was taken following theschedule mentioned in Table 3.1. The RFA measurements areperformed by researchers under the supervision of a Hospital USMspecialist.This measurement principle represents the loading process but on avery small scale of the force. A �ixed lateral force is applied to theimplant by a transducer, and its displacement is measured in terms ofresonance frequency which is recorded back by a transducer. Thismethod has proven useful for dental implants in research and clinicalapplications (Katsavrias 2009).
3.7	 Finite	Element	Analysis	(FEA)	Study
PreparationA Finite Element Analysis (FEA) study is conducted to investigate theeffect of loading numerically on dental implants and surrounding areas.Finite Element Analysis is performed by using ANSYS 14.0 softwarewith the input being the object of the model prepared on MIMICSsoftware and 3-matic software. The details of the scope of this FEAstudy will be explained in the next sub-chapter.
3.7.1	 FEA	Work�lowTo perform Finite Element Analysis, some preparation steps areneeded. Those steps are segmentation of the geometry of the object,meshing, material properties completion, simulation and analysis of theresult. The work�low of steps is presented in Fig. 3.15.



Fig.	3.15 Work�low of FEA studyIn this research, the FEA was focused on a mandible jawbone-dentalimplant system that consists of an implant, crown, two neighbours’teeth and mandible bone which consists of cortical and trabecular. Thebone of the mandible is assumed to consist of a cortical (outer part),and the rest is a trabecular (inner part). Segmentation of this bulkmandible model is performed on MIMICS software to construct all ofeach component. The illustration of the segmentation process is shownin Fig. 3.16.



Fig.	3.16 Process of segmentation from CBCT data to construct 3-D objectsMIMICS software version 17.0, manufactured by Materialize NVTechnologielaan 15 BE-3001 Leuven, was used in segmentation. Thesegmentation steps are started by separating the hard tissue from thesoft tissue using the threshold technique on HU of CBCT data. The cut-off HU for this separation is determined case by case; it was not thesame from patient to patient. After hard tissue separated from softtissue (Fig. 3.16a), the region of interest (ROI) is cropped to get only anarea around the implant (Fig. 3.16b). On this bulk of ROI, every elementthat consists of two neighbour teeth, bone, implant, and crown wassegmented using the Boolean operation technique (Fig. 3.16c–d). In the�inal stage, wrapping and smoothing are performed to get a smoothsurface and closed volume for each of the objects. The meshing of theobject was performed using 3-Matic software, which is part of theMIMICS software
3.7.2	 Material	Assignment	and	Boundary	Conditions



The next step after volume meshing is a material assignment step. Allthe elements in this model are regarded as homogeneous, isotropic, andlinearly elastic materials (Hollister et al. 1992). The mechanicalproperties value required for material assignment on FEA study includedensity (ρ), Poisson’s ratio (ν), and Young’s modulus (E) of eachcomponent and are adopted from published data. Those parametersare summarized in Table 3.3.
Table	3.3 Material properties for material assignment during FEA study Density	(gr/cc) Young	modulus,	E	(GPa) Poisson’s	ratio

Bone
Cortical

2.17 13.7 0.3
Teeth 2.9 50 0.33
Implant	(titanium) 4.51 105 0.37
Porcelain	prosthesis 6.05 70 0.19Boundary conditions in the interface between implant and bonewere regarded as frictional with a certain friction coef�icient adjusted.The rest, the contact between teeth and bone, and trabecular-corticalare regarded as bonded contact. The objective of this FEA study is tofocus on the area surrounding the implant, including the area in thebody implant, the bone surrounding the implant, and the neighbourtooth. The position and direction are referred to as a Cartesian system,
X, Y, and Z coordinates. All the loading simulations which arerepresented by a given force are measured in the X, Y, and Zcoordinates.
3.7.3	 FEA	SimulationsFEA simulations are conducted to investigate the relationship betweenloading processes in different conditions: pre- and post-crownconditions with stress distribution and micromotion of implant andneighbour tooth. The simulation consists of vertical loading, horizontalloading, and torque to represent the removal torque that might begenerated during regular mastication. Types of loading are shown inFig. 3.17.



Fig.	3.17 Simulation of different loading: a vertical loading, a horizontal loading, and c. Removaltorque, at pre-crown and post-crown conditions. Arrows show a force/torque location



In the vertical force simulation, a 200 N of force has been applied inthe vertical direction. This simulation can be used to assess the stressdistribution and micro motion that might be generated due to verticalforce in the area surrounding the implant and neighbour teeth. Thestress distribution and micro motion will be correlated with otherproperties of the implant site such as bone quality and quantity, thegeometry of available space of the implant site and the height andwidth of the mandible.In the horizontal force simulation, 200 N of horizontal force alsowas used same as vertical force simulation. However, the direction offorce is different. In the horizontal simulation, force is directed in thehorizontal direction from inside to outside of the mandible. Thissimulation is performed to estimate the healing capabilities within thebone-implant interface (Brunski et al. 2000). Even practically this test isdestructive, and it is not practised in the clinical; however, studyingnumerically through FEA, the horizontal test also can show the abilityand behaviour of the system in terms of stress distribution and micromotion because of loading process such as masticatory process andother unpredicted processes.Removal torque simulation is conducted to investigate the torsionalforce necessary for unscrewing the implant (Johansson et al. 1998). Inthe clinic, the removal torque can be estimated and recorded using atorque manometer during implant insertion when the implant istightened. The removal torque is a destructive test; hence it is notrecommended to be applied practically in the clinic. However, the studynumerically about this technique can give us information about howthe resistance of the dental system to the shear force. In somereferences, the resistance of the implant on the removal torque also canbe used as primary implant stability (O’Sullivan et al. 2000). The torquethat was used for this simulation is about 200 Nm (Fig. 3.17c).
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4.1	 Accuracy	and	Repeatability	AssessmentThere is no doubt about the spatial accuracy of CBCT. During a clinicalapplication, the spatial accuracy of CBCT is in the range of half amillimetre (Brullmann and Schulze 2015). However, the accuracy ofCBCT in estimating the density is still questionable; hence, someexperiment/testing to justify this accuracy is still needed. In thefollowing, subchapter will be explained the experiment on the accuracyand repeatability of CBCT measurement in estimating the density.Because of some reason, the position of the �irst and the nextscanning cannot be maintained exactly. In this case, the different anglescanning might happen between two different scannings. Hence, it isimportant to know the effect of different angles on CBCT scanning, theresponse of the Houns�ield unit (HU) on different angles that mightresult during the repetition of scanning needs to be tested.To evaluate the effect of different angles on HU values, a jawphantom was scanned with three different angles: 0°, 15°, and 30°. As areference, a CT scanning with similar angles is conducted on thatphantom. This method allowed us to obtain comparable images of thesame region of interest between CT and CBCT, and also it canunderstand the sensitivity of both techniques regarding the issue ondifferent angle scanning.To analyse the sensitivity of CBCT on different angle scanning, theprotocol employed in this in vitro study consisted of an integratedsequence that involved several steps.Statistical analysis to measure the difference from each anglescanning is performed by using SPSS software. The statisticaldescription of each Houns�ield measurement consists of mean andstandard deviation that are calculated using a t-test method. Thecon�idence level was set to 95%. The quantitative data of each groupare described with mean values and standard deviation (Table 4.1), andthe differences in the density in HU are described in Table 4.2. (GroupA1 vs. B1, Group A2 vs. B2, Group A3 vs. B3).
Table	4.1 Descriptive statistics: mean, standarddeviation, and minimum and maximum of bonedensity values, de�ined as grey density values (VV)



Group Mean Maximum Minimum SDGroup Mean Maximum Minimum SD

A1 720.27 1160.78 298.89 276.40
A2 875.90 1525.22 487 312.62
A3 833.40 1293.91 557.11 230.94
B1 1086.29 1483.44 698.44 187.63
B2 1001.80 1309.78 609.67 175.50
B3 1071.19 1379.89 652.33 178.83
Table	4.2 Signi�icance difference of each group
Group Signi�icant Difference	between	means Standard	error

A1–A2 0.030* 155.63 45.81
A1–A3 0.206 113.13 45.39
B1–B2 0.091 84.49 85.02
B1–B3 0.532 15.09 73.23

* Statistically signi�icant (p ≤ 0.05)
4.2	 Repeatability	Measurement	of	Bone
Density	Using	MIMICS	SoftwareBone density estimation which is based on HU of CBCT data isestimated by using MIMICS software. In this software, there are twomethods available for density measurement: 2-D and 3-D tools.However, there is no literature review found that reported therepeatability of this measurement. Hence, before this method is appliedfor further analysis, the repeatability of the measurement of thesemethods needs to be tested. In this research, both available tools onMIMICS software are tested.The error study has been conducted to test the repeatability ofdensity measurement by involving 30 dental implant patients. On eachCBCT of the patient, the 2-D and 3-D methods are used to estimate bonedensity. A 2-D method measurement is conducted with the steps:cementoenamel junction (CEJ) level determinations, de�ining thelocation of the target of measurement (8 mm from CEJ level), then



creating the circle area and software calculating the density in the circleautomatically. In the 3-D method, the steps were: threshold,segmentation of ROI, Boolean operation, and cropping mask. Thedensity was calculated as the HU average of 3-D object obtained fromthe cropped mask. In every patient’s data, only 3 locations are selectedfor measurement. These locations are selected either from: Incisor 1,Incisor 2, Canine, Premolar 1, Premolar 2, Molar 1, Molar 2, or Molar 3of the mandible or maxilla. The point of measurement is located 8 mmfrom the CEJ level measured twice to reduce the error due to theinaccurate measurement. The results are an average of twomeasurements at the same location of measurement for eachmeasurement; the HU is measured using the 2-D and 3-D methods. Thetotal points of locations were eighty-eight (88) points, while themeasurement results graphically are shown in Fig. 4.1.



Fig.	4.1 Measured density in HU from CBCT data using a 2-D method and b 3-D methodThe differences between measurement 1 and measurement 2 areanalysed by using ANOVA in Microsoft Excel. To avoid bias in the resultdue to different methods (2-D and 3-D methods), the differences inmeasurement between 2-D and 3-D methods in every pointmeasurement are calculated.In both methods, the con�idence levels were set to 95%. Thestatistical analysis result is shown in Table 4.3.



Table	4.3 Repeatability and signi�icantdifference between measurement 1 andmeasurement 2 in 2-D and 3-D methods
Method Repeatability	(%) p-value

2-D 99.05 8.66E−78
3-D 94.46 9.21E−38
4.3	 Validation	Density	Measurement	of	CBCT
Using	PhantomThe purposes of this study are to measure the accuracy and to validatethe density measurement from CBCT data. A jaw phantom withdensities of anatomical parts is known to have been scanned �ive timesby using a CBCT machine. During scanning, the position of the phantomis aligned in the patient scanning position; hence, the effect of differentangle scanning is avoided, and it can be neglected. All the CBCT datathen is loaded into MIMICS software for density measurement. Thepositions of measurements were located at the anatomical parts wherethe densities are known.The quality of CBCT data is good and can represent the in vivo data;it is because the material of the phantom made as close to the density ofthe human jaw system. The main tissue such as the cortical, enamel,jawbone, and trabecular of the phantom has a density which is similarto the density of each human tissue. Weak artefacts as an effect ofscattering due to hard objects still appear in the image. The differenceis only in the cortical thickness of the phantom. The cortical thicknessof the phantom is thinner compared with the human jaw. Examples ofdensity measurement on MIMICS software are shown in Fig. 4.2.



Fig.	4.2 Density measurement of phantom on CBCT data at: a cortical bone and b enamelObtained density from CBCT data then is plotted against truedensity. The �itting curves were estimated with linear and logarithmicapproximation as shown in Fig. 4.3.



Fig.	4.3 Relation between true density and greyscale of CBCT of the phantom a linear regression,
b logarithmic regression



The �itting curve equation for the relation between greyscale ofCBCT as an independent variable (x) and density as the dependentvariable (density) are:
Density(g/ cc) = 0.0005x+ 0.5171 (4.1)

Density(g/ cc) = 0.8564 ln (x) − 4.8686. (4.2)The coef�icient correlation (R) for the linear and logarithmic modelsare R2 = 0.7707 and R2 = 0.9535, respectively.In this test, the machine that was used for the scanning wasPlanmeca with the energy of the X-ray was 84 kV 168.70 mAs. Theresult could be different from other researchers who used differentmachine speci�ications. Fang et al. (2006) reported that the relationshipbetween density and HU obtained from the NewTom CBCT machine islinear. However, the location of the object during CBCT scanning usingthe NewTom CBCT machine does not affect the HU signi�icantly(Lagrave et al., 2008).
4.4	 Justi�ication	of	Density	Measurement
Using	CT	ScanningTo compare the CBCT reading with CT, the same object was scanned byusing a CT machine. The data collection procedure and processing of CTare similar to CBCT explained in the earlier subchapter. The differenceis only in the use of the source. The CT scanning used a GE MedicalSystem CT machine with the energy of an X-ray set to 80 kV 30.94 mAs.Density measurements on CT images are performed in the locationas CBCT. There are eight measurement locations located in theanatomical part where the density is known. Measured density in HU ofCT and the true density of different anatomical parts are presented inTable 4.4
Table	4.4 Measured density based on CT data and truedensity of the object
No Anatomy Density	(g/cc) Density	(HU)



No Anatomy Density	(g/cc) Density	(HU)

1 Soft tissue 1.103 1052.51
2 Cortical bone 1.91 2098.09
3 Trabecular bone 1.197 1442
4 Tooth enamel 2.04 3950.29
5 Tooth dentin 1.66 2508.73
6 Sinus cavity 0.205 470.48
7 Spinal cord 1.061 1056.78
8 Spinal disc 1.13 1085.23The correlation between true density and HU of CT is approximatedwith linear and logarithmic approximation as shown in Fig. 4.4.





Fig.	4.4 Curve estimation of density—HU relation from CT scanning: a linear and b logarithmicFrom this measurement, the density of the object can be correlatedwith the HU of the CT with the formula:
Density(g/ cc) = 0.0005x+ 0.5079 (4.3)Or:

Density(g/ cc) = 0.8634 ln (x) − 4.9815. (4.4)A linear and logarithmic approximation in Eq. (4.3) has coef�icientcorrelation R2 = 0.759 and R2 = 0.9362, respectively.The direct correlation between greyscale of CBCT and CT can beobtained from the cross-plot as shown in Fig. 4.5.Paired t-tests have been applied to these datasets to measure thesigni�icant differences among them. The mean difference between CBCTand CT reading is about 110.88 where the CT reading is higher thanCBCT. The difference is not signi�icant statistically (p > 0.05). Thereading of CBCT is lower than CT; in this result, the differences rangefrom 33 to 189 HU. Statistically, the readings of CBCT and CT aredifferent signi�icantly (p < 0.05).
4.5	 DiscussionIn the same anatomy, the density of the phantom is homogenous. Thedifferent HU readings in different scanning will represent a readingerror of HU directly. The results show that in the same location, thedensity of the phantom is detected differently on each different anglescanning either on CBCT or CT. In the 0°, 15°, and 30° of CT scanning,the HU is not too much different compared with CBCT. The difference inHU is not linear with the changes on angle scanning. The different anglescanning will give some difference on the positioning of certain part ofthe object measured from the source of X-ray. It shows that CBCTscanning is more sensitive to the position of the object compared withCT.



The difference on the sensitivity of CBCT and CT scanning regardingthe different angle scanning can be understood from the acquisitioncon�iguration of both methods (Fig. 4.6a). The basic difference is thatthe CBCT is using a cone beam source; meanwhile, the CT is using a fanbeam source. The different type of source will be responsible to theerror resulted by misalignment of scanning. For example, if the object islocated at point A in the �irst scanning. Then in the next scanning, thatobject underwent a rotation with a different angle θ withouttranslation. That object from the �irst position at point A (in the �irstscanning) will be projected into a new position at A′ (in the secondscanning). The difference distance from the object to the sourcebetween the two scans is r × θ. Not only the HU, which is captured inthe detector, this difference distance also will affect the shape ofresulted image.

Fig.	4.5 Cross-plot between greyscale of CBCT and HU of CT



Fig.	4.6 Difference between CT and CBCT: a con�iguration of fan beam (left) and cone beamsource (right) and b effect of misalignment on CT (left) and CBCT (right)Unlike CT scanning, the different angle scanning on CBCT is morecomplex because of the source type. In the CBCT, rotation on the objectwill produce an error in all directions, including the x and y positions.This different angle on CBCT at least triggers the errors in vertical shift,horizontal transversal shift from the central ray and horizontallongitudinal shift along the central ray direction. These three deviations



can produce not only the reading of HU on the plane detector projectionbut also cause an error in the reconstruction of shape. In this case, the
X-ray of CBCT will be scattered stronger than CT; hence, the artefact onCBCT can be triggered more strongly than CT.The error due to misalignment on CT and CBCT scanning has beentried to be compensated. Yi Sun [12] suggests that this error should bereduced before image reconstruction. Not only the error in the value ofHU, but the different angle scanning also affect the shape of imageprojection as reported by Ford et al. In our investigation, the resultshowed that HU in the CBCT and the CT resulted by using threedifferent angles (0°, 15°, 30°) scanning produced the error in HUreading, but there are no comparable reports in the literature.CBCT is a technique widely used in oral and maxillofacial surgery,especially for bone density and site of implant assessment. However,because of some limitations of the CBCT technique, the interpretationof this method needs to be done carefully. Some efforts to maintain thesame position during CBCT scanning in the series of monitoring need tobe highly considered. Hence the error due to misalignment/positioningduring scanning can be minimized.CBCT is a relevant radiographic diagnostic tool for monitoringdental implant treatment because this method can offer additionalinformation on periodontal progression and disease which is dif�icult toobtain by other clinical methods such as probing depth measurements.However, some limitations on it including the quality of an instrument,instrument calibration, the technical aspect during data collection, andthe limitations of the methods that are used also need to be consideredto avoid miss diagnostics.The repeatability and radiographic accuracy of CBCT have beentested by some authors. Gelaude et.al. (2016) tested the accuracy ofCBCT in determining the distances between facial landmarks usingMIMICS software. Their results showed that the 3-D surface accuracy ofCBCT scans segmented with Mimics software is high. However, there isno literature on the repeatability measurements of density estimationusing the same technique. As a comparison, Kim et al. (2017) used 3-Dsoftware to measure the repeatability of CBCT in de�ining the size of themandibular arch. Their result demonstrated that the CBCTmeasurements are stable.



Uncertainty can arise when the exact area selection cannot beachieved the same. Some dif�iculties in de�ining the location of thesamples as matching as previous will contribute to the error inrepeatability results. It is because the CBCT has high lateral resolution;the different locations will associate with different anatomy, and hencethe density will be shown differently. In both methods, either 2-D or 3-D method, the density is calculated as an average value of HU of theselected area. The selection either on the 2-D or 3-D method isperformed manually; hence, the error in the repeatability will becontributed by this factor. Another problem that might contribute to theerror is like poor identi�ication of anatomical landmarks such as CEJ asa reference in determining the level of measurement location.The difference between measurement 1 and measurement 2 in bothmethods is not signi�icant statistically (p ≥ 0.05). However, the densitymeasurement by utilizing the 2-D method produced a mean difference(mean different = 1.55 HU, p = 0.66) lesser than the 3-D method (meandifferent = 5.35, p = 0.15). Understandably, the error is due to themissing position in the 3-D method bigger than in the 2-D method.Hence, to avoid more errors due to repeatability measurement, a 2-Dmethod is used for further analysis in this research.The essential assessment of using CBCT data is to evaluate thequality of bone in terms of bone density which is predicted to have agood correlation with the success rate of dental implants. A CBCTscanning can provide the HU which can be related to the density oftissue. However, the true density in gr/cc of the object is questionableto be predicted from the CBCT data. To answer this uncertainty, thevalidation of CBCT scanning in determining the density has beenconducted.Before analysing the bone density changes during implanttreatment, the accuracies of the instrumentation and measurements ofdensity measurement needed to be validated. In this research, aphantom that consists of several kinds of materials: pure water,aluminium, dental composite resin, high-density acrylic, and dentalutility wax with speci�ic densities was used to validate the consistencyof CBCT scanning in determining the density. The HU at a given locationthat the true density of that anatomical part is known is measured. The



measurement is located at: soft tissue, cortical bone, trabecular bone,tooth enamel, tooth dentin, sinus cavity, spinal cord, and spinal disc.The obtained results show that the density measured in greyscalefrom CBCT correlates with the density of the object. The true density ing/cc can be approximated by the HU of CBCT. The coef�icientcorrelation (R) of a linear regression approximation is 0.77, while thelogarithmic approximation is 0.95. This value shows that the estimationof density from HU of CBCT is reliable enough. However, theimprecision between HU of CBCT with true density may be attributedto some factors such as the characteristic of CBCT that can generate thescattering on the hard tissue especially when the cone angle is widened,miss-position of the measurement and artefact due to a combination ofscattered radiation and beam hardening. Even the validation ofphantom studies is questionable, but because this phantom canreplicate the human jaw; hence, clinical conditions such as generatedartefacts also can be accommodated. This study can give the evidencethat HU obtained from CBCT is linear with density; however, thecorrelation coef�icient is still low (0.77). Better density estimation fromHU of CBCT can be optimized by using logarithmic relation which givesa higher correlation coef�icient (0.95). By using this equation asformulated in Eq. (4.2), the HU of CBCT can be transformed into truedensity in the g/cc unit. More sample measurement/validation is stillneeded to improve the correlation between HU readings with the truedensity.Pauwels et al. (2013) investigated the variability of the grey value ofCBCT for density estimation and compared it with the multislice CT(MSCT). Their results showed that CBCT and MSCT have correlationcoef�icients which are generally high; most CBCT protocols showed anexcellent linear �it between the CBCT and MSCT grey values. However,they suggested that the density prediction cannot be solely based onMSCT.In this research, a comparison between CT and CBCT scanning hasbeen conducted to investigate the reliability of CBCT as a tool for bonedensity estimation. By using the same object with the same protocol,the comparison between CT and CBCT scanning is possible to be done.Same as CBCT, the CT scanning also gives a good correlation betweenHU with the true density. The linear and logarithmic approximation has



signi�icant difference; the coef�icient correlation of linear regression is0.78 and logarithmic regression is 0.94. It shows us that the logarithmicapproximation is better for density estimation from HU of CT. Thismeans that the true density of bone should be calculated using alogarithmic formulation rather than linear regression.Compared with CBCT, the CT reading is a bit higher than CBCT witha mean difference of about 110.88 HU with a standard error mean of32.94. The difference between CBCT reading with CT is statisticallysigni�icant (p = 0.012 at con�idence level = 95%). The result showed thatthe use of CBCT for density prediction on the jawbone is as acceptableas the CT method, but the reading from CBCT bit lower than CT.
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One of the factors that determine the success of dental implanttreatment is bone quality and quantity of patients. Therefore,evaluation of the bone quantity and quality as important prerequisitesof predictable implant success (Song et al. 2009). The main objective ofthis study is to evaluate the bone quality (density) and quantity(volume) of dental implant patients during implant treatment based onCBCT data.To understand the behaviour of bone quality and quantity duringimplant treatment, this study involved ten dental implant patientsconsisting of 5 males and 5 females with a range of age from 25 to55 years old. All the patients had in suf�icient level of oral hygiene;there is no infection was reported during the period of treatment, andeach patient was treated with the (MegaGen Implant Co., Ltd., SouthKorea) for replacing one of the edentulous molar teeth on the mandible.The dental implant treatments were performed by specialists in USMhospital.
5.2	 Bone	Density	Evaluation	of	Pre-	and	Post-
CrownEvaluations of density during dental implant treatment are performedin three stages. Stage 1 is performed by scanning the patient on thesame day after implant placement. This condition is referred to as theinitial condition where the primary implant is measured and bonemechanism as a response of implant insertion is still not started yet.Stage 2 is performed about 3 months after implant placement. In thisstage, the crown has been installed and measurements are performedon the same day with the crown installation. The scanning is performedto measure the secondary implant stability and investigate theresponse of the jaw on implant insertion in terms of density changes.Here, it is assumed that the bone mechanism has been started. Stage 3is taken 4 months after implant placement or 1 month after crowninstallation; this stage is conducted to measure the implant stabilityafter loading and bone density changes as a progress after the implantunderwent a loading due to crown installation and external loading dueto regular mastication.



In every stage, bone density is estimated based on CBCT data. TheCBCT machine (Promax 3-D, Planmeca, Finland) was used to monitorthe density of the jawbone. For all patients, the CBCT machine was setwith the voltage, current, resolution, and �ield of view (FOV) as thesame in every stage measurement. The CBCT parameters are 84 kVp,8 mA, 320-μm voxel resolution, and FOV of 16 cm.To minimize the effects of different angles on the resulting image,the position of the patient is maintained the same in every scanning byplacing the patient in the standing position with the head upright. Theintersection lines from a light control were set straight horizontally andvertically through the centre of the region of interest Fig. 5.1.

Fig.	5.1 a Standing position of the patient during CBCT scanning and b density estimation fromCBCT data in Mimics softwareThe density measurements are performed in MIMICS software byusing 2-D method. The locations of density measurement are selectednear to implant at level 8 mm from the cementoenamel junction (CEJ)level. To avoid the reading error due to repetition of scanning, onelocation that is far from the implant site is measured. The change ofdensity in this location is used for reading correction of measurement



in the site implant. Every measurement is performed in the buccal andpalatal site, and the results are averaged.The density changes during monitoring stages in terms of greyscaleare shown in Fig. 5.2a. The estimated density in gr/cc is calculated byusing Eq. (4.2) (Density (g/cc) = 0.8564ln(x) − 4.8686) and is presentedin Fig. 5.2b. Most patients undergo a loss of density from stage 1 tostage 2 and increase again from stage 2 to stage 3. Only 3 patients haveundergone the density increase since beginning, and 1 patient hasdensity decreasing.

Fig.	5.2 Density of site implant during monitoring stage. a In greyscale and b In gr/cc



The statistical analysis including correlation and comparisons wasperformed based on paired t-tests using the SPSS 20 software package.The statistical signi�icance has been determined by setting thecon�idence levels to 95%.In general, the mean density decreased from stage 1 to stage 2(signi�icant P = 0.17) and increased again from stage 2 to stage 3(signi�icant P = 0.122) as shown in Fig. 3 (red-bold line). Statistically,the bone density decreased signi�icantly from stage 1 to stage 2 andincreased not signi�icantly from stage 2 to stage 3.
5.3	 Cortical	Thickness	and	Available	Space
MeasurementThe cortical thickness measurement is performed on CBCT data byusing a tool that is available on MIMICS software. The location ofcortical thickness evaluation is the same as bone density evaluation andnear to implant at level 8 mm from cementoenamel junction (CEJ) level.The height and width of the mandibular were measured in the locationclose to the implant. The cortical thickness is measured only one timefor each patient; that is only in stage 1.The cortical measurements are performed in two differentlocations, the buccal and lingual sides. Hence, the representativecortical thickness is an average of those measurements. The corticalthickness of all patients is shown in Fig. 5.3.



Fig.	5.3 Measured cortical thickness from CBCT dataThe width and height of available space for the implant site aremeasured around the implant. The width of the jaw is measured fromthe buccal to the lingual sides at an 8 mm level from CEJ with the linemeasurement perpendicular to the jaw. While the height of the jaw ismeasured from top to bottom of jaw vertically, the results are shown inFig. 5.4.

Fig.	5.4 Width and height of jaw measured from CBCT dataAvailable space for the implant site is evaluated by calculating thevolume of the jaw around the implant site. The volume is calculated by



multiplying the height by the width and cortical thickness of the jaw.The results are shown in Fig. 5.5.

Fig.	5.5 Volume of jaw around implant site, measured from CBCT dataThe descriptive statistics on those characteristic available spaces forthe implant are analysed by using SPSS software. The results are shownTable 5.1.
Table	5.1 Descriptive statistics of available space around the site implant
Descriptive	statistics N Range Minimum Maximum Mean Std.	deviation

Cortical	(mm) 10 1.56 1.63 3.18 2.5255 0.47878
Width	(mm) 10 7.66 7.01 14.67 10.8320 3.02487
Height	(mm) 10 8.36 19.80 28.16 24.6280 2.50068
Volume	(mm3) 10 815.11 305.93 1121.04 686.6552 269.84733
5.4	 DiscussionsComprehensive evaluations on intra-oral (dimension of available spacefor implant placement) must be done, not only to evaluate whether it ispossible to place the implant, but also to de�ine the suitable implantsize. In this research, evaluations of available space for implant havebeen done based on radiographic examination using CBCT data.Evaluations include assessment of cortical thickness, width, height, andvolume of jawbone for every patient. The purpose of this evaluation is



to know the correlation between quantities of bone with implantstability which will be explained in the next subchapter.The cortical thicknesses have been evaluated for buccal and lingual.In general, the cortical thickness in the buccal location is higher thanlingual. The mean cortical thickness in buccal and lingual are 2.81 mmand 2.24 mm respectively. Hence, based on the statistical calculationthe difference is signi�icant statistically (p = 0.164). The minimumcortical thickness for implant placement is about 1 mm (Shenoy 2012);in general, the minimum requirement for cortical thickness is achievedin every patient. There are only two patients who have corticalthicknesses less than 2 mm but still more than 1 mm.In the mandible, the minimum height of available jaw toaccommodate the shortest implants (7 mm) is 9 mm, at least 2 mm ofadditional bone is required to maintain a safe distance from the inferioralveolar canal (Goodacre and Anderson 2016). However, the shorterlength of the implant will decrease the success of the implant. In thisresearch, the implants that are used are 11 mm in length except for onepatient who used an implant with a length of 10 mm. Hence, theminimum available height of the jaw around the implant site is about12–13 mm. The results show that the height average of the jaw is about24.63 mm with a minimum height is 19.80 mm and a maximum is28.16 mm. All patients have available height of jaw that is more thanthe minimum requirement. The available space of the mandible for theimplant site is greater than the maxilla (Mittal, Jindal and Sandeep2016) (Genisa et al., 2017).Adequate bone width is evaluated to know the size related to thediameter of the implant. The minimum requirements of bone width aredependent on the diameter of the implant. For example, an implantwith a diameter of 4 mm needs a width of bone at least 6 mm. Theminimum available bone width between implant to bone is 1 mm oneither side (Shenoy 2012). In this research, the diameter of all usedimplants is 4 mm except for one patient-used implant with 4.5 mm. Theresults show that the average bone width is 10.83 mm with a minimumis 7.01 mm and a maximum is 14.67 mm. In terms of adequate bonewidth, all patients have bone width more than the minimumrequirement.



5.5	 Implant	Stability	Monitoring	and
CorrelationThe successes of osseointegration in dental implant treatment arehighly determined by implant stability. Monitoring continuously onimplant stability is required to understand the progress on how bonewill respond to the implant insertion. Clinically implant stability isdivided into two types: primary implant stability which is measured onthe same day after implant surgery and secondary implant stabilitywhich is measured after a certain time when theregeneration/remodelling of bone has started.The purpose of monitoring implant stability during implanttreatment in this research is to understand the behaviour of bone torespond to the loading due to internal and external loading andcorrelate it with other main parameters such as bone quality andquantity. Perhaps, investigating the behaviour of implant stabilityduring implant treatment and correlating it with the quality andquantity of bone during treatment can help us to understand the bonemechanism/remodelling.
5.5.1	 Implant	Stability	MeasurementImplant stability during implant treatment is measured by usingOsstelltm mentor device (Integration Diagnostic AB, Goteborg, Sweden)with the SmartPeg abutment from the same manufacturer. Thisinstrument used the Resonance Frequency Analysis (RFA) concept andprovided the implant stability of the object as an Implant StabilityQuotient (ISQ) with a scale ranging from 0 to 100 (Brouwers et al.2009). Monitoring stages of implant stability follow the stages ofdensity monitoring, which is divided into three stages: stage 1, stage 2,and stage 3 which are explained in the previous subchapter.The protocols that are used during measurement follow theBarewal (3) and Bischof (6) protocol (Ersanli et al. 2005). To avoiderrors due to less coupling between instruments with the object, theSmartPeg was mounted into the implant, and it was tightened. Thetransducer with L-shaped is connected directly perpendicular to the



implant following the procedure recommended by the manufacturerFig. 5.6.

Fig.	5.6 a Implant insertion surgery, b implant stability measurement using RFA Osstell mentordeviceAll measurements are performed two times by placing the probe onthe buccal and palatal sides. Average implant stability from buccal andpalatal measurements is used to represent the total implant stability ofthe patient in every stage.Statistical analysis of difference measurement between stages isperformed by using SPSS. The con�idence level was set at 95%. Theresults show that there was some increment in implant stability fromstage 1 to stage 2 to stage 3. The average implant stability has increasedfrom 68.85 ISQ to 77.80 ISQ in stage 1 to stage 2 with a signi�icantdifference of p = 0.033 and from stage 2 to stage 3, the average implantstability increased from 77.80 ISQ to 82.17 ISQ with a signi�icantdifference of p = 0.016.
5.5.2	 Correlation	Between	Bone	Quality/Quantity	and
Implant	StabilityImplant stability as a main factor for the success of implant integrationand density has been monitored in three stages. To know the mainfactor that affects implant stability, some variables (cortical thickness,bone width and height, and estimated density) are correlated to



implant stability. Because two types of implant stabilities are measuredduring monitoring, the correlation is conducted differently. Density inthe initial condition (stage 1), cortical thickness, bone width, and heightare correlated with primary implant stability. Meanwhile, thesecondary implant stability is correlated only with respective densitiesthat are measured in each stage. It is assumed that the primary implantstability is associated with the mechanical engagement of an implantwith the surrounding bone, while the secondary implant stability isassumed related to bone regeneration and remodelling process after acertain period. The mechanism of the jawbone in responding to theimplant insertion which is measured as primary and secondary implantstability is not simple. Many factors can affect the primary andsecondary implant stability such as the situation of surroundingtissues, bone quantity and quality, implant geometry, and surgicaltechnique. The secondary implant stability is affected by primaryimplant stability itself, bone remodelling and implant surface (Javed etal. 2013).Correlations between variables are tested in SPSS software by usingPearson’s correlation one-tailed test. The relation between densityestimated from CBCT data and primary implant stability is shown inFig. 5.7. Statistical analysis showed that the correlation of each variablehas a low Pearson’s correlation coef�icient (r = 0.031) with signi�icant p = 0.466. This result shows that there is no signi�icant correlationbetween estimated densities from CBCT with primary implant stabilityobtained from RFA measurement.



Fig.	5.7 Plot between density and primary implant stability that are measured in stage 1Primary implant stability correlations with other parameters ofavailable space of the jaw are shown in Fig. 5.8. The �igure showed thatthe primary implant stability is not following the trend of densities(Fig. 5.9a). However, bone height and cortical thickness patterns arelike the implant stability variation (Fig. 5.9b, c). Implant stabilities areinversely proportional to angle insertion; patients with high implantstability have higher implant insertion angle. In other words, if animplant is placed with oblique, the implant stability will be lesser(Fig. 5.9d).



Fig.	5.8 Primary implant stability cross-plot against a bone width, b bone height, c corticalthickness, and d angle insertion

Fig.	5.9 Progress of implant stability and density changes during the monitoring period (a). Stage2, and (b) Stage 3Secondary implant stability is measured in stage 2 and stage 3. Thewhole implant stability and density obtained from CBCT duringtreatment are presented in Fig. 5.9. SPSS analysis on correlation basedon Pearson’s correlation shows that the correlation between densityand secondary implant stability at stage 2 is not signi�icant statistically(Pearson’s correlation = 0.205, p = 0.285) and in stage 3 not signi�icantstatistically (Pearson’s correlation = −0.018, p = 0.482).
5.5.3	 Discussions



Insertion of a dental implant into the jaw system will change thebiomechanical dental system. Integration of biological processes ofdental system and mechanical behaviour needs to be considered duringthe including the environment of surrounding implant. Not onlyinternal factors such as bone quality and quantity, cortical thickness,density of bone, but also other external factors such as implant size andtechnical surgery will affect the implant stability (Barikani et al. 2014).Previous researchers mentioned that there is a high correlationbetween implant stability and the density of bone (Farré-pagès et al.2011; Isoda et al. 2011; Merheb et al. 2010). However, even thesigni�icance of the statistic (p-value) in our study does not show allparameters signi�icantly affect implant stability, among all parametersevaluated in our study showed that implant stability has a highercorrelation with available space (bone height) followed by corticalthickness compared with angle insertion and density of bone.Plotting between the sizes of space availability for the implantshows that the trend of variation in the width of the mandibular isassociated with the change of implant primary implant stability asshown in Fig. 5.9. The bone height has the highest correlation withprimary implant stability, followed by cortical thickness.All patients mostly underwent bone density decreasing from stage 1to stage 2, the time between stage 1 and stage 2 is about four months,and after that the density increases from stage 2 to stage 3. Thedecrease in density may be related to the healing process orremodelling process of the bone post-surgery, as reported by Lin et al.(2007a, b). Mechanism of resorption of bone in the upper jaw occurs infour to six months after implant surgery and the lower jaw occurs inthree to four months (Santos et al. 2002). In terms of implant stability,the implant stability of patients mostly increases from stage 1 to stage 2and from stage 2 to stage 3. However, the increase from stage 2 to stage3 is more signi�icant. Increasing implant stability possibly indicates thatthe osseointegration has been started in this stage. If it is true, thepermanent stability due to osseointegration will support the futurestability of the implant.Based on statistical analysis, in ten patients involved, there is nosigni�icant correlation between bone density with implant stabilityeither primary implant stability or secondary implant stability. It is



clear from the evidence in stage 1 to stage 2 that the density wasdecreasing but the implant stability in these stages was increasing. Theindividual correlations with other jaw parameters, and implant stabilityhave a good relationship with cortical thickness and bone height. Apatient who has a thicker cortical or bone height has the potential tohave high primary implant stability. The mechanical process due toexternal loading during daily mastication possibly causes an increase inimplant stability. Hence, the density decreasing during the healingprocess (between stage 1 and stage 2) does not lower implant stability.Increasing implant stability in stage 2 to stage 3 is possibly caused byan increase in density or osseointegration that was started and themechanism of external loading of daily mastication. The decreasing andincreasing density during the healing process can be detected by CBCTscanning (Kaya et al. 2012).
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The relationship between mechanical stress distributions with boneremodelling after implant surgery has been reported by someresearchers. Activities of remodelling around crestal bone surfaceshave been identi�ied as the main factor for the failure of the implant.However, the exact relation between stress and strain distributionswith the mechanism of the remodelling process is still unclear.Effects of repetitive loading on implants have been reported byRoberts (1998); in his theory; the effect of loading can trigger smallmicro cracks in the area near to implant. Those micro cracksaccumulated and causing implants failure. The micro cracks aregenerated when the implant system loaded by fatigue loadinghorizontally (Huja et al. 1999). These micro-cracks have beenassociated with high resorption activity (Garetto et al. 1995). Microdamage caused by microcracks will increase the resorption, and hence,the quality of bone will decrease because a lot of pores are produced inthe bone. Consequently, the density of bone will decrease.This subchapter provided to analyse numerically the mechanism ofstress distribution during the healing period of implant condition ofpre- and post-loading through FEA analysis. Experiments are conductedin a simple model, model generated, and real in vivo data derivedclinically from CBCT scanning. Evaluations are focused on the dentalimplant system that consists of a crown, implant, two neighbour teeth,and cortical and cancellous bone.Various scenarios of loading are simulated to represent a dailymastication in a simple way. As an indicator, the Von Mises stress andmicromotion are evaluated in each scenario. The details of theexperiments are explained in the following subchapter.
6.2	 Mechanism	of	Stress	Distribution	on
Simple	ModelBiomechanical assessments on models are performed to understandthe mechanism of loading effect into implant dental system. Theexternal loading is represented by applying a force in vertical,horizontal and torque. This force and torque are representing the realmastication process. Even though the geometry of the component of the



implant system in this model is simple, this study is important as areference before the assessment of the in vivo study is performed.The geometry of a simple model is constructed based on the realsize of each component which is measured from CBCT data. Thecomponents of the model consist of a site implant (cortical andtrabecular bone), two neighbour teeth, one implant, and a crown. Thegeometry and sizing for each component are shown in Fig. 6.1.





Fig.	6.1 Geometry of each component of a simple model. a Complete model, b–c geometry ofcortical bone, d geometry of implant-crown, e size of implant, and f size of implant and crownderived from CBCT dataEach component is assigned with the material properties as given inTable 3. 3. However, all the components are regarded as a solid materialwhich is different from actual bone which is porous naturally. Thisapproximation is taken because of the technical limitation on how togenerate the porous material model, especially for cortical andtrabecular bone.Discretization of the components into small parts or so-calledmeshing is performed by using a tetrahedral shape with the automaticsizing calculated by the programme. The mesh of the components isshown in Fig. 6.2.

Fig.	6.2 Meshing of dental implant system a 3-D view, and b cross-section view. This simulationwas solved with automatic meshing: 364,998 nodes, 255,465 mesh, and a minimum edge lengthwas 0.341 mmFinite element analyses are conducted on the static structuralmodule of ANSYS Workbench. The simulations that are performedinclude vertical force, horizontal force, and removal torque. All thesimulations are performed to simulate the force during mastication inthe pre- and post-crown conditions. As �ixed supports, the bottom ofcortical bone on each system is chosen as shown in Fig. 6.3.



Fig.	6.3 Fixed support for Finite Element Analysis is at the bottom of the model
6.2.1	 Vertical	Force	Simulation:	Pre-	and	Post-Crown
ConditionIn this simulation, a 200 Newton references vertical force is used inpre-crown and post-crown condition. The value of force is selected byreferring to the range of bite force of human anatomy as reported byFernandes et al. (2003). In the pre-crown condition, a force is applied tothe top of the implant while in post-crown condition is applied to thetop of the crown as shown in Fig. 6.4a. The contact surfaces betweeneach component are regarded as bonded except for the contactbetween implant surfaces with cortical and trabecular. In this case, thecontacts are regarded as frictional with a friction coef�icient of 0.5.



Fig.	6.4 a Push-out simulation with a 200 N vertical force is loaded into the implant dentalsystem, pre-crown (left) and post-crown conditions (right), and b Von Mises stress distribution in3-D view resulted from FEA simulationVon Mises stress is measured to indicate the behaviour of stressdistribution in every simulation. The stress distribution due to verticalforce is shown in Fig. 6.4b. In both pre- and post-crown simulations, themaximum stresses are in the area around the neck of the implant. Thevalue of maximum stress on post-crown condition is higher than the



pre-crown condition. However, the patterns of stress distribution in thejaw in pre- and post-crown are the same.Based on the result shown in Fig. 6.4, it can be interpreted that themechanism of stress to reach the neighbour teeth can be explained intwo ways; stress is propagated from the implant body through thecortical or from the implant body to trabecular. However, thedistribution of stress directly from the cortical is more intensecompared with the trabecular. In other words, the contribution ofcortical bone to propagate the stress into neighbour teeth is moreeffective than trabecular.In the neighbour teeth side (right side for single teeth), the stress onthe crown condition achieves the maximum at 2 mm measured fromthe top of the cortical and 1 mm on the post-crown condition. Ingeneral, the neighbour teeth will receive stress due to vertical loadingon pre-crown conditions which is higher than post-crown. Themaximum stresses are 4.5 MPa and 1.5 MPa in pre- and post-crownconditions respectively, occurring at around 2 mm measured from thetop of cortical. Below 3 mm, the stress is decreasing to the lower part,and the Von Mises stress for this level is low enough, below 0.5 MPa. Inthe neighbour teeth, the stress due to vertical loading is only 11%-25%from the contact area of the implant.
6.2.2	 Horizontal	Force	Simulation:	Pre-	and	Post-CrownHorizontal force simulations are performed to replicate a 200 Newtonof horizontal force (from palatal to buccal direction) as shown inFig. 6.5a. In the pre-crown, the contact area of the force is located at thetop of the implant body, while in the post-crown, the force is located onbuccal side of the crown. The �ixed supports for both simulations are onthe bottom side of the jawbone. The meshing of this model is generatedthe same as the previous study on vertical loading, and the difference isonly in the direction of the force.



Fig.	6.5 Horizontal force simulation of pre- and post-crown, a). location of horizontal force (200Newton), and b). Von Mises stress distribution in 3-D view of pre- and post-crownFigure 6.5b shows the Von Mises stress in a 3-D view because of thesimulation. The stress distribution in pre-crown conditions ispropagated with the high concentration in the area close to the implantbody. Meanwhile, in the post-crown condition, the distribution of theVon Mises stress is propagated radially along the whole area of thejawbone. It shows that the propagation of the stress is easiertransmitted through the cortical than the implant body itself, andhence, the distribution of the stress in the outer part of the jawbone is



more homogenous. The maximum stress of pre-crown is in the top ofcortical bone, while in the post-crown, the maximum stress is located inthe contact area between crown and neighbour teeth. The maximumstress on post-crown is 37.34 MPa which is 6.67% lower than thecrown condition (40.01 MPa).In general, up to 2 mm, the stress resulting from pre-crown isdramatically very high compared to the pre-crown condition.Understandably, the pre-crown condition underwent higher stressbecause the force is pointed directly to the implant body. In this case,the crown has protected the implant by reducing the stress.
6.2.3	 Removal	Torque	SimulationRemoval torque simulation is performed to understand the responsesof the dental system on a torque/rotation force. In natural masticatory,the position of foods during masticatory can also generate a torque thatmakes a dental implant become rotated. In this study, a 200 Nm torqueis directed into the top of the implant and crown as pre- and post-crown condition as shown in Fig. 6.6a. Finite element analysis isperformed by using parameters that are similar to the previoussimulation on vertical and horizontal simulation except for the loading.



Fig.	6.6 Removal torque simulation for pre- and post-crown: a Location of removal torque, and bstress distribution in 3-D viewThe results are shown in Fig. 6.6b. The maximum Von Mises stressesare in the area where the torque is located. The pattern of stressdistribution due to removal torque in both pre- and post-crownconditions is the same, with the stress more concentrated in the areasurrounding the implant.



The difference between generated stress at pre- and post-crown isquite big on the implant side compared to the neighbour teeth location.It shows that the removal torque has a strong effect on the implantbody compared to the neighbour teeth. Stress propagated in theneighbour teeth is not too much different between pre- and post-crownconditions due to removal torque.
6.2.4	 Summary	of	ResultExperiments on pre- and post-crown by using three different loadingswhich consist of vertical loading, horizontal loading,, and torque ondental implant systems have been conducted. The objective of thisexperiment is to understand the mechanism of stress distribution as aresponse to external loading. The Von Mises stress has been chosen torepresent the stress distribution. Digitations on the results areperformed by putting the measurement probe of Von Mises stress at acertain location of interest. For each experiment, the stress distributionbetween pre- and post-crown conditions has been compared andplotted.Based on the results, it can be summarized that: In three differentexternal loading, cortical plays important roles in propagating thestress in the dental implant system. The cortical can protect thetrabecular from high transfer of stress. In all cases, at the same level ofmeasurement, the stress in the trabecular is lower than cortical.Compared to other external loadings, the external loading due to torquecan produce a lot of stress at the top of the cortical and it waspropagated into the whole area of the jawbone. The high-intensity areadue to this loading is wider compared with other external loading. Itmeans that the uncomfortable (destruction) zone of bone around theimplant due to the torque is wider compared with other externalloading. The potential of implant failure or low osseointegration ofimplant/low implant stability is higher if too much torque is subjectedto a dental implant.
6.3	 Effect	of	Cortical	Thickness	and	Friction
Coef�icient	on	Stress	Distribution



The primary and secondary implant stability is determined by someimportant factors such as the quantity and quality of bone, thetechnique of how the implant is inserted, and the environment of themouth during the recovery process (Annibali et al. 2008). The stressdistribution during loading will be determined by the stability of theimplant and its mechanism which depends on internal and externalvariables.In this research, two variables, the cortical thickness and frictionalcoef�icients, are evaluated to understand the effects of it on the stressdistribution on the dental implant system. In this experiment, differentmodels of dental systems consisting of cortical, trabecular, bodyimplant, crown, and two neighbour teeth are used. These models areconstructed from 3-D images of CBCT of dental implant patients.
6.3.1	 Effect	of	Cortical	Thickness	on	Stress	DistributionTo investigate the effect of cortical thickness on stress distribution,models with different cortical thicknesses (2.30, 2.85, 3.53, and3.93 mm) were developed. Those models are generated to approximatethe regular increment for every 2 mm. However, it is dif�icult technicallyto get the linear increment in developing the model of corticalthickness. Hence, the generated model is developed based on incrementof voxel. In this experiment, only cortical are varied, while othercomponents such as neighbour teeth, implants, and crowns aremaintained the same. The dental implant systems for different corticalthicknesses are shown in Fig. 6.7. The different cortical thicknesses areobtained by modifying the cortical during segmentation by usingmorphology operation tools on MIMICS software. The original corticalmask has been modi�ied by dilating/shrinking the pixel.



Fig.	6.7 Models of dental implant systems with different cortical thicknesses of 2.30, 2.85, 3.53,and 3.93 mmEach model is discretized by using similar parameters; hence, thesize and density of the mesh are almost similar in every model. Materialassignment is performed by using the value for each component asgiven in Table 3. 3. In this experiment, a 200 Newton vertical force as inthe previous simulation of a simple model is used in pre- and post-crown conditions. Fixed support is at the bottom of the model; hence,there are no different parameters for each model that are used, exceptthe cortical thickness.Finite element analysis is performed with the same parameters oneach model. The properties of contacts between components areapproximated with the frictional contact and bonded contact. Frictionalcontact is the contact between the implant with cortical and trabecular,and bonded contact is the contact between the crown to implant, and



teeth to the bone either cortical or trabecular. The stress distributionsof because of the simulation are shown in Fig. 6.8.

Fig.	6.8 Von Mises stress in a 3-D view of each model with different cortical thicknesses
6.3.2	 Effect	of	Friction	Coef�icient	on	Stress	Distribution
and	Micro	MotionTo investigate the effect of friction coef�icient on stress distribution, amodel in previous experiments is used by modifying the contactbehaviour between implant and bone (trabecular and cortical). In thiscontact area, the friction coef�icient is set to 0.2, 0.3, 0.4, and 0.5. Inevery simulation, all the parameters including meshing, �ixed support,



location of probe measurement, and surface contact behaviour are keptconstant, and only the friction coef�icient is different.The stress distribution has an impact on the static friction at thecontact surface as reported by Maegawa et al. (2016). However, thefriction coef�icient whether affects the stress distribution is still notinvestigated. In this experiment, we investigated that process, the effectof friction coef�icient on the stress distribution.Figure 6.9 shows that on each position of measurement, the VonMises stress level is changed with the friction coef�icient. Increasing infriction coef�icient is followed by decreasing in the Von Mises stresslevel. The friction coef�icient which represents the quality of the surfacecontact between two objects affects the stress propagation andenhances the distribution of the stress as well. Increasing in frictioncoef�icient will give more chance for the stress to be transferred to theother side of different objects, and hence, the number of transferredstresses is reduced.

Fig.	6.9 Von Mises stress at different probes for different friction coef�icientsIn the dental implant system, the loading not only produces a stressdistribution but also can produce micro movement of componentswhich may occur at two interfaces, the implant-abutment connectionand the bone-implant interface (Karl et al. 2015). However, the case ofengineering issues which may oaccure, such as loosening of theabutment screw is not considered in this simuation. In this experiment,the micro motion is regarded as a movement between the bone-implantinterfaces only. In the FEA study, micro motion is measured by



calculating the displacement difference between reference points withthe target/object.The friction coef�icient contributes to the micromotion of the dentalbody. This experiment shows that if the friction coef�icient at thecontact surface between the implant and bone is increased, then thepossibility of the implant body moving is low. In other words, thefriction coef�icient can reduce the micromotion of the dental implantbody due to external loading such as in the mastication process. Theexternal loading also affects the movement of neighbour teeth;fortunately, the movement of neighbour teeth is very low. The insertedimplant by the immediate implant protocol does not jeopardize theexisting natural teeth during the mastication process. In this case, a 200N vertical force is still safe for the implant because the generatedmicromotion is still in the tolerance range (50–150 µm) (Karl et al.2015).
6.3.3	 Summary	of	ResultClinically, the test to measure the effect of external loading on stressdistribution and micromotion during mastication directly is mostlyimpossible due to the limitation of the availability of the sensor. Likeother mechanical problems, the biomechanical assessment on implantdentistry, the FEA is a tool that can be considered to solve the problemmentioned before, if the parameters that are used during analysis areclose enough to the real condition.The stress due to the external loading will propagate faster in thecortical trabecular. Therefore, the generated stress around theneighbour teeth mostly comes from the upper cortical rather than theimplant body and trabecular. In general, increasing the corticalthickness will increase the stress transfer into the surrounding area ineither a horizontal or vertical direction. Because the propagation ofstress is high in the cortical, the ability to transfer the stress throughthe cortical is higher. This condition can protect the bone from sufferingfrom high stress due to loading, which means that it is good for clinicalpurposes.Inversely, the friction coef�icients decrease the ability to transfer thestress. Increasing in friction coef�icient will decrease the transferredstress. Therefore, the dental implant with a high friction coef�icient will



protect the bone from overloading the stress due to external loading. Itis possible that in the high friction coef�icient, themodelling/remodelling will grow faster, and the osseointegration willbe achieved early.The measurement of micromotion on the implant and surroundingteeth showed that the external loading can cause the micro motion inthe dental which is larger than neighbour teeth. It is understandablebecause the coupling between implant bones is still not optimumcompared with the teeth and bone, especially for patients with delaysin the healing process. It corresponds with the experiment thatincreasing in friction coef�icient can reduce the micro motion in thedental implant.
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7.1	 Biomechanical	Assessment	of	Patients
with	High	Implant	StabilityExperiments of biomechanical assessment on patients with high dentalimplant stability have been conducted. A dataset of female patients
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(42 years old) with normal edentulous molar cases was used. All dentalimplant treatments are conducted with delayed implant procedureswhich are conducted by specialists in Hospital USM. The dental implantwas placed in a MegaGen Implant with the size 4 mm × 10 mm which isinstalled into the molar of the mandible. Implant stability of herimplant was monitored by using RFA measurement. She has highprimary implant stability (82 ISQ scale), and her secondary implantstability was increased during the period of monitoring (87 and 93 ISQafter 3 months installation and 4 months after installationrespectively).A biomechanical assessment of her implant system is evaluatedaround the implant site and the two nearest teeth. The implant systemthat is selected consists of: cortical bone, trabecular bone, bodyimplant, crown, molar 2 tooth, and premolar 2 tooth as shown inFig. 7.1. To represent a high implant stability condition, the contactsurface between implant surfaces and bone is regarded as frictionalwith a friction coef�icient of 0.5. The geometries of the implant systemmodel are derived from raw CBCT data.



Fig.	7.1 Model of dental implant system derived from CBCT of the patient with high implantstability. a Components of the dental implant system consist of cortical and trabecular of thejawbone, two neighbour teeth, implant body, and crown, b pre-crown model, and c post-crownmodel
7.1.1	 Behaviour	of	Stress	Distribution	on	High	Implant
Stability	PatientFEA simulations consist of vertical force, horizontal force, and removaltorque simulations which are conducted to know the distribution of thestress in the dental system in the pre- and post-crown condition. Theresult of this simulation is shown in Fig. 7.2 where the Von Mises stress



is used to represent the stress distribution with stress intensity colour-coded.

Fig.	7.2 FEA simulations for different types of loading on pre- and post-crown conditions. aVertical force, b horizontal force, and c removal torque simulation



In high implant stability patients, all the maximum stress is at thetop of the cortical at the surrounding implant. The stress distributionsin pre- and post-crown are almost similar, especially in the horizontaldirection. However, from up to bottom, the spreading of stress betweenpre and post is different, and the stress distribution of pre-crown iswider than post-crown. In other words, in the pre-crown where themasticatory force is applied directly to the top of the implant, the stressdistribution is transferred into the surrounding bone of the jaw. Fromthat �igure, the areas affected by the stress in the crown are wider thanthe post-crown.These results show that the stress is propagated more progressivelyin the vertical than lateral direction, and the areas affected by stress inthe crown are wider than post-crown. The installation of the crown canreduce the generated stress in the jaw system. As an example, in thepre-crown condition of horizontal force, the maximum Von Mises stresson the implant body is about 120 MPa, while in the post-crowncondition is about 63 MPa, and stresses are reduced more than 50%.The distribution of the stress in the jaw system between horizontal andvertical directions for pre- and post-crown conditions is distributedsimilarly in the radial direction.When a loading is directed vertically or horizontally, the generatedstress distribution is almost similar. The stresses are distributed mostlyaround the implant from up to the bottom of the implant. Thespreading of stresses is more concentrated in the upper part of thejawbone (in the upper cortical). In vertical and horizontal loading, thesecond premolar receives more effect than the second molar tooth. Thegenerated stress due to removal torque is stronger than vertical andhorizontal force. In this case, stress propagated from the implant bodyto the nearest neighbour teeth. The propagation is not only through theupper part of the cortical but also through the trabecular bone.
7.1.2	 Micro	Motion	of	Implant	and	Neighbour	TeethNot only does it cause stress, which is distributed along the dentalimplant system, but also the loading can introduce the movement(micromotion) of the dental implant and neighbour teeth relative to thejawbone. To investigate the micromotion of each component of the



dental implant during different loading, some probes have been placedto measure this displacement.The micromotion of implant and neighbour teeth due to verticalforce, horizontal force, and removal torque at pre and post conditionsare shown in Table 7.1. In general, the generated micromotion of theimplant at pre-crown condition is higher than post-crown. Thegenerated micro motion of dental implant during vertical andhorizontal loading ranges from 21 to 29 µm and removal torque rangesfrom 210 to 220 µm. The smallest effect of crown installation onmicromotion occurs during horizontal loading.
Table	7.1 Micro motion of implant system due to a vertical force, horizontalforce, and removal torque of high implant stability patient
Micromotion	(µm) Simulation

Vertical	force Horizontal	force Removal	torque

Pre Post Pre Post Pre Post

Implant 28.61 21.24 21.03 22.32 211.12 219.10
Premolar 5.27 5.49 5.43 5.40 10.70 2.88
Molar 6.99 7.28 6.99 6.76 22.82 15.53The micromotion of neighbour teeth, second premolar, and secondmolar in all types of loading are small compared to the micro-motion ofthe implant. Micromotion of these neighbour teeth ranges from 5 µm to8 µm during vertical and horizontal loading and 3 µm to 29 µm duringremoval torque. Crown installations do not affect the micromotion ofneighbour teeth, especially on vertical and horizontal loading. However,the removal torque affected neighbour teeth signi�icantly.
7.2	 Summary	of	ResultBiomechanical assessments of patients with high implant stability havebeen conducted in the different loading types at pre- and post-crownscenarios. Evaluations included the stress distribution analysis andmicro motion estimation on the dental system.In all scenarios of experiments, the upper part of cortical injury hadthe highest stress compared with other places. From this area, the



stress is propagated in all directions, vertically and horizontally, andcan reach the neighbour teeth. The removal torque produced thehighest stress in the upper cortical (up to 1500 MPa); however, thehorizontal and vertical force can produce the stress up to 600 MPa.The neighbour teeth are signi�icantly affected only by removaltorque. The Von Mises stress of neighbour teeth due to removal torquecan be achieved up to 200 MPa in the upper cortical and up to 40 MPain the lower cortical and trabecular. Compared to vertical andhorizontal force, stress resulting from removal torque is very high.Vertical and horizontal force can generate stress in the upper cortical ofneighbour teeth up to 45 MPa and lower cortical and trabecular isabout 5 MPa. These experiments showed that the removal torque ismore dangerous for implant stability rather than vertical force orhorizontal force. In addition, measurement of micro motion showedthat the micromotion due to removal torque is larger than vertical andhorizontal force. The micromotion due to removal torque goes up to220 µm, while the vertical and horizontal force is about 20–30 µm.The osseointegration can be achieved earlier if the environment forbone to grow normally can be maintained. Therefore, patients whoundergo the removal of torques extensively, especially in early implantinsertion, their bone receives more stress that exceeds the limit theharmless for the bone to grow and the implant will have moremovement. It is possible that the osseointegration is dif�icult to achieveearly for this condition.
7.3	 Biomechanical	Assessment	of	Patient	with
Moderate	Implant	StabilityThe stress mechanism on moderate implant stability was investigatedon a model derived from CBCT data of patients who have moderateimplant stability. A dental implant patient (a male, 25 years old) whohas a normal edentulous on his molar 1 of mandible was selected.Immediately after implant surgery, his implant stability was measured.His primary implant stability was 73 on the ISQ scale and after threemonths and four months after surgery; his implant stability was 80 and83 on the ISQ scale, respectively. In general, his implant stability wasincreasing progressively even though the increment was not so high.



The model of the dental implant system obtained from CBCT dataconsists of an implant, crown, two neighbour teeth (second premolarand second molar), and cortical and trabecular bone. Thosecomponents of the dental implant model and the condition of pre- andpost-crown are shown in Fig. 7.3.

Fig.	7.3 Geometry of pre- and post-crown of patients with moderate implant stability, acomponents of the dental implant system, and b complete meshing of the dental implant systemfor pre- and post-crown conditions (automatic meshing: 24,384 nodes, 91,819 elements)



7.3.1	 Behaviour	of	Stress	Distribution	on	Moderate
Implant	Stability	PatientStress distribution behaviour during different types of loading on amodel of moderate implant stability was conducted. The simulationconsists of vertical force, horizontal force, and removal torque for pre-and post-crown conditions. In each scenario, the parameters such asgeometry, material properties, meshing, �ixed support, and boundaryconditions are maintained constant. Only the location and direction ofloading are different. To represent a moderate implant stabilitycondition, the contact surface between implant surfaces and bone isregarded as frictional with a friction coef�icient of 0.4. Generated VonMises stresses from three types of loading in pre- and post-crownconditions are presented in Fig. 7.4.



Fig.	7.4 a Von Mises stresses on moderate implant stability model generated from different typesof loading. a Vertical force, b horizontal force, and c removal torque simulation at pre- and post-



crown conditionsIn general, the loading process on a model of moderate implantstability produced the stresses that are concentrated in the upper partof the cortical. For example, the stress resulting from vertical force, thestress can be more than 50 MPa either in pre- or post-crown conditions.While in the lower part, especially in the trabecular, even in the areaaround the implant, the stress is still lower than 10 MPa. The stressreceived by neighbour teeth is also low (less than 10 MPa). Comparedbetween the three types of loading, the stress due to vertical force islowest and removal torque produced the highest stress, especially inthe upper part of cortical.
7.3.2	 Micro	Motion	on	Moderate	Implant	Stability	PatientMicro motions of implant and neighbour teeth of patients withmoderate implant stability have been measured for different types ofloading. Micromotion of this component was measured relative to thejawbone. The measured micro motion of implants and neighbour teethon different loading at pre- and post-crown are summarized in Table7.2.
Table	7.2 Micromotion of the implant system of the patient with moderateimplant stability
Micro	motion(µm) Simulation Vertical	force Horizontal	force Removal	torque

Pre Post Pre Post Pre Post

Implant 19.40 18.80 16.82 9.42 124.16 45.48
Premolar	2 0.43 0.69 0.20 0.35 0.10 12.25
Molar	2 0.05 0.17 0.56 0.26 1.18 0.67Micro motions are evaluated at implant, second premolar, andsecond molar by comparing the deformation of its component with thedeformation of the reference point. In all simulations, the micromotionof the implant at post-crown condition is smaller than pre-crown.Maximum micromotion occurred when removal torque was applied atpre-crown condition, and the micro-motion at this condition was



124 µm. The premolar and molar teeth have a small movement that isless than 2 µm except on the post-crown. High micro motion in theimplant is related to the high intensity of stress in this area.Evaluation of micro motions on dental implants and neighbourteeth shows that the horizontal forces are not causing a signi�icantmovement. The micromotion of the implant is about 9–17 µm while inpremolar and molar is less than 1 µm.
7.4	 Summary	of	ResultBiomechanical assessments of patients with moderate implant stabilityhave been assessed by including stress distribution and micro motionanalysis. Three types of loading have been simulated, and they are:vertical force, horizontal force, and removal torque. The simulations areperformed in pre- and post-crown conditions.In vertical force loading, the results showed that only the upper partof the cortical was affected and received high stress. In both pre- andpost-crown conditions, the higher stress area is located up to 2 mmmeasured from the top of the cortical. For the rest (in the low part), thegenerated stress is low which is lower than 10 MPa. This generatedstress is still in the range for bone to grow normally. The micro-motiongenerated by this loading is also not too signi�icant, the micro-motionon the implant itself is only about 20 µm and in the neighbour teeth isvery low (less than 1 µm).In the simulation of horizontal loading, where the 200 N force isapplied on the pre- and post-crown, the generated stress in thejawbone is not so different between pre and post. The trend andintensity of stress are almost like each other. As like in vertical loading,horizontal loading can only affect the upper part of the cortical, below2 mm, the stress is in the range for bone to grow normally. The micromotions that are generated during horizontal loading also do not causea high micro motion either on dental or on neighbour teeth. Thehorizontal loading still produces a safe range of stress for bone to grownormally.Removal torque gives some different results on stress distributionand micromotion. When the torque is pointed directly into the top ofthe implant body, the stress can produce more stress in the upper part



of the cortical. Not only generating high stress but also the removaltorque caused a bigger micro motion. The micro-motion on the dentalimplant can vary from 45 µm up to 125 µm in the post- and pre-crowncondition, respectively. However, the micro-motion of neighbour teethis not so high except on the premolar of post-crown condition.
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8.1	 Biomechanical Assessment on Patient with Low Implant Stability
8.1.1	 Behaviour of Stress Distribution on Low Implant Stability Patient
8.1.2	 Micromotion on Low Implant Stability Patient
8.1.3	 Summary of Result
8.2	 General Discussion on Biomechanical Evaluation of Dental ImplantReference
8.1	 Biomechanical	Assessment	on	Patient
with	Low	Implant	StabilityBiomechanical assessment of a patient who has low implant stability isconducted on a model generated from a female patient 38 years oldwho has a second molar edentulous problem. Implant surgery wasconducted to replace her second molar tooth. The size of that implant is4.5 mm (diameter) x 10 mm (length). All the procedures of implanttreatment and monitoring are the same as for other patients. Herimplant stability during the monitoring period was assessed by using
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an RFA instrument. This patient has low primary implant stability (66on the ISQ scale) and increase to 75 after 4 months and 73 after 5months since implant surgery. The record showed that the progress ofher implant stability was not so progressive. This condition isinteresting to be analysed in more detail in the FEA study to understandthe mechanism of stress distribution during pre- and post-condition.Biomechanics assessment of her implant system during the loadingstage has been conducted numerically by using FEA. To perform thisanalysis, the geometry of the dental implant system was derived fromher CBCT data. The model of the dental implant system of this patientconsists of trabecular and cortical bone, implant and crown, and twoneighbour teeth. The components of the dental implant system of thispatient are shown in Figure 8.1.



Fig.	8.1 Model of dental implant system of a patient with low implant stability. a Components ofthe dental implant system, and b pre- and post-crown model (automatic meshing: 5655 nodes,17,856 elements)



Loading as representative of force during the mastication processconsists of vertical force, horizontal force, and removal torque.Simulations are performed in pre- and post-Crown conditions; allparameters used in each simulation are kept the same. Hence, the resultof the analysis does not depend on the parameter but only oncomponents of the dental implant system either pre- or post-crowncondition.
8.1.1	 Behaviour	of	Stress	Distribution	on	Low	Implant
Stability	PatientFEA simulations of loading on pre- and post-crown conditions areperformed by assuming that the contact surface between implant andbone is a frictional surface with a friction coef�icient was 0.2. Von Misesstress was selected to represent the generated stress distribution ineach simulation. The stress distribution for each vertical loading,horizontal loading, and removal torque is presented in Figure 8.2.



Fig.	8.2 Stress distribution on the model of low implant stability patient. a Vertical loading, bhorizontal loading, and c removal torque at pre- and post-crown conditionsThe installation of the crown on the implant makes the molar toothcontact with the dental implant, which affects the stress propagation



strongly. In vertical loading (Figure 8.2a), the generated stress is verystrong in the area around the implant body. The maximum stress in thepre-crown simulation is about 307 MPa, while in the post-crownsimulation is about 1403 MPa which is in the junction between theimplant and third molar tooth.The generated stress due to horizontal loading is shown in Figure8.2b. For the crown condition, maximum stress (0.306 GPa) is at the topof the cortical. However, in the post-crown, the maximum stress (1.42GPa) is in the contact area between the crown and the molar tooth. Thestructure of the molar tooth for this patient is dipping; hence, theapplied horizontal force on the crown will be affected strongly by thiscontact.Quantitative assessment of stress distribution due to differentloading is conducted by digitizing the stress around the implant andneighbouring teeth. The selected locations for the analysis are the sideof the implant towards the second molar, the side of the implanttowards the second premolar, the side of the second molar, and the sideof the second premolar.This experiment showed that the effect crown installation does nottoo much affect the stress distribution except in certain areas such as atthe implant side towards the second premolar. In the premolar side, thestress is high enough (up to 200 MPa). This stress is exceeded limits themaximum stress for bone to grow normally. Therefore,osseointegration in this area possibly be delayed. In general, stressesaround the implant that are produced from post-crown conditions arehigher than pre-crown except in removal torque. In other places, thestress distribution of pre- and post-crown is almost similar.
8.1.2	 Micromotion	on	Low	Implant	Stability	PatientThe micromotion of implant and neighbour teeth on the model of apatient with low implant stability during loading is investigated using asimilar method to the previous model. Generated micromotionresulting from loading simulation is calculated by measuring a relativedisplacement between components of the implant with a referencepoint that is in the jawbone.Table 8.1 shows the summary of micromotion of the dental systemon a model of a patient with low implant stability resulting from



vertical, horizontal, and removal torque loading. Micro motion due tovertical force and horizontal force is not too much different (109.40 µmand 106.57 µm on pre-crown and 94.19 µm and 93.79 µm on post-crown). In vertical and horizontal loading, the consequence of crowninstallation can reduce the micro-motion of dental implants due toloading. However, if loading is in removal torque type, generated micromotion is very high in both pre- and post-crown conditions.Micromotion due to removal torque was 478.93 µm for pre-crown and536.89 µm for post-crown conditions.
Table	8.1 Micromotion of an implant system of the patient with low implantstability
Micro	motion(µm) Simulation Vertical	force Horizontal	force Removal	torque

Pre Post Pre Post Pre Post

Implant 109.40 94.19 106.57 93.79 478.93 536.89
Premolar 0.99 4.85 0.93 5.10 60.51 2.55
Molar 0.42 8.99 0.53 8.80 15.14 42.82Removal of torques also affects the neighbour tooth. In the pre-crown condition, the premolar is mostly affected, while in post-crowncondition, the neighbour teeth that are affected strongly are the molartooth.
8.1.3	 Summary	of	ResultBiomechanical assessments of patients with low implant stability havebeen conducted by simulating three types of loading including vertical,horizontal, and removal torque. The model that is used for this case is abit different from the previous model. In this model, the patient has astructure of the second molar tooth that is tilted/dipping; hence, thepost-crown condition where the crown is contacted with the secondmolar tooth affects a lot on stress transfer. The low implant stabilitycondition has been represented by a low friction coef�icient (0.2). Theevaluations include the stress distribution of Von Mises stress andmicro motion measurement of the dental implant and two neighbourteeth.



In the vertical loading, the trend of stress for both pre- and post-crown is like each other. The area near the implant received the stressup to 180 MPa, while the highest stress on neighbour teeth occurs onthe second premolar. The second premolar tooth received stress up to200 MPa from post-crown and 100 MPa from pre-crown. In this area,the high stress is not only located at the cortical but also can reach thetrabecular. The second molar is not affected signi�icantly by externalloading either in pre- or post-crown conditions. The received stress inthis area is below 6 MPa.Horizontal loading gives a similar effect as vertical loading either inthe pre- or post-crown condition. The area close to the implant receivedthe stress of up to 200 MPa if that loading is applied to the top of thecrown (post-crown) and 150 MPa if that force is applied to the top ofthe implant body (pre-crown). The neighbour teeth that were affected alot by this loading are the second premolar teeth. This tooth receivedthe stress up to 200 MPa. However, the second molar received a smallstress either in pre- or post-crown condition.In the simulation of removal torque simulation, if the torque isapplied to the crown (post-crown), the generated stress is much higherthan if that torque is applied to the top of the implant body directly. Thearea near to implant site is affected strongly, and the stress can reachup to 350 MPa. The neighbour teeth that are strongly affected by thisremoval torque are also the second premolar. The generated stress atthis tooth can reach up to 100 MPa. The second molar tooth onlyreceived high stress in the upper part, but in the below part includingthe trabecula, the received stress is low.Micromotion that was generated during the external loading ishigher when vertical force and horizontal force are applied directly tothe top of the implant (pre-crown condition). However, the removaltorque causes a higher micro motion if the torque is located at the topof the crown (post-crown condition). The generated micro motion ofdental implants due to vertical and horizontal loading is about 90–110 µm and the removal torque is up to 500 µm. The micro motions ofneighbour teeth are not signi�icant except on the applied removaltorque. The micro motions of neighbour teeth due to horizontal andvertical force are below 10 µm, while the removal torque can trigger themicro motion on neighbour teeth up to 60 µm.



8.2	 General	Discussion	on	Biomechanical
Evaluation	of	Dental	ImplantIt is almost impossible in current technology to measure a stressdistribution from direct clinical measurement. For this reason, a FiniteElement Analysis (FEA) is a powerful method that can give us the bestprediction on characteristics of stress distribution on implant dentalsystem to replace direct measurement in the clinic.This study has been conducted to analyse the stress distributiongenerated by external loading in pre- and post-crown conditions. Theexternal loading included the vertical force, horizontal force, andremoval torque that might be possibly generated during dailymastication. This study started from a simple model to a complexmodel that involved dental implant patients with different implantstability conditions.In the simple model, external loading either in pre- or post-crownconditions will generate high stress in the upper part of the jawbone,up to 4 mm measured from the top of the cortical, the Von Mises stressis high, and then at an area below 4 mm, the stress will decrease. Thestress resulting from pre-crown conditions is higher than post-crownconditions, especially in areas below 4 mm. The stresses become higherif the loading is in the form of torque. In this case, the stress generatedin the post-crown condition is higher than pre-crown. In all types ofloading, the stress will be propagated from a point where loading isapplied to other places. Some of the stress will be propagated throughthe body implant to the cortical and trabecular bone around theimplant, or if there is contact between the crowns with neighbour teeth,then some of the stress will be propagated through the crown toneighbour teeth directly and then distributed to the cortical andtrabecular bone around that neighbour tooth. In this experiment, thecortical bone received more stress compared with the trabecular, it canbe seen from the coronal section view, that the Von Mises stress in thecortical is higher than the trabecular at the location with the same level(distance) from the top of cortical. It showed that the trabecular playsan important role in propagating the stress due to external loading.



Increasing cortical thickness means that the contact area betweencortical thicknesses with an implant is increased. Different patientshave different qualities of bone. When the surgery of the implant isperformed, the surface characteristic around the implant site isdifferent from patient to patient. The coupling and characteristics ofbone will make the quality of contact surface between the implant andbone different. To evaluate the contact surface weather, and its effect onthe stress distribution, an experiment with various friction coef�icientswas conducted. The Von Mises stresses at the same location aremeasured for different simulations. From four probes measurements,the experiment results showed that the friction coef�icient betweenimplant surfaces with bone correlates. Increasing in friction coef�icientwas followed by a decrease in Von Mises stress. Not only with thegenerated Von Mises stress, but the friction coef�icient also correlatedwith the micromotion that was generated during loading. Increasing infriction coef�icient between implant surfaces and bone can make theimplant more stable. The micromotion generated during the simulationdecreased when the friction coef�icients increased. Hence, theengineering part of increasing the friction coef�icient between thesurfaces of an implant with the surface of the bone site can reduce themicro motion of the implant body.Implementation analyses of FEA to estimate the stress distributionon in vivo data, three patients with different implant stability have beeninvolved. The grades of implant stability of patients are high, moderate,and low. To represent the quality of implant stability in the simulation,the friction coef�icients of patients have been adjusted differently. For apatient who has high implant stability, the friction coef�icient isadjusted to 0.5, moderate implant stability is 0.4, and low implantstability is 0.2. The simulations were conducted to investigate the effectof different loading on stress distribution at pre- and post-crownconditions. The simulations are performed to simulate the possibility ofgenerated vertical force, horizontal force, and removal torque duringdaily mastication. The results show that in all different patients, thestress distribution on the jawbone is concentrated highly in the cortical.In other words, the stress received by the cortical from the implantbody is easier to propagate into all directions of the cortical rather thanit will be transferred into the trabecular. The analysis showed that the



highest stress area is in the cortical, especially around the implant site.The patterns of stress distribution on all simulations are similar to theappropriate simulation on a simple model, and only the intensity ofstress is different. The generated stress on patients with low implantstability is higher than moderate and high implant stability.The movement of a dental implant also the so-called micromotion ofa dental implant is de�ined as a minimal displacement of an implantbody relative to the surrounding tissue which is very dif�icult tomeasure directly by the currently available instrument in the clinic. Insome reports, the authors showed that excessive micro-motion mayinterfere with the process of osseointegration of dental implants(Winter et al. 2013). They also postulated that micromotion betweenimplant and bone must not surpass a threshold value of 150 µm forsuccessful implant healing. In our simple model experiments, the micromotion is affected by the quality of the contact surface where theincrease in friction coef�icient can reduce the micro motion. In vivo,simulation with different types of loading showed that the torque canproduce the highest micro motion of the implant compared withvertical or horizontal loading. Patient with low implant stability has thehighest micro motion of his/her implant. In this condition, thedifference between pre- and post-crown conditions is signi�icant. It iscontrary to the patient with high implant stability, the micro-motion ofpre- and post-crown condition is not too much different. It is because,in the case of high implant stability, the coupling of the implant withbone is relatively higher, and the change of friction coef�icient is notaffected so much on the micromotion resulted.In a biomechanical view, the success of osseointegration of dentalimplants can be understood from how the stress can be transferredfrom the body implant to the surrounding bone. Not only how thestress can be transferred, but also the intensity of the stress received inthe bone surrounding the implant will affect signi�icantly the activity ofbone in remodelling/osseointegration ability. Based on the results, thehighest stress can be produced by torque either in pre- or post-crownconditions. The vertical and horizontal loading can generate high stressonly in the upper part of the cortical; fortunately, the generated stressby these loading is still below the critical threshold.
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9.1	 Conclusion
9.2	 Future Work
9.1	 ConclusionBiomechanical assessment clinically of the dental implant system inresponding to external loading such as mastication is mostly notpossible. Not only because of the limitation of instruments that can beused to measure the mechanical responses but also because theexperiments can in�luence the dental implant directly. Hence, abiomechanical assessment numerically by using Finite ElementAnalysis is the ultimate method to understand the behaviour of the jawsystem in responding to mechanical processes such as loading duringmastication. However, the work�low to achieve a reliable FEA resultneeds to be performed carefully.
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Implementation of work�low for improvement of geometry modelbuilding based on CBCT data needs to be performed carefully. Theselection of the threshold de�ined the precise image, especially duringthe separation of hard tissue from soft tissue. The geometry of eachcomponent of the jaw system can be generated using this technique.However, some dif�iculties might arise when the segmentation of theobject needs to be performed in detail. Even though CBCT is afavourable method in dental imaging; however, in terms of imagecontrast, CBCT has limitations in de�ining the boundary of the objectprecisely especially if some metallic materials are placed, and theartefact appears very strong in the images. Hence, de�ining theboundary during the segmentation of the object based on CBCT data isstill not optimum. Removing the artefact from the main data is anotherproblem that still needs to be resolved. The proposed work�low in thisresearch is to optimize the model generation from CBCT data through aseries of segmentation steps.Not only for generating the model of the jaw system, the CBCT dataalso has been used for evaluating the quality and quantity of the jawsystem such as bone density. However, for some reasons, the accuracyof CBCT in determining the density is still questionable. A series of testshave been conducted to answer the unsolved problem. The test of CBCTon different angle scanning, justi�ication of CBCT in predicting bonedensity by using model, and comparison with other technology (CTscan) have been conducted. Testing also has been conducted on therepeatability and accuracy of CBCT data in determining the density.The experiment results showed that the CBCT has a dependency onangle scanning, and different angle scanning will generate different HUsof the same object. However, the change of HU is not linear with theangle changes. Compared with CT, CBCT scanning is more sensitivewith different angle scanning.As a justi�ication of CBCT reading in estimating the density, aphantom model with density is known to be scanned. The resultshowed that the HU of CBCT is not linear with density. The linearregression of HU of CBCT with density has a lower coef�icientcorrelation compared with exponential relation. As a consequence,estimating density directly from CBCT reading needs to be performedcarefully, and less linearity of CBCT reading with density needs to be



considered to avoid a misinterpretation on estimating the density.However, the process of density estimation from CBCT by using MIMICSsoftware showed that there is a consistent reading in the repetition ofmeasurement.For monitoring of osseointegration during the treatment of dentalimplants, CBCT has been tested for evaluating bone density and bonequality during implant treatment. In this case, the densities areestimated by using Eq. (4. 2). The density changes for every stage ofmonitoring were evaluated. In general, bone density decreases duringthe �irst stage of 3 months after implant placement and will increaseagain after 4 months from implant placement. The density decreasesduring the �irst 3 months of monitoring, it possibly related to the boneremodelling process, and increasing after 4 months is related to theosseointegration process where the bone starts to grow and Osseo isintegrated into the implant.Monitoring of the dental implant system of the patient after surgeryis needed to evaluate the progress of osseointegration. Based on thisstudy, at least three methods can be used for monitoring the progress ofimplant stability, direct measurement of implant stability by using RFA,monitoring the density of bone around the implant through imagingdata, and numerical study by using FEA method and integrated allcomprehensive information on it.Based on samples in Hospital USM that have been used in thisresearch, the implant stability of patients can be categorized into threeclasses:1. Class 1, patients who have a signi�icant increasing in implantstability during the healing process.  2. Class 2, patient who has the constant implant stability progress orthe increasing is not signi�icant.  3. Class 3, a patient who has negative implant stability progress,where the implant stability of the patient decreases during thehealing process.  
Correlation between implant stability with bone quality andquantity showed that bone density is not signi�icantly correlated to



implant stability. However, the available space for implant sites that arethe bone height of the mandible and cortical thickness are correlatedstrongly with the implant stability of the patient. A patient who has athicker cortical or bone height has a potential to have a high primaryimplant stability.The biomechanical assessment numerically by using the FEAmethod showed that there is a correlation between stress intensitygenerated around the implant with implant stability. The stressgenerated during loading from patients with high and moderateimplant stability is lower compared to the patients with low implantstability. Therefore, if the stresses generated around the body of theimplant are high; the tendency for the bone to lose the quantity of boneis high, and hence, the optimum osseointegration is dif�icult to beachieved early. The potential of implant failure or low osseointegrationof implant/low implant stability is higher if too much torque issubjected to the dental implant. The generated stresses are alsoaffected by the behaviour of contact between the surface of the implantand with bone. The rougher the surface contact of implant bone, theless the generated stresses are. In other words, the higher frictioncoef�icient between the implant and bone will reduce the generatedstress around the implant body.The mastication process can produce various loads on a new dentalimplant. At least three types of loading can be produced duringmastication: vertical loading, horizontal loading, and torque. Dependingon the stage of the implant, these loading will generate different stressdistributions. In the pre-crown stage, this loading will be directed to thetop of the implant body, while in the post-crown stage, this loading willbe directed to the top of the crown. The response of stress distributiondue to different types of loading is different. Vertical and horizontalloading will produce the stress relatively lower than torque which issafer for bone to grow. Patients with thicker cortical thickness will havesome advantages in terms of the stress distribution due to loading.Because the stress will be propagated mostly in the cortical, hence theonly upper part of the cortical will be affected strongly by this loading.The lower part will be safer, and bone will more easier to grow.In terms of micromotion, the stress is related to the micromotion ofdental implants. If the stress is generated strongly, the movement



(micromotion) of the dental implant is also high. Generated stress andmicromotion are two important factors that play an important role insupporting implant stability/osseointegration. To achieve optimumosseointegration, the area around the implant needs to be kept fromoverload and over-micro motion because of that loading. The conditionof surface contact between the implant and with bone affects thegenerated micro motion of the implant during loading. The surfacecontact with a higher friction coef�icient can reduce the generatedmicro motion of the implant body.
9.2	 Future	WorkEven HU of CBCT data can represent the density of the object, such softor hard material can be identi�ied easily from the image, but thequantitative prediction of density by using HU directly from CBCT isstill rare. Density estimation from CBCT is an interesting task; however,the variation of HU of CBCT data somehow still affects the quality ofdata. In the future, these empirical equations (Eqs. 4. 1–4. 2) still need tobe validated in many scenarios and conditions of measurement.Some approximation of the material as homogenous material isapproximated to simplify the study. It is interesting if the density of theobject can be predicted from CBCT data and it can be used to performthe material assignment, and hence, the object can be assigned withvariation of density (heterogeneous density distribution). In this case,the density can be predicted from the HU of CBCT data by using Eq. 4. 2.This equation will bring the HU of CBCT to 3-D density model that canbe used for further application such as material assignment for furtherFEA study.
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