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ABSTRACT
ON BONE QUALITY AND IMPLANT STABILITY MEASUREMENTS.

Bertil Friberg, Department of Biomaterials/Handicap Research, Institute for Surgical Sci-
ences, Goteborg University and The Branemark Clinic, Goteborg, Sweden.

In conjunction with placement of oral implants the jaw bone quality assessment is mainly
based on quantitative radiographic measures and the subjective opinion of the performing
surgeon. While the primary implant stability is discussed in terms of the pre-set motor torque
and the subjective hand-felt perception during final tightening of implants, the secondary stabil-
ity is defined as the absence of implant mobility. The objectives of the present thesis were to
evaluate the technique of true cutting resistance, designed to define and objectively measure
the bone quality or bone hardness, with regard to its reliability and applicability to the clinical
situation. Correlation analyses were performed between values of cutting resistance and bone
density, as well as between cutting resistance and total bone area of maxillae and mandibles.
Further, the resonance frequency technique was utilized, aiming at objectively measure the
obtained primary and secondary implant stabilities in maxillae and mandibles. Correlation
analyses were performed between values of cutting torque and resonance frequency. The one-
stage surgical protocol was executed in mandibles for repeated stability measurements during
healing. Implants placed according to the two-stage surgical protocol, using the standard and
an adapted preparation technique with extended healing periods, were compared with regard
to various failure patterns.

The true cutting resistance technique was found reliable and applicable to the clinical
situation, and significant correlations were demonstrated between the measured bone density
and total bone area, respectively, and values of cutting resistance. Significantly more total
bone, i.e. mainly compact bone, was seen in mandibles as compared to maxillae and values of
cutting resistance were significantly higher in mandibles. No lower limit value at which implants
were at risk was possible to identify, since cutting torque values were similar for successful
and failed implants. Implant stability, as measured with resonance frequency, increased more
in bone of low density than in bone of medium or high density during healing and initial loading
periods. A significant correlation between the values of cutting torque of the crestal bone and
resonance frequency was observed. While the implant outcome was favourable using the one-
stage protocol and no increase in stability was demonstrated for implants placed in the anterior
mandible, a concept of one-stage surgery and direct loading may be recommended for implants
inserted in similar bone texture. The early failure rate was found equal (1.5%) for the two
separately conducted two-stage surgical approaches, and implants in maxillae failed to a higher
extent than mandibular ones. When using a standard treatment protocol, limited bone volume
and poor bone texture were major determinants for early failures. When using an adapted
preparation technique and extended healing, no such early failure patterns were seen. With
regard to late failures, implants placed in maxillary bone of limited volume still represented
more failures, while no such finding was demonstrated in bone of poor texture. Thus, early and

late implant failure rates were equally low in bone of poor texture, when using the adapted
surgical technique.

Keywords: early failures, titanium implants, jaw bone quality, jaw bone volume, cutting torque,
implant stability, resonance frequency, one-stage surgery,
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ABSTRACT

In conjunction with placement of oral implants the jaw bone quality assessment
is mainly based on quantitative radiographic measures and the subjective opinion of
the performing surgeon. While the primary implant stability is discussed in terms of the
pre-set motor torque and the subjective hand-felt perception during final tightening of
implants, the secondary stability is defined as the absence of implant mobility. The
objectives of the present thesis were to evaluate the technique of true cutting resistance,
designed to define and objectively measure the bone quality or bone hardness, with
regard to its reliability and applicability to the clinical situation. Correlation analyses
were performed between values of cutting resistance and bone density, as well as
between cutting resistance and total bone area of maxillae and mandibles. Further, the
resonance frequency technique was utilized, aiming at objectively measure the obtained
primary and secondary implant stabilities in maxillae and mandibles. Correlation analyses
were performed between values of cutting torque and resonance frequency. The one-
stage surgical protocol was executed in mandibles for repeated stability measurements
during healing. Implants placed according to the two-stage surgical protocol, using
the standard and an adapted preparation technique with extended healing periods,
were compared with regard to various failure patterns.

The true cutting resistance technique was found reliable and applicable to the
clinical situation, and significant correlations were demonstrated between the measured
bone density and total bone area, respectively, and values of cutting resistance.
Significantly more total bone, i.e. mainly compact bone, was seen in mandibles as
compared to maxillac and values of cutting resistance were significantly higher in
mandibles. No lower limit value at which implants were at risk was possible to identify,
since cutting torque values were similar for successful and failed implants. Implant
stability, as measured with resonance frequency, increased more in bone of low density
than in bone of medium or high density during healing and initial loading periods. A
significant correlation between the values of cutting torque of the crestal bone and
resonance frequency was observed. While the implant outcome was favourable using
the one-stage protocol and no increase in stability was demonstrated for implants
placed in the anterior mandible, a concept of one-stage surgery and direct loading may
be recommended for implants inserted in similar bone texture. The early failure rate
was found equal (1.5%) for the two separately conducted two-stage surgical approaches,
and implants in maxillae failed to a higher extent than mandibular ones. When using a
standard treatment protocol, limited bone volume and poor bone texture were major
determinants for early failures. When using an adapted preparation technique and
extended healing, no such early failure patterns were scen. With regard to late failures,
implants placed in maxillary bone of limited volume still represented more failures,
while no such finding was demonstrated in bone of poor texture. Thus, early and late
implant failure rates were equally low in bone of poor texture, when using the adapted
surgical technique.

Keywords: carly failures, titanium implants, jaw bone quality, jaw bone volume, cutting torque,
implant stability, resonance [requency, one-stage surgery,
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INTRODUCTION

General remarks on oral implant success and failure

Osseointegrated oral implants, as originally defined by Branemark (Branemark et
al 1977), have been extensively used around the world. Apart from the well defined
Branemark System®, also other oral implant systems have been documented, such as
e.g. ITI and Astra (Astrand et al 1996a, Buser et al 1997, Palmer et al 1997, Arvidsson et
al 1998, Astrand et al 1999). Regarding the Branemark System®, a series of reports have
thoroughly evaluated its long-term results with implant survival in the magnitude of 82-
99% after up to 10 years of loading (Cox & Zarb 1987, van Steenberghe et al 1987,
Albrektsson 1988, Adell et al 1990, Bahat 1993, Jemt & Pettersson 1993, Nevins & Lan-
ger 1993, Eckert & Wollan 1998, Wyatt & Zarb 1998). Similar results were obtained in 5-
10 year prospective multicenter studies, executed for different jaw situations (Lekholm
et al 1994, Henry et al 1996, Jemt et al 1996, Friberg et al 1997, Lekholm et al 1999a).
Despite a meritorious treatment outcome, problems and complications have been
encountered when wielding the procedure (Lekholm 1985a, Worthington et al 1987,
Engquist et al 1988, Zarb & Schmitt 1990, Jaffin & Berman 1991, Jemt 1991, Sennerby
1991, van Steenberghe 1991, Jemt & Lekholm 1995, Bryant 1998). In extensive litera-
ture reviews conducted by Esposito et al (1998a+b), the epidemiology and etiopathogenesis
of biological factors contributing to implant failures have been scrutinized. Using a
metanalytic approach comprising a sample of 2,812 implants (Branemark System®), the
biologically related implant failure rate over a 5-year period was found to be 7.7% (Esposito
et al 1998a). The early failure rate, i.e. the percentage of implants for which
osseointegration was never established due to an interference with the healing process,
was calulated from a bigger sample (16,935 implants) and accounted for 3.6%. Implants
in partially edentulous patients performed better than implants in patients with complete
edentulism, and in the latter group implant losses were almost three times as frequent
in maxillae as compared to mandibles. It was suggested that surgical trauma together
with anatomical conditions were predominant factors for early failures, while peri-
implantitis was rarely seen with the Branemark System®, either as an early or late
failure. Overload together with insufficient bone volume and deficient bone quality were
suggested as the three major determinants for late failures (Esposito et al 1998a).
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Load-related jaw bone changes

With regard to excessive load, several reports are available on its influence on
bone resorption and implant failure. In a review paper by Brunski (1992) it was stated
that interfacial stresses and strains from loading could endanger the implant surrounding
tissues, resulting in increased bone resorption and/or implant loss. The magnitude of
stresses and strains in the interface depended on many factors of which the quantity and
quality of bone were mentioned. Since load divided by supporting area was considered to
be an estimate of the interfacial stress magnitude, the amount of bone present to support
the implant, as well as the mechanical properties of the bone in implant contact, were
said to influence the outcome in terms of implant success versus implant failure. Excessive
marginal bone loss (>1 mm) after the first year of loading was shown in patients who
were exposed to overload, due to the presence of parafunctional activity, lack of anterior
contacts and osseointegrated full fixed prostheses in both jaws (Quirynen et al 1992). In
a dog model, titanium implants were subjected to'a controlled loading protocol (Hoshaw
et al 1994). As compared to controls, trends towards increased bone resorption around
the implant neck as well as decreased percentage of mineralized tissue in the cortex
close to the loaded implants were demonstrated. The authors concluded that the bone
resorption was overload-related and a consequence of bone modeling and remodeling
triggered by damage in the supporting interfacial bone. Isidor (1996) compared the
breakdown of bone around oral implants following excessive occlusal load and plaque
accumulation in monkeys. A unilateral mandibular implant-supported construction was
designed to result in a lateral, rather than axial excessive occlusal load. The remaining
mandibular implants were kept out of occlusion and exposed to cotton cords and plaque
accumulation. The majority of the overloaded implants (5/8) lost osseointegration, while
none of the implants with plaque accumulation (0/12) were lost. Based on the outcome,
the author suggested that, while plaque accumulation resulted in loss of marginal bone
height, occlusal overload could be a main factor for the loss of osseointegrated implants.
Using a finite element model, stress and strain distributions around a solitary Bradnemark
implant were studied (Van Oosterwyck et al 1998). The authors suggested that if margi-
nal bone loss was caused by excessive lateral forces, a bicortical anchorage of the implant
would not reduce the risk for bone resorption, while the presence of a lamina dura would

prevent local overload. In a similar study, Clelland and coworkers (1993) showed the
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influence of crestal cortical thickness on stresses in the crestal region. By doubling the
thickness of the cortical shell, resultant stresses decreased more than 50%. In a pilot
study in rabbits, Jemt & Lekholm (1998) measured the distorsion of implant frameworks
and bone surrounding osseointegrated implants from static load due to superstructure
misfit. They found bone deformation in close connection to the implants and underneath
the framework and that this deformation might be either an increased or decreased bone
volume. It was also demonstrated that both the frame-work and the bone could flex more
than 100 microns. The authors speculated on this deformation to be important for the
initial bone remodeling. Control of implant load factors in the posterior partially
edentulous segment was reviewed by Rangert et al (1997). A number of factors were
discussed to be decisive for the short- and long-term implant outcomes, such as the type
and magnitude of load, implant design, implant position and number, the mechanical
properties of implant and interfacial tissue, prosthesis design, technological risk factors
(e.g prosthesis misfit) and the quantity and quality of the bone.

From a surgical perspective, both pre- and peroperative evaluations of the jaw
bone characteristics are needed. Gathered information should be used in order to adapt
the surgical technique as well as the length of the healing period to the current bone

situation, thereby minimizing the number of complications.

BONE VOLUME

Age-related changes of external and internal jaw bone dimensions

The mandibular anterior residual ridge form has been described in six orders by
Atwood (1963,1971a), such as high well-rounded, knife-edged, low well-rounded and
depressed. The average rate of reduction of the residual ridge (RRR) in mandibles (0.4
mm/year) was found to be four times that of the maxilla (Atwood & Coy 1971b). This
relationship between RRR of mandibles and maxillae was later confirmed by Tallgren
(1972), who conducted a longitudinal study on edentulous patients. In the paper by Atwood
(1971a), three factors were suggested to influence the RRR; i.e. anatomic (size and shape,
type of bone), metabolic (age, sex, hormonal balance, osteoporosis) and mechanical
(frequency, direction and amount of force applied to the ridge, type of denture base,
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interocclusal distance, etc) ones, respectively. It was also stated that while resorption
occurred externally, new bone was laid down internally to preserve a certain thickness of
the cortical bone. This was consistent with observations made by Ulm et al (1992), who
found a coarsening of the cancellous structure and the development of “compact islands”
as a compensation for the bone loss caused by external atrophy. Cawood & Howell (1988)
proposed six shape classes of atrophic maxillae and mandibles and found the alveolar
bone resorption to follow a predictable pattern. Anterior maxillae and mandibles, as well
as posterior maxillae showed vertical and horizontal (from the labial/buccal aspect) bone
loss, whereas the bone loss in posterior mandibles was mainly vertical.

The age-related changes of the maxillary sinus have been extensively described by
Watzek et al (in Jensen 1999). In brief, the sinus walls may gradually become thinner
after extraction of maxillary teeth and the reduction of masticatory forces acting on the
maxilla. The alveolar recesses will sometimes extend to the edentulous alveolar ridge,
and in extreme cases after long-term edentulism, only a paper-thin lamella of bone may
separate the sinus from the oral cavity. Anteriorly, the sinus may extend to the alveolus
of the canine tooth and posteriorly it occasionally fills out the maxillary tuberosity. The
antral pneumatization of the alveolar process is assumed to result from the basal bone

loss caused by the reinforcement of osteoclastic activity of the schneiderian membrane.

Means to improve the bone volume

Numerous reports on bone augmentation procedures are available, using various
techniques with autogenous bone grafts as onlays and/or inlays together with titanium
implants, to restore local, as well as substantial defects in maxillae and mandibles (Breine
& Branemark 1980, Kahnberg et al 1989, Adell et al 1990, Jensen & Sindet-Pedersen
1991, Nystrom et al 1993, Isaksson 1994, Krekmanov 1995, Tolman 1995, Blomqvist et
al 1996, Triplett & Schow 1996, Williamson 1996, Astrand et al 1996b, Lekholm et al
1999b). In a 3-year retrospective multicenter study, comprising 23 Scandinavian clinical
centers, Lekholm et al (1999b) demonstrated an overall implant survival rate of 80%,
when combining the results of various techniques. Although, a one-stage procedure, ie
graft and implants are placed simultaneously, was suggested by Breine & Branemark
(1980), lately there has been a general trend to use a two-stage procedure (delayed), in

which implants are inserted 5-6 months after the grafting. The results after 6 months to
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5 years of loading ranged roughly between 70 and 95% independent of technique used
(for review, see Tolman 1995). While some reports have been in favour of simultaneous
implant placement or have shown similar results with the two techniques (Keller et al
1987, Donovan 1994, Blomqvist 1998), an improved outcome with the delayed technique
has been reported by others (Triplett & Schow 1996, Jensen et al 1998, Lekholm et al
1999b). In a histological analysis of microimplants by Lundgren et al (1998), comparing
simultaneous and delayed implant placement, significant more bone-implant contact
and bone area within implant threads were demonstrated 12 months post grafting with
the delayed technique. Rasmusson et al (1999a) found significantly higher implant stabil-
ity, as measured at five occasions with resonance frequency, for implants placed with the
delayed compared to the simultaneous approach. Furthermore, the two-stage technique
has been found to offer the surgeon more optimal conditions for positioning of implants
(Blomgqvist et al 1997).

The report of the Sinus Consensus Conference in Wellesly, Massachusetts, USA
(1996) stated that the sinus graft, augmenting an expanded maxillary sinus, should be
considered a highly predictable and therapeutic modality (Jensen et al 1998). Complete
data from 38 surgeons, executing 1007 sinus grafts that involved the placement of 2997
implants over a 10-year period (the majority of the implants followed for 3 years),
demonstrated an implant success rate of 90%. This figure was obtained independently of
graft materials and implant surfaces used. The results with combinations of allografts
(mineralized, demineralized, frozen irradiated bone), xenografts (mainly bovine bone)
and alloplasts (dense and porous hydroxyapatite, tricalcium phosphate) rendered an
implant survival rate after 3 years of 97.6%! These overly optimistic data were, however,
not presented in a scientific manner at the meeting and the true outcome must be regarded
as uncertain (Albrektsson 1999, personal communication). Furthermore, no information
was given regarding the amount of residual bone that was present at the time of graf-
ting.

The use of allografts remains a matter of controversy. Urist (1965) isolated bone
morphogenetic protein (BMP) from demineralized bone matrix and found it to induce
ectopic bone formation. His pioneering study has served as a base for the use of
demineralized freeze-dried bone allografts (DFDBA) in periodontal defects and in rela-
tion to placement of dental implants (Mellonig et al 1976, Quintero et al 1982, Nevins &
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Mellonig 1992, Cortellini & Bowers 1995). However, in a series of publications Becker et
al (1994,1995,1996), when using DFDBA in mice as well as in humans, questioned the
ability of DFDBA to induce new bone formation and found little or no evidence of
osteoclastic resorption of the implanted bone. This is in accordance with studies by Pin-
holt et al (1992, 1994), who failed to show osteoinduction capacity of DFDBA particles
and found titanium implants inserted in DFDBA-reconstructed defects to heal with fibrous
encapsulation. The need for a demineralized bone matrix supplemented with recombinant
human BMP was pointed out by Becker et al (1995), which was later tested by Schwartz
et al (1998). They implanted batches with active and inactive DFDBA and batches with
inactive DFDBA supplemented with recombinant BMP into mice muscles. A significant
increase in bone induction score was seen with the BMP-supplemented DFDBA and the
resorption rate seemed to be BMP dose-dependent. It was suggested that some commercial
preparations of DFDBA were inactive with regard to bone induction ability, because of
lack of adequate quantities of BMP. A positive effect of growth factor bone augmentation
procedures was reported by Boyne et al (1997), who implanted human recombinant BMP-
2 delivered on a carrier other than DFDBA (absorbable collagen sponge) into the sinus
floor of 12 patients. The overall mean height response for the maxillary sinus floor
augmentation was > 8 mm, and 11 of the 12 patients received oral implants 16 weeks
later without additional bone grafting procedures.

Guided bone regeneration (GBR) with barrier membranes have been utilized for
the guidance of bone cells into minor bone defects (for review, see Buser et al 1994), with
the principle to exclude tissue cells others than those with osteogenic properties. Although
problems have been associated with its use, such as collapse of the barrier, soft tissue
ingrowth and incomplete bone fill, mucosal perforation and infection, encouraging results
have been reported with guided bone regeneration or guided bone augmentation within,
as well as beyond the skeletal envelope (for review, see Rasmusson 1998a, Lundgren
1999).

The technique of new bone generation by stretching, distraction osteogenesis, was
first described by Ilizarov ( 1989a+b). With fixator stability and maximum preservation
of periosteum and bone marrow, it was possible to form bone during limb lengthening.
The use of distraction osteogenesis together with oral implants has been reported (Block

et al 1998, Oda et al 1999, Urbani et al 1999). In the study by Oda et al (1999), implants
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were inserted with the upper half exposed in partly mobilized alveolar bone segments,
which were thereafter fully mobilized. By turning the implant 1.5 times daily (i.e. 0.9
mm), the alveolar bone was vertically augmented 5 mm in 6 days. Some bone resorption

and loss of implants were reported.

BONE QUALITY

Age-related changes of internal jaw bone structures

Numerous studies have been executed to describe the edentate jaw region with
regard to anatomy and age-related changes of inner bone dimensions in presumptive
implant regions. Through mapping of edentate and partially edentate mandibles, extreme
variations in trabecular bone volume and connectedness were revealed within as well as
between jaws (von Wowern 1977a, Lindh et al 1996a, 1997, Ulm et al 1997). Increased
trabecular bone density was frequently seen in anterior compared to posterior regions
(von Wowern 1977a, Lindh et al 1996a). While the buccal cortex varied in density
throughout the mandible, the lingual cortex was found to be more uniform and indepen-
dent of the state of dentition (von Wowern, 1977h). It was shown, however, that the bone
mineral density (BMD) of both cortices distal to the mental foramina was influenced by
the functional stresses excerted by the masticatory muscles after extraction (Klemetti et
al 1994a), and a strong positive correlation was found between the size of the masseter
muscle and the cortical BMD (Klemetti et al 1994b). Both cortices showed increasing
porosity with age (von Wowern & Stoltze 1978), although contradictory results have
been reported with regard to the relationship between the inferior cortical shape and
width versus patient’s age and state of osteoporosis (Kribbs et al 1990, Benson et al
1991, Klemetti et al 1993a, Klemetti et al 1994¢, Watson et al 1995, Taguchi et al 1995,
Taguchi et al 1996, Ledgerton et al 1997, Klemetti & Kolmakow 1997, Horner & Devlin
1998a+b). In edentulous maxillae, Razavi et al (1995) found histologically an increased
trabeculation and thicker cortex in the anterior area as compared to the posterior ones,
while the tuberosity region consisted of fatty marrow, increased connective tissue con-
tent and only clusters of bone with trabeculation. Even though these reports tend to
characterize the jaw bone, very little is said about the bone quality per se. The latter may
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not be expressed without a certain amount of subjectivity, and the opinion will mainly be
based on quantitative measures. Far more information may be obtained from the litera-
ture of osteoporosis and bone biomechanics (Chamay & Tschantz 1972, Reilly & Burs-
tein 1974, Grynpas & Holmyard 1988, Compston 1990, Melton 1990, Brunski 1992,
Lockington & Bennett 1994, Hans et al 1997).

Definitions of the term bone quality

Horner & Devlin (1998a) claimed that the bone quality referred to various factors
such as BMD, the cortical thickness, as well as trabecular density and thickness. According
to Alhava (1991), however, BMD only related to the mineral content and not to bone
quality, while Stulberg et al (1989) found the cortical and trabecular density and thickness
to reflect the volume of bone. The latter authors stressed that there were two important
quality factors, i.e. the ability to adapt to specific loads and the capability to remodel.
The quality has also been related to the mechanical properties of bone and especially to
its strength and stiffness (Martin 1991), which were said to be influenced by the external
and internal shape and size, as well as by the biomechanical properties of the material
within. Einhorn (in Wallach et al 1992) described the quality via parameters, measuring
the mechanical properties of bone under load, such as elastic modulus, stiffness, strength
and strain. Hayes (in Wallach et al 1992), however, found few data to support a relationship
between these mechanical properties and typical quality characteristics related to various
aspects of bone morphology, such as microdamage, trabecular dimensions and contigu-
ity, as well as to the state of mineralization.

In the absence of a clear definition of bone quality a more practical definition could
be to rate the bone hardness, experienced during drilling of implant sites. Such a subjective
opinion would be dependent on the state of mineralization, the coarseness and contiguity
of the trabecular bone and the width of the cortical layers and thus correlated to the

experience of the performing surgeon.

Techniques for jaw bone quality measurements
In the treatment planning for oral implants, a radiographic examination
comprising intraoral and panoramic radiographs, lateral cephalograms and tomographic

images have been suggested (Grondahl et al 1996). Conventional tomograms (Eckerdal
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& Kvint 1986, Grondahl et al 1991, Tammisalo et al 1992, Grénahl et al 1996) or images
obtained with a computed technique (Andersson & Svartz 1988, Quirynen et al 1990,
Matteson et al 1996) are mainly required when investigating the maxilla and the posterior
mandible. Taken together, the radiographs may yield extensive information of anatomical
characteristics, such as the structures of the nasal cavity, the incisive canal, the sinuses,
the mandibular canal and the mental foramina. Along with these landmarks, the images
offer possibilities to describe the jaws with regard to volume and composition of compact
and cancellous bone, as well as in terms of pathology. Lekholm & Zarb (1985b) proposed
a jaw bone classification by rating the quality from 1 to 4, depending on the amount of
compact and cancellous bone present. In quality 1, compact bone predominated the jaw,
while in quality 4 mainly cancellous, osteoporosis-like bone was at hand. Together with
explorative drilling of implant sites, a more complete but still subjective picture of the
bone quality was obtained, although only a rough mean value was presented of each
examined jaw. Jensen (1989) suggested a classification of individual bone sites, based on
radiographic as well as on clinical parameters such as vital structure proximity,
orthodontic malocclusion, general or local disease or disorder, etc. A density index with
four classes (D1-D4), based on the classification by Lekholm & Zarb (1985b), was presented
by Misch (1990), however, the Jensen and Misch indices have not been in common use. A
more recent index was proposed by Lindh et al (1996b) for planning, performance and
prognosis of implant treatment. Three classes of trabeculation were discerned by assessing
the mandibular trabecular pattern in periapical radiographs.

When planning for oral implants the subsequent treatment will mainly be based
on the information obtained from the radiographic examination. With regard to the quality
classification by Lekholm & Zarb (1985b), the assessed radiographs provide for
quantitative information only, since they describe the cortical width and the density of
the trabecular bone pattern present. Only one value is given for the entire jaw, which is
based on the personal experience and the subjective opinion of the surgeon.

In quantitative computed tomography (QCT), the bone quality was assessed
by a density value in Houncefield units (HU), which was assigned each picture element
(pixel) of the computer calculated image (Andersson & Kurol 1987, Berman 1989,
Duckmanton et al 1994, Mattesson et al 1996, Lindh et al 1996a). A value of -1000 HU
corresponded to air, 0 HU to water and +1000 HU represented bone. The obtained
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numbered units of the bone might serve as an indicator of the resistance to be anticipated
during drilling. A major advantage with QCT compared to other techniques is its ability
to isolate and measure trabecular and cortical bone separately (Taguchi et al 1991,
Klemetti et al 1993b, Dougherty 1996, Matteson et al 1996, Lindh et al 1996a). In the
treatment planning this may be important, since most implants will be inserted in, and
come in contact with, both cortical and cancellous bone. Cancellous bone with densitometric
readings of less than +100 HU was considered poor quality with little ability of the bone
to provide primary stability for the implant (Duckmanton et al 1994). Computed
tomography scans have been used to generate three-dimensional solid models of scanned
objects. Bill et al (1995) reconstructed alveolar ridge defects using stereolithography,
and advocated that the method improved pre-operative treatment planning.

Although, many CT scanners can produce the bone density in HU, few studies
have reported on its use together with oral implants. The disadvantages of the method
were described as relatively high radiation dose, high cost and long time of image
acquisition (Matteson et al 1996).

The utility of bone mineral density (BMD) measurements of mainly axial and
appendicular skeleton (lumbar spine and proximal femur) has been reported in numerous
studies, using ionizing beams from either isotopes or X-ray tubes (apart from QCT) to
predict the risk of future fractures in osteoporosis. The BMD was found to explain about
70-75% of the variance in bone strength (Hans et al 1997), but a substantial overlap in
BMD between osteoporotic and non-osteoporotic populations was also reported (Dougherty
1996, Sturtridge et al 1996, Hailey et al 1998). In a complex tissue like bone, density
measurements were not considered sufficient for determining the strength and the fracture
risk (Alhava 1991, Greenfield 1992). Cumulative and synergistic effects of other factors,
such as accumulated burden of fatigue damage, ineffective bone architecture; i.e the
three-dimensional arrangement of trabecular struts and state of remodeling were, as
well, related to the predisposal for bone fractures (Hans et al 1997).

von Wowern (1988) used dual energy photon absorptiometry (DPA) to examine the
in vivo relationship of bone mineral content (BMC) of mandibles, forearms and lumbar
spine. A significant correlation of BMC was found between forearms and lumbar spine,
but no corresponding relationship with these regions and the mandible could be seen.

The conclusion was that BMC changes of mandibles could only be evaluated by
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investigations of the mandible itself. In a more recent study Klemetti et al (1993a) reported
that the mandibular cortical BMD was clearly correlated with the lumbar spine and
femoral neck BMD, while the mandibular trabecular BMD was not. Age-related changes
of cortical BMD of mandibles have been reported (Klemetti et al 1993c), while trabecular
BMD seemed to be independent of age (von Wowern & Stoltze 1978, Klemetti et al 1993a).
In relation to treatment with osseointegrated ITI-implants supporting overdentures (von
Wowern et al 1990), BMC was measured with DPA in different mandibular regions, 3
weeks and 2 years postoperatively. The authors concluded that the implant treatment
caused a load-related bone formation, which could minimize, or even counteract, the
physiologic age-related BMC loss seen in osteoporosis. This increase in bone density
around implants with several years of function was reported earlier by Strid (1985). A
bone preserving effect of fixed implant-supported prostheses in mandibles, when compared
to removable dentures, was also shown by Sennerby et al (1988). The use of dual energy
X-ray absorptiometry (DXA) measurements of the mandible in four patients was first
reported by Corten et al (1993). Horner & Devlin (1998a) found significant correlations
between the bone quality index (Lekholm & Zarb 1985b) and BMD of the mandibular
body as measured with DXA, as well as between the mandibular cortical index (Klemetti
et al 1994c¢) and BMD. In the effort of detecting periimplant bone changes in mandibles
ex vivo with DXA, Denissen et al (1996) reported a high precision and the possibilitiy to
detect changes in BMD as small as 0.85%. A drawback with the instrument was, however,
that the X-ray beam first hit one half of the mandible or maxilla and then the other.
Remaining teeth were found to produce shadows on the DXA scans, which probably led
to an artificially high BMD value (Horner & Devlin 1998a).

DPA- and DXA-techniques have had limited use in jaw bone diagnostics for implant
treatment. Even though the BMD is a quantitative measure (Alhava 1991, Greenfield
1992), it is regarded to have a relationship with compressive strength and elastic modu-
lus of bone (Martin 1991), both being looked upon as quality parameters (Einhorn, in
Wallach et al 1992).

The non-invasive method of measuring ultrasound attenuation and velocity
in heel bone and forearm has been claimed possible to use for bone quality determination
(Greenfield 1992, Antich et al 1993). Correlations between parameters of ultrasound and
BMD have been found (Hans et al 1997), and according to Jonson (1994), the ultrasound
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velocity is influenced by the orientation of the trabeculae. It is also dependent on the
modulus of elasticity and the bone density ( Buckingham et al 1992, Antich et al 1993).
Only few studies have reported or addressed the usefulness of ultrasound to monitor the
treatment of osteoporosis, and measurements of skeletal changes by means of only ultra-
sound have, as yet, not been recommended (Hans et al 1997).

Little information is available regarding the use of ultrasound for evaluation of
the jaw bone characteristics. Sonographic measurements of the alveolar bone topography
and width in the assessment of periodontal bone morphology and when planning for oral
implants have been performed with mixed results (Palou et al 1987, Traxler et al 1992).

The utilization of fractal analysis of objects, appearing statistically similar over
arange of scales and not exhibiting any smooth surfaces (e.g. trabecular bone), has been
explored during the last decade. Thereby, the characteristic fractal dimension associated
with such objects has been calculated, using extensive and complex computational
algorithms. Based on photomicrographs of iliac crest biopsies, fractal analysis was found
useful in distinguishing osteoporotic bone structure from normal (Majumdar et al 1993).
Based on mandibular radiographs obtained from post-menopausal women, calculated
fractal dimensions were markedly different from those obtained from pre-menopausal
women, indicating an onset of osteoporosis (Doyle et al 1990). Similar findings were
reported by Law et al (1996), who compared four methods regarding their ability to detect
osteoporosis from dental radiographs. Fractal dimension, as being one of the methods,
was found effective, though not the best, for the purpose. Fractal analysis has also been
used to reveal remodeling in human alveolar bone following placement of oral implants
(Wilding et al 1995).

The use of magnetic resonance imaging (MRI) as a tool for evaluation of bone
prior to implant surgery has been reported (Zabalegui et al 1990, Hirschmann 1998). It
was stated that MRI gave information of the three-dimensional relationship of vital
structures without using ionizing beams and should be considered as an alternative to
computed tomography (Hirschmann 1998). The same author claimed that full sectional
detail of available bone for safe implant placement was at hand. However, unlike CT, the
MRI signal does not originate from the mineral content of bone, and thus bone quality
estimation is problematic.

With regard to ferromagnetic properties of already inserted Branemark implants,
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Devge et al (1997) found that the implants were not influenced when exposed to MRI,
and that the artifacts caused by the implants were minor without jeopardizing the
evaluation of the scans.

Jaw bone biopsies may be used for morphology evaluation. However, due to the
invasive character of the procedure, it does not seem practical to obtain a bone sample
from every patient preoperatively. Klinge et al (1995) proposed the use of bone biopsies
at the time of mandibular implant site preparation for subsequent histomorphometric
analysis. Based on an objective quality score, expressed in terms of bone area, they
suggested an individualized healing period after implant placement. The amount of bone
varied considerably between individuals and in different locations of the same jaw, findings
being in accordance with other reports (von Wowern 1977a+b, Lindh et al 1997, Ulm et
al 1997). Thus, the clinical use of such a procedure may be limited, since a biopsy must be
harvested from each implant site. Trisi & Rao (1999) utilized bone biopsies, obtained
during oral implant surgery in a similar way as performed by Klinge et al (1995), for
histomorphometric evaluation. The percentage of bony trabeculae over the total biopsy
area was correlated with the bone scoring recorded during drilling of the implant bed,
based on the hand-felt perception of the drilling resistance (Misch 1990). They
demonstrated that the hand feeling allowed to distinguish, with statistically significant
confidence, D1 and D4 bone, but failed to separate the intermediate classes of bone quality.

A method to measure the true cutting resistance during low speed threading of
implant sites has been introduced (Johansson & Strid 1994) as a technique for evaluation
of bone quality. The consumed electric current was registered during low speed threading
by a motor unit-connected computer, which determined the total torque used. Via computer
calculation procedures, it was possible to subtract the friction part of the torque, as well
as the contribution of bone shiver packing in deeper holes. The true cutting resistance,
corresponding to the remaining part of the torque and measured in mJ/mm3, was said to
express the bone quality in terms of “energy needed to cut out a specific amount of bone
material with the tool”. In the same study, test slabs of bovine bone were radiographed
in areas where holes were threaded and measured. These radiographs were assessed,
using an aluminum-reference to identify the density, and a good agreement was found
between values of the true cutting resistance and of the aluminum-referred density. The
latter is in agreement with the report by Sugaya (1990) and Friberg (1994a), who found
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a correlation between bone density and the cutting torque registered during drilling in

autopsy specimens.

General remarks on bone quality identifying techniques

In the absence of a clear definition of bone quality, it may be difficult to fully value
the methods available for bone quality investigation. The aforementioned techniques
mainly express the bone characteristics in quantity measures, either by rating the bone
structures obtained from radiographs and histomorphometry, or by analysing the bone
mineral content. Nevertheless, the encouraging results of the technique proposed by
Johansson & Strid (1994) may open for clinical possibilities to obtain an objective measure,

expressing the bone quality in terms of bone hardness in each individual site.

Means to maintain/improve the bone quality

In the treatment of osteoporosis and prevention of fractures daily administrations
of calcium, vitamin D and hormone replacement therapy (HRT) with estrogen have shown
effects (Compston 1990, Marcus 1996, Likemedelsverket 1:97, Jeffcoat 1998). In a long-
term evaluation, Jacobs et al (1996) reported on the positive influence of HRT also on the
mandibular bone mass, as measured with DPA. Alendronate, which is a synthetic
bisphosphonate reducing osteoclast number and activity, was found, when given daily
for 2 years, to increase BMD of the lumbar spine, femur neck and the total body (McClung
et al 1998). Another report of the same study showed reduced risks for new vertebral and
hip fractures by about 50% and for all clinical fractures by about 30% (Adachi 1998).
Depending on dosage, bisphosphonates could, however, reduce bone turnover in dogs to
nearly zero (Flora et al 1980), which allowed virtually no repair of microdamage that
accumulated as a result of normal activity. Inability of the bone remodeling response to
mechanical stimuli may have been a decisive factor for the outcome of failed mandibular
osseointegrated implants in a patient treated with osteoclast inhibitors (Starck & Epker
1995). Fluorides are potential stimulators of osteoblast activity and increase BMD.
According to Liakemedelsverket (1:97), several studies have shown abnormal histology
after long-term treatment with fluorides, but it may have been a matter of dosage. Antich
et al (1993) found significantly lower spinal fracture rate after 2 years of treatment with

slow-release sodium fluoride and calcium citrate.
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The use of growth factors as bone inducing agents together with oral implant
treatment has met great interest during later years. A combination of platelet derived
growth factors (PDGF') and insulin-like growths factors (IGF-1) was used in dogs and an
accelerated bone formation, as well as greater percentage of bone fill in peri-implant
spaces were demonstrated, as compared to controls (Lynch et al 1991, Becker et al 1992).
Bovine bone morphogenetic protein (BMP) was utilized together with titanium implants
placed in monkeys or dogs and an accelerated bone formation was seen (Rutherford et al
1992, Yan J et al 1994, Bessho et al 1999). Smith (1995) placed titanium implants together
with human recombinant transforming growth factor beta (TGF-8) into extraction sockets
of minipigs and found an enhanced percentage of osseointegration but failed to show any
acceleration of implant integration. In humans, bovine BMP was applied in compromized
surgical reconstructions (bone defects, grafts, and infections) in relation to titanium
implant placement (Sailer & Kolb 1994). It was demonstrated that BMP could induce
bone even in areas with seemingly lost implants. Marx and coworkers (1998) obtained
platelet-rich plasma (PRP), as an autologous source of PDGF and TGF-8. This was
accomplished simultaneously with a bone harvesting procedure and did not add to the
operating room time. They showed a radiographic graft maturation rate close to 2 times
that of grafts without PRP. Nevertheless, studies have failed to demonstrate positive
effects of growth factors (Aspenberg et al 1989, Lind 1998). High sensitivity of growth
factor stimulation to proper delivery systems, correct doses, combinations of growth factors
and the associated trauma have been pointed out as important factors (Listgarten 1996,
Lind 1998, Bostrom et al 1998).

The effect of mechanical intervention on jaw bone density was investigated by
Lundgren et al (1995). In edentulous maxillary jaw regions of rabbits they performed
cortical and cancellous bone perforations using a round bur. Compared to the control
side, they saw after 8 weeks a substantial increase in trabecular bone density of >100%.
They referred the effect to the term “regional acceleratory phenomenon”, but they also

raised the question if this density increase would be persistent.
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IMPLANT STABILITY

Implant stability and bone quality

Implant stability, measured as resistance to unscrewing, was found to depend on
the amount of compact bone surrounding the titanium implant‘ (Sennerby et al 1992).
Implants placed in cancellous bone of knee joints showed increased bone formation
histomorphometrically and increased removal torque over time. Implants placed in tibial
cortical bone presented with high removal torque values already after 6 weeks, with no
or little increase at 6 months. Cortical bone provided a better implant support at least in
the initial postoperative period, and thus efforts should be made to engage as much
cortical bone possible during implant placement. This was tested by Ivanoff et al (1996a)
in a rabbit model through insertion of implants with mono- and bicortical anchorage. At
retrieval, all implants were stable and the degree of osseointegration was assessed with
removal torque measurements and histomorphometry. The bicortical implants showed
two and three times higher removal torque after 6 and 12 weeks, respectively, compared
to monocortical ones. Statistically more bone contact and bone area were seen around
the bicortical implants, and based on the study, the authors recommended bicortical
anchorage of implants also in the clinical situation. Some clinical studies have shown
favourable results with bicortically anchored implants, perforating the floor of the nose
and the maxillary sinus ( Hessling et al 1990, Jensen et al 1994), while Branemark et al
(1984) demonstrated 10% more implant failures with such an approach. In a more recent
paper by Ivanoff et al (1999a), conducting a 15-year retrospective study on patients with
mono- and bicortically anchored maxillary implants (Branemark System®), it was stated
rather unexpectedly that bicortical implants failed nearly four times more often than
monocortical ones. However, >80% of the failures were implant fractures, which occurred
almost three times more often in the bicortical group. The authors speculated on possible
causes for the outcome.

Sennerby (1991) referred soft bone to lack of compact bone in the presence or absence
of cancellous bone and, based on clinical evidence, he suggested to omit the tapping
procedure in such bone to obtain the best primary implant stability possible. In a review
report (Sennerby & Roos 1998), primary stability was said to be determined by the dens-
ity and quantity of the bone, the surgical technique and the design of the implant.
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Secondary stability, which may be possible to achieve after the primary healing, was
discussed in terms of the degree of primary stability together with the gain in stability as
a result of bone formation and remodeling at the implant-bone interface. Ivanoff and
coworkers (1996b) investigated the influence of primary stability on osseointegration by
inserting titanium implants in tibiae (mainly cortical bone) and femoral condyles (mainly
cancellous bone) of rabbits in such a way that some were primarily stable, some showed
rotation-mobility and some were totally mobile. They found all the retrieved implants to
osseointegrate but demonstrated significantly less amount of bone around the implants
placed in cortical bone with initial total mobility. Initial rotation mobility of implants
placed in either cortical or cancellous bone was not seen to jeopardize the outcome of the
unloaded implants. Orenstein et al (1998) followed 2,641 implants from placement to
uncovering, of which 81 implants were regarded mobile at insertion. At abutment
connection, 76 of these implants were integrated and presented a mean stability value,
as measured with an electronic mobility testing device (PTV), being slightly below the
implants with initial stability. According to Sennerby & Meredith (1999), the secondary
implant stability, as evaluated with resonance frequency measurements, was lower in
maxillae compared to mandibles, and even lower values were seen in grafted maxillae.
Contradictory clinical results have been reported for implants placed in soft bone, or
rather bone of low density, with assumed poor primary stability and the risk for
micromotion during healing. Higher implant failure rates in mainly quality 4 bone (Lek-
holm & Zarb 1985b) were demonstrated by e.g. Engquist et al (1988), Jaffin & Berman
(1991), Jemt (1993) and Sullivan (1997), while Bahat (1993), Venturelli (1996) and Truhlar
et al (1997) were quite successful with implants in such situations. With regard to implants
placed in patients with osteoporosis-like conditions of the jaws, encouraging results have
been presented (Dao et al 1993, Friberg 1994b, Fujimoto et al 1996, Eder & Watzek
1999).

Non-invasive techniques for implant stability measurements

For most clinicians the implant stability is confirmed by manual clinical testing
of an individual abutment-attached implant, which may be performed by rotating the
unit with a gentle clockwise force using an abutment screwdriver. In the absence of
mobility and/or pain, according to some of the success criteria proposed by Albrektsson
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et al (1986), the implant may be regarded as stable and osseointegrated.

The use of radiographic examination in the follow-up period of implant treatment
(Grondal et al 1996) may reveal signs of lost osseointegration in terms of a peri-implant
radiolucency. Sundén et al (1995) evaluated the accuracy and precision in the radiographic
diagnosis of clinical implant instability. Eight radiologists were asked to determine the
presence or absence of peri-implant radiolucencies around 62 unstable and 158 stable
implants according to a 5-point rating scale. Interobserver variability was found larger
than that of intraobserver. The positive predictive value only amounted to 17%, and the
authors concluded that the probability of predicting clinical fixture instability from a
radiographic examination can be low in populations with a low prevalence of fixtures
showing clinical instability. In a subsequent report by Grondal & Lekholm (1997), a
selected sample from 2,000 patients (about 8,000 implants), comprising 79 patients (413
implants) with 138 radiographically suspected failing implants, were clinically tested for
implant mobility. Out of the 138 implants, 114 were found clinically mobile after detaching
the prostethic constructions, resulting in a positive predictive value of 83%. However,
another 16 implants (5%) without radiographic signs of failure were found mobile in
connection with the clinical test.

Periotest (Siemens GmbH), originally described by Schulte et al (1983) as an
electronic device for measuring the damping characteristics of the periodontium, has
also been used extensively for stability measurements of oral implants (Olivé & Aparicio
1990, Teerlinck et al 1991, Truhlar et al 1994, Mericske-Stern et al 1995, Tricio et al
1995, Aparicio 1997, Aparicio & Orozco 1998, Orenstein et al 1998). The Periotest
comprises a handpiece with a metal rod, which is accelerated to tap a tooth or an abutment
four times per second for 4 seconds (16 percussions). The instrument measures the contact
time between the rod and the tapped object and the shorter contact time (milliseconds)
the more stable periodontium or implant/bone contact. The contact time value is converted
with a microcomputer to a numerical value, the Periotest value (PTV). The scale of possible
PTVs ranges from -8 to +50, and the lower values (negative scale) represent the most
stable implants. Aparicio (1997) referred the PTVs to the bone quality present (Lekholm
& Zarb 1985b). In bone qualities 1-3, implants were considered osseointegrated with
PTV -7 to 0 and non-integrated with PTV >+5. In quality 4, the corresponding values

were -7 to +2 and >+8, respectively. Truhlar and coworkers (1994) found similar mean
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PTVs for implants placed in bone qualities 1-3 (-3.8 up to -3.3), while the mean PTV for
quality 4 was -1.3. Tricio et al (1995) inserted implants in bovine ribs and correlated the
PTVs with insertion torque, bone density and implant length. Significant correlations
were seen between PTV and insertion torque and PTV and bone density. The length of
the implant did not influence the PTV, but a significant difference between the PTVs for
different abutment lengths was found. The relation between PTV and abutment length
was also demonstrated by Teerlinck et al (1991). A comparison between PTVs obtained
from implants with diameters 3.75 mm and 5.0 mm, revealed lower values (increased
stability) for the wide implants (Aparicio & Orozco 1998). Increased stability with
increasing implant diameter, as registerred with removal torque measurements, was
also reported by Ivanoff et al (1997). By using the Periotest instrument on extra-orally
positioned implants, Derhami et al (1995) stated that the handling of the instrument
could influence the PTV, such as defining the vertical measuring point when tapping the
abutment, the angulation of the handpiece and the horizontal distance from the handpiece
to the abutment. In a recent report conducted by Meredith et al (1998), it was concluded
that the sensitivity of the Periotest to clinical variables, such as striking height and
handpiece angulation, limited the application of the instrument as a clinical diagnostic
aid to measure implant stability.

The utilization of resonance frequency (RF) measurements for quantitative
determination of the stability of the implant-tissue interface was described by Meredith
et al (1996a). Implants of different lengths were inserted in an aluminum block with
different heights (0-5 mm) of the implants left exposed. A transducer, which was attached
via a screw on top of the implant, comprised a small beam with two piezo-ceramic elements.
With a frequency response analyser (Model 1510; Schlumberger Ltd., Crawley, Eng-
land), one of the elements was excited with a sinusoidal signal, which varied in frequency
from 5kHz to 15 kHz in steps of 25 Hz, and with a peak amplitude of 1 volt. The response
was measured by the other element and amplified before being fed back into the frequency
response analyser. The first flexural response of the resulting system was observed as a
marked increase in amplitude. A strong correlation was shown between the RF value
and the exposed height of the implant above the block, while the overall implant length
was of no significance. One implant (diameter 3.75 mm) was placed in a 5-mm diameter
hole in a steel block filled with self polymerising acrylic resin, thereby simulating the
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change in stiffness during bone formation and healing. RF was measured at 30-seconds
interval during the curing process. The RF value increased over time, and it was
demonstrated that the transducer was sensitive to changes in stiffness. The repeatability
was also tested and found to be <1%. The influence on RF by tightness with which the
transducer was attached to the implant was negligible when tightening the transducer
screw with a torque >10 Nem. RF measurements have been used on implants in rabbit
models (Meredith et al 1996b, Meredith et al 1997a) and in patients (Meredith et al
1997b), and recorded RF values of implants successfully integrated showed an increase
during the healing period. Two implants that were found mobile at abutment connection
(patient study), demonstrated decreased RF values as compared to the ones registered
at implant insertion. The authors concluded that the RF of an implant/transducer sys-
tem was related to the height of the implant not surrounded by bone and the stability of
the implant/tissue interface as determined by the absence of clinical mobility. Heo et al
(1998) found higher RF values for extra-oral implants placed in the temporal bone
compared to the bone in the nose and peri-orbital regions, which they assumed depended
on the difference in bone density. There was also a positive correlation between RF values
and time. In a series of investigations, Rasmusson et al (1997, 1998b, 1999a+b) reported
on stability measurements with RF on implants subjected to barrier membrane induced
bone augmentation and implants in bone grafts. The membrane induced bone formation
did not have any influence on the implant stability as compared to controls, when measured
with RF and removal torque tests. Increased stability with time was demonstrated for
implantsplaced simultaneously with bone grafts and significantly more so with a delayed

implant placement approach.

Implant stability and duration of healing

Branemark et al (1977) stated that the remodeling period after implant insertion
will continue for at least 18 months. With regard to removal torque measurements, longi-
tudinal studies on the bone tissue response to titanium implants have shown increased
values over time (Johansson & Albrektsson 1987, Sennerby et al 1992, Ivanoffet al 1996a).
It was demonstrated that not only the amount of bone but also the type of bone (cancellous
versus compact) surrounding the implant influenced the removal torque. Furthermore,

it was shown that cancellous bone could "catch up” with cortical bone over time (Sennerby
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et al 1992). Increased implant stability during follow-up periods, as one indication of
successful osseointegration and measured with Periotest or resonance frequency, has
been reported in numerous studies (Mericske-Stern et al 1995, Meredith et al 1997a+b,
Aparicio & Orozco 1998, Heo et al 1998, Rasmusson et al 1998b). The cause for this time-
dependent increase in implant stability may be found in bone histology and
histomorphometry studies conducted by several investigators (Johansson & Albrektsson
1987, Sennerby et al 1992, Ivanoff et al 1996b, Mori et al 1997). In the rabbit study by
Johansson & Albrektsson (1987), the bone-to-implant contact was shown to increase
from a few percent at 3 weeks to 85% at one year. They concluded that the osseointegration
process would continue at least for a year in rabbits and that longer time would be
anticipated in man due to the more slow bone turnover. It was also suggested that an
extended healing period was needed for implants placed in bone of little volume and/or
low density. The latter is in accordance with the results presented by Mori et al (1997),
who established an experimental rabbit model with bone of low mineral density (osteo-
porosis-like) and investigated the amount of bone-to-implant contact at 2, 4, 8 and 12
weeks after implant placement. As compared to controls at 8 weeks, similar
histomorphometrical results were obtained with the implants in bone of low density at
12 weeks. Consequently, it was proposed an extended healing period in patients with

osteoporosis-like bone.

One- versus two-stage techniques/delayed versus immediate loading

The rational behind the two-stage (submerged) surgical technique, i.e. implants
and abutments are placed at two different sessions as described by Branemark et al
(1985), was to avoid preloading/micromotion of the implant and to allow for bone forma-
tion and integration to occur. Thus, it was anticipated that an increased implant stabil-
ity would be achieved during the healing period. Successful use of a one-stage (non-
submerged) procedure in maxillae and mandibles mainly, and with healing periods of 3-
6 months, has, however, been reported for ITI implants (Buser et al 1991, Mericske-
Stern et al 1995, Astrand et al 1996a, Buser et al 1997), as well as for the Branemark
System® (Ericsson et al 1994, Henry & Rosenberg 1994, Bernard et al 1995, Becker et al
1997, Ericsson et al 1997, Hermans et al 1997, Collaert & De Bruyn 1998). With regard
to the study of Ericsson et al (1994), a split mouth technique was executed using both
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one- and two-stage implants within the same jaw. At the 5-year follow-up (Ericsson et al
1997) of the same patient material, similar implant stability (Periotest) and radiographic
marginal bone levels were recorded for both groups of implants. The patients of the studies
referred to were allowed to wear their relined dentures immediately (Henry & Rosen-
berg 1994, Becker et al 1997), after one week (Bernard et al 1995), after two weeks
(Ericsson et al 1994) or not at all during the healing period of 3-4 months (Collaert & De
Bruyn 1998). In the Henry & Rosenberg (1994) study, prosthodontic procedures were
commenced already at 7-10 days post surgery and fixed permanent bridgeworks were
attached 7-9 weeks after implant placement. No implants were lost during the 2-year
study period. The assumed unfavourable loading of the denture during healing was
obvoiusly possible to control, since all studies showed implant survival rates at the 1-
year check-up of 94-100%. The result of 94% obtained by Ericsson et al (1994) at 18
months was also consistent with the outcome at 5 years (Ericsson et al 1997). In a recent
investigation, Randow et al (1999) reported on 16 patients (88 implants) with edentulous
mandibles, in whom permanent fixed suprastructures were connected within 20 days
following implant placement. None of the implants were lost during the follow-up period
of 18 months. Hence, one-stage surgery and early loading of implants in mandibles with
dense bone and two well defined cortical layers indicate that implants may survive, despite
that bony ingrowth at the bone-to implant interface has as yet not occurred.
Schnitman et al (1990) placed both submerged and non-submerged implants in
mandibles with the effort to provide patients with interim fixed constructions at the day
of stage-one surgery. After 3-4 months, the submerged implants had abutments connected
and definitive restorations were fabricated. Three implants of 20 immediately loaded
were lost during a 21-month period (15%), and the result was consistent with the 10-year
report presented by the same authors (Schnitman et al 1997). A similar approach was
used by Tarnow et al (1997), who inserted 210 implants in each jaw, of which >5 implants
were immediately loaded, in both edentulous mandibles (6 patients) and maxillae (4
patients). All implants were 10 mm or longer, and out of 107 implants of different systems
67/69 non-submerged and 37/38 submerged implants osseointegrated and were regarded
successful during the study period of 1-5 years. The authors concluded that a delayed
loading protocol was still the treatment of choice, although, for a particular population,

immediate loading of multiple implants splinted across the arch could be a valuable
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adjunct to therapy. The ultimate goal regarding immediate loading was reached by
Branemark and coworkers (1999), who reported on the one-day treatment protocol
(Branemark Novum®) with permanent fixed implant supported reconstructi.ons in
edentulous mandibles. Fifty patients with 150 implants were followed from 6 months to
3 years with no adverse effects on the marginal bone level and with an overall implant

survival rate of 98% after 2 years.

General remarks on literature review

Osseointegration, as implied that a rigid fixation of the implant surface is achieved
and maintained in bone during functional loading (Zarb & Albrektsson 1991), is the aim
of implant surgery. Determinants for achieving osseointegration have been suggested,
such as the present bone quality and volume, the surgical technique, the obtained primary
implant stability and an adapted healing period (Ivanoff 1999¢). The obtained secondary
implant stability and the loading conditions are on the other hand suggested as the
determinants for maintaining the osseointegration (Sennerby & Meredith 1998).

When summarizing the literature it may be stated regarding the anatomically
related features that questions have been raised on how these conditions are defined and
used in conjunction with the oral implant treatment. While bone volume may be
determined by objective clinical and radiographic examinations, bone quality scoring is
mainly based on quantitative radiographic measures and subjective opinions of the
performing surgeon. When considering the surgical technique, in general only one surgical
protocol is offered when executing the implant placement in bone of various textures.
Therefore, the obtained primary implant stability is mainly discussed in terms of the
pre-set motor torque and the subjective hand-felt perception during final tightening of
the implant, whereas the obtained secondary implant stability is mainly defined as the
absence of implant mobility during the abutment operation and the subsequent prosthetic
procedure and follow-up. Furthermore, when considering the duration of the healing
period, mainly the empirical periods of 3 to 6 months have been suggested for mandibles
and maxillae, respectively. Shorter healing periods have been introduced in connection
with the concept of direct or early loading, but prolonged healing have rarely been mentio-
ned for use in the clinical practice.

Consequently, despite the numerous reports available on the use of the Branemark
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implant technique, still more knowledge regarding various issues is requested in order
to further improve the clinical outcome of implant treatment. The influence of bone quality
on early and late implant failures needs e.g. to be verified, and thus a technique to identify
and objectively measure the bone quality or bone hardness during implant placement is
desired. The influence of bone quality on primary and secondary implant stability needs
to be investigated as well, and therefore a technique to identify and repeatingly measure
the obtained implant stability is requested. The influence of variations in the surgical
performance and of different healing periods on the outcome of implants also needs to be
explored in relation to various bone quality situations. To be able to answer these

questions, both clinical and experimental studies are needed.
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AIMS

The research goals of the investigations on bone quality and implant stability
measurements executed as part of the present thesis were to:

* Study the frequency of early and late failures of Branemark System® implants; and to
relate this outcome to differences in the surgical protocol, as well as to various patient
and implant characteristics (study I, IV).

e Test in vitro the reliability of true cutting resistance measurements in simulated
clinical situations, using two investigators, different handpressure and deviating tapping
directions; and to correlate values of bone density with values of true cutting resistance
(study II).

* Investigate the applicability of true cutting resistance measurements, comparing
maxillae and mandibles as well as different regions of post mortem human jaws; and to
correlate values of bone area and density, respectively, as measured in microradiographs,
with values of true cutting resistance of the same jaw site (study III).

® Compare in vivo obtained cutting torque values of maxillae and mandibles as well as of
different jaw regions; to perform correlation analyses between cutting torque values and
assessed scores of bone quality; and to identify implants at risk based on their cutting

torque values (study IV).

® Obtain in vivo values of cutting torque and resonance frequency at implant nsertion in
edentulous maxillae for subsequent correlation analyses; to study, over a period of 20
months, changes in implant stability as measured by resonance frequency; and to relate
changes in resonance frequency to registered marginal bone levels at abutment opera-
tion and at 1-year follow-up (study V).

® Study changes in implant stability during healing via repeated resonance frequency
measurements, using a one-stage surgery approach in edentulous mandibles; and to relate
changes in resonance frequency to registered marginal bone levels at the end of the
study period (study VI).
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MATERIALS & METHODS

Experimental studies (II, III)
Test samples
Frozen ribs of 7-month-old pigs were used after being thawed and sectioned into
30 mm long pieces for the study II analyses. In all, 17 seemingly homogeneous samples,
with well defined cortices surrounding a trabecular bone cord, were examined (Fig. 1).
In study III, 10 jaw samples (6 maxillae and 4 mandibles) were obtained from 7
corpses (3 women and 4 men; mean age: 73 yrs, range 61-90 yrs), subjected to educational
dissection at the Department of Anatomy, Géteborg University, Sweden. The material
had been preserved in 4% formalin for 6-8 weeks prior to retrieval. The specimens were
harvested, freed from mucoperiosteum, again preserved in formalin and stored in a

refrigerator until used 2 weeks later.

Study protocols
Implant sites were prepared according to the guidelines described by Adell et al

(1981), always aiming at engaging the basal compact bone layer (studies II, III). During
low speed threading, values of total torque were registered by a computer (Copam, Pc-

401, Turbo), connected to a motor unit (Nobel Biocare AB, Goteborg, Sweden). Torque

Figure 1. Sectioned pig ribs used as test samples in study II.
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graphs were printed for all implant sites. Measured torque consisted of true cutting
resistance, friction and idling speed energy. By using a special computer software (Jo-
hansson & Strid 1994), friction and idling speed were subtracted, and the true cutting
resistance, expressed in mJ/mma3, was calculated for each site (studies II, III).

In study II, the reliability of the Johansson & Strid (1994) technique was evaluated,
using specially prepared motor handpieces (Fig. 2) to test variations in the manual hand-
ling. In each rib sample, 3 sites were prepared (in total 51 sites), whereafter threading
was performed in the following three different manners:
with the screw tap placed in a vertical position (standard)
with the screw tap deviating 5 degrees (Fig. 3)

with the screw tap placed in a vertical direction and applying an additional weight of 0.5
kg
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The threading was executed by two investigators and followed a rotational scheme among
the sites to compensate for possible differences in bone structure. Three new screw taps
were used, one for each threading protocol. Mean values of true cutting resistance of
each tapping procedure were calculated. Titanium implants (Branemark System®) of 13-
20 mm in length and 3.75 mm in diameter were inserted in the one site of each rib
sample, which had been threaded using the standard procedure.

In study III, the applicability of the Johansson & Strid (1994) technique was
evaluated, by preparing 31 implant sites: 13 incisor (9/4; maxillae/mandibles), 5 canine
(2/3) and 13 premolar (6/7) ones, respectively, in 10 post mortem jaw samples. A fresh
screw tap was used for each specimen. Mean values of true cutting resistance for total
upper and lower jaw samples, as well as for different jaw regions, were calculated.
Following threading, titanium implants (Branemark System®) of various lengths (7-18

mm) and with a diameter of 3.75 mm were inserted in the sites.

Specimen preparation and microradiography
All specimens including implants (studies II, III), were fixed by immersion in 4%

buffered formalin for 3 days, dehydrated in graded series of alcohol and embedded in
plastic resin. About 100-pm-thick undecalcified cross-sections of implants and surrounding
bone tissue were prepared using sawing and grinding techniques (Donath & Breuner
1982). In this way, 17 (study II) and 28 (study III) ground sections, respectively, became
available for further analyses. Due to handling problems, three of the test sites in study
IIT were not possible to evaluate.

A microradiograph of each ground section was obtained using a Kodak high-reso-
lution plate (type 1 A) and Machlett X-ray tube (type OEG-50) at 27 kV and 14 mA for 20
minutes. The plate was developed using Kodak D-19 developer for 5 minutes during

agitation at 20°C.

Densitometric/morphometric analyses

All microradiographs (studies IT and III) were examined in an Olympus microscope
equipped with a high-resolution video camera and connected to an Apple Macintosh 11
computer interactive image analysis system. The light transmittance of each image was

captured by the video camera and the video signal was converted into a 256-level gray
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scale in a matrix of 768 x 512 pixels. The video signal was monitored live on the computer
screen, and the light transmittance in the regions of interest was adjusted to a high
contrast. Length calibration was performed against a steel micrometer instrument with
an accuracy of + 3 pixels (0.3 pm) and repeated horizontally and vertically, once for each
section. LUT (Look Up Table) was applied, setting the film "zero-transmittance” (back-
ground) to 255 (black).

By using a dedicated software (Image 1.37, National Institute of Health Research
Services, NIMH, USA), a mean density profile was obtained from each specimen,
expressing the bone distribution along two 0.35 mm wide corridors. These were placed
on each side of the implant, tangentially to the tip of the threads and extending from the
neck to the final apical thread of the fixture.

The mean density profiles were compared intraindividually with the mean torque
profiles, the latter obtained from the cutting resistance measurements. In study II, three
peaks were identified by measuring the distance from the start of the graph, corresponding
to the reference point of the implant (Friberg et al 1992), to the maximum density and
torque peaks in the upper and lower halves of the implant site, as well as to the mini-
mum density and torque peaks along the whole implant site. In study III, the
corresponding distances were measured to the maximum density and torque peaks along
the whole implant site.

Areas of total, cortical and trabecular bone, respectively, were quantified in two
0.7 mm corridors (Fig. 4) placed around each implant as described above. By using the
aforementioned analysing software, a grey scale interval corresponding to that of bone
was determined manually via the computer by continuous comparison with the speci-
men in the microscope. The identified mineralized bone was painted red in the computer
picture and areas of total, cortical and trabecular bone were then computer calculated
and expressed as the percentage of bone area in the corridor (study II, ITI). Mean values
were calculated for all (17) rib samples (study II) and for all (28) upper and lower post

mortem jaw samples, including different jaw regions (study III).
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Figure 4. A microradiograph with two 0.7 mm wide corridors for bone area
measurements (studies II, I1I).

Statistical analyses

When comparing the three different threading procedures, statistical analyses were
executed with the use of Student t-test for paired samples and Wilcoxon signed-rank
test. For interindividual comparison between the two investigators, the Student t-test
for independent samples and Wilcoxon rank-sum test were utilized (study II).

Comparisons of mean true cutting resistance values, as well as of mean total bone
area values of maxillae and mandibles, respectively, were performed with the Wilcoxon
rank sum test (study III).

When correlating the obtained profiles of density and torque, the Spearman’s rank
correlation test was used (studies II, ITI). The same test was also utilized when correlating
true cutting resistance and total bone area values (study III).

A significant difference/correlation was considered for p<0.05.

For test of sample homogeneity (study II), mean values with standard deviations
and confidence intervals at the 0.95 probability level were calculated for the distances
from start of the graphs to the three peaks of density and torque profiles, as well as for
total, cortical and trabecular bone, respectively. The Student t distribution with 16 degrees
of freedom was thereby used.

The precision of bone area measurements was calculated by repeating

measurements once in 6 specimens with 3 weeks interval (study II).
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Clinical studies (I, IV-VI)
Patients

A total of 889 consecutive patients (943 jaws), representing both complete and
partial edentulism and treated with implants during a 3-year period, were included in
study I. All patients, were followed from stage-one surgery to the connection of prosthetic
constructions. The degree of edentulism, as well as jaw and sex distributions, revealed a
preponderance of complete edentulism (780/943), mandibles (564/943) and females (510/
889), and the patient mean age was 57.5 years (range 13-88 years) at implant insertion.

A total of 105 consecutive patients (106) jaws), representing both complete and
partial edentulism and treated with implants during a 13-month period, were included
in study IV. Due to that 3 patients were kept in geriatric care, 4 patients deceased, 1
patients did not show up at recall visits and 2 patients lost all implants, 95 patients
remained for the final evaluation at 3 years. The degree of edentulism, as well as jaw and
sex distributions, revealed a preponderance of complete edentulism (72/106), maxillae
(62/106) and females (61/105), and the patient mean age was 64 years (range 18-86 years)
at implant insertion.

A subsample of 9 consecutive patients of the study IV patient material, representing
edentulous maxillae, were included in study V. The sex distribution revealed a
preponderance of females (6/9), and the patient mean age was 67 years (range 55-80
years) at implant insertion.

A total of 15 patients, representing edentulous mandibles and treated with implants
during a 1-year period, were included in study VI. The sex distribution revealed a
preponderance of females (9/15), and the patient mean age was 68 years (range 49-77

years) at implant insertion.

Presurgical evaluation

Preoperative radiographic (Gréndahl et al 1996) as well as clinical examinations,
including evaluation of medical conditions, were performed for all patients ( studies I,
IV, V, VI) according to the recommendations described by Lekholm & Zarb (1985b) and
Lekholm (1997). Jaw bone shape was scored according to a 5-graded classification from
A to E (studies I and VI), and jaw bone quality was scored according to a 4-graded
classification from 1 to 4 (studies I, IV, V and VI) (Lekholm & Zarb 1985b). A deviation
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from the protocol of the Lekholm & Zarb index (1985b) was executed in study IV, since
each site (420 sites), and not the overall jaw, was assigned a quality figure, based on

preoperative radiographs and the hand-felt perception of the drilling resistance.

Implant characteristics and treatment protocol

All implants used in the present studies were manufactured by Nobel Biocare AB,
Goteborg, Sweden.

In study I, a total of 4,641 implants (mainly standard diameter 3.75 mm) with
lengths ranging from 7 to 20 mm, were submergedly inserted using a tWo-stage surgical
technique (Adell et al 1981). In maxillae with complete and partial edentulism, 1,529
and 200 implants were inserted, respectively, and the corresponding figures for mandibles
were 2,642 and 270 implants. Implants were identified according to their positions as
central (closest to the midline), terminal (the most posteriorly inserted) and intermediate
(all implants between central and terminal). All patients received antibiotic prophylaxis
with phenoxy methyl penicillin (Kavepenin™, Astra AB, Sodertélje, Sweden) , starting
with 2 gr one hour before surgery and continuing for 10 days post surgery with 2 gr twice
a day. In case of penicillin allergy, 500 mg of erythromycin (Ery-Max™, Astra AB, Soder-
tdlje, Sweden) was given at two daily occasions during 10 days. When fixtures failed to
integrate, patient files were retrospectively examined with regard to mentioned errors
and complications during surgery, initial implant stability, bone defects at implants sites,
etc.

In study IV, a total of 523 implants were inserted, of which 420 were of the self-
tapping Mk II design (diameter 3.75 mm) and with lengths ranging from 10 to 18 mm.
The remaining 103 implants were either of the standard diameter with lengths of 7 or
8.5 mm (48/103), or of diameter 4.0 mm (43/103) with lengths ranging from 7 to 18 mm,
as well as of diameter 5.0 mm (12/103) with lengths ranging from 6 to 12 mm. A devia-
tion from the original surgical protocol was executed for the Mk IT implants by omitting
the threading procedure in both maxillae and mandibles. With regard to the other
implants, and irrespective of implant diameter, threading was rarely performed in these
sites, since they were mainly located in maxillary bone of low density and little volume.
Furthermore, in these low density sites an adapted insertion technique was carried out,

using implant diameters of 4.0 or 5.0 mm after preparing the sites to a final diameter of
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3.0 mm. All implants were submergedly placed using a two-stage surgical technique
(Adell et al 1981). With regard to penicillin prophylaxis, the first 70 treated patients
received the same type and dose as was administered in study I. During the study pe-
riod, the use of prophylactic antibiotics at the clinic was reduced and the subsequent 35
patients were only given a single, one-hour preoperative dose of 3 gr of amoxicillin
(Amoxicillin NM Pharma™, NM Pharma AB, Stockholm, Sweden), or in case of allergy,
a single dose of 600 mg clindamycin (Dalacin™, Upjohn AB, Partille, Sweden).

In study V, the patient subsample of study IV comprised 61 implants, of which 49
were Mk II implants. The remaining 12 implants belonged to either of the other designs
previously described in study IV. Implant sites were prepared according to the technique
described in study IV, and implants were placed submergedly (Adell et al 1981). Antibiotic
prophylaxis was given according to the same principles as described in study I and for
the first 70 patients treated in study IV.

In study VI, a total of 75 implants (diameter 3.75 mm) of various lengths (10 -18
mm) were inserted, of which 25 were of the standard and 25 of the Mk II design, while 25
were self-tapping implants with conical heads (Lekholm 1990), originally designed for
low bone density sites. Due to the dense character of the mandibular bone in this study,
both the standard and the self-tapping (conical heads) implants were inserted after
threading the sites, while for the Mk II implants this procedure was omitted. A change of
the surgical protocol was also executed by using a one-stage technique (Ericsson et al
1994). With regard to the self-tapping implants, countersinking was abandoned, since
their conical heads were placed in a non-submerged position (Fig. 5). Thus, the latter
implants served as both anchorage units and transmucosal abutments. Cylindrical stan-
dard abutments (4-10 mm long) were connected immediately after implant placement on
the standard and Mk II implants. For all patients in study VI, similar antibiotic regime

was used as for the last 35 patients treated in study IV.

Cutting torque measurements
In studies IV and V, an electronic instrument (Nobel Biocare AB, Géteborg, Sweden),
based on the technique described by Johansson & Strid (1994), was used for total torque
measurements during insertion of Mk II implants. The instrument was connected to a
Torque Controller™ (Nobel Biocare AB, Géteborg, Sweden) and the time-torque data
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Conical Standard MkII

Figure 5. Three implant designs with their radiographic reference points (RP) marked
(study VI).

E total

Figure 6. Illustration of cutting torque measurements during Mk II implant insertion,
as conducted for upper (E1), middle (E2) and lower (E3) third of the implant site, as
well as for the whole implant site (E-total)(studies IV and V).
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was recorded by a memory card during low-speed implant placement. Only the idling
speed energy, which was recorded at all implant sessions, was subtracted from the total
torque value. The remaining torque, i.e. the cutting torque, which comprises the true
cutting resistance of bone as well as the friction torque including bone material packing
around the implant, was presented as a mean value in Nem for the upper/crestal (E1),
the middle (E2) and the lower/apical (E3) third portion, respectively, as well as an over-
all value for the whole implant site (E-total) (Fig. 6). Due to technical problems, 8 of the
420 sites were not possible to measure regarding cutting torque in study IV, while all 49
Mk IT implants were measured in study V. The remaining implants, 103 (study IV) and
12 implants (study V), respectively, were not subjected to cutting torque measurements

due to limitations of the computer software.

Resonance frequency (RF) measurements

RF measurements (Meredith et al 1996a) were performed at three occasions in
study V, i.e. at implant placement, at abutment connection (8 months post surgery) and
at the 1-year follow-up (20 months post surgery). Following implant insertion, a 4 mm
long standard abutment (Branemark System®) was connected to each individual implant,
one at a time. On top of the abutment an L-shaped transducer with two pieco-ceramic
elements was attached by means of a screw, and oriented perpendicular to the alveolar
ridge with its upright beam positioned palatally/lingually (Fig. 7). With the use of a
frequency response analyser (Model 1512; Schlumberger Ltd., Crawley, England), one of
the elements was excited by a sinusoidal signal at frequencies over the range of 5-15
kiloHertz (kHz) in steps of 25 Hz, and the response was measured by the second element,
amplified and fed back to the frequency response analyser. The RF was calculated from
the received signal and data stored and analyséd in a personal computer. Due to technical
problems with the equipment, 2 of the 49 Mk II implants were not measured with RF.
After registrations, the submerged implants were allowed to heal for eight months. At
second stage surgery, RF measurements (n=47) were again executed by utilizing the
permanent abutments of non-standard design, only 36 implants were exposed to RF
measurements at the one-year follow-up visit. Abutments of other design than standard
were not possible to use together with the transducer and it was not considered feasible

to exchange them for the final registration procedure.
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Figure 7. A transducer attached to the implant/abutment for resonance frequency
measurements (studies V, VI).

In study VI, RF measurements were carried out using the same type of equipment
as described in study V. Two different transducers were used, however, one for implant
level measurements (implants with conical heads) and one for abutment level
measurements (standard and Mk IT implants). Various abutment lengths were used and,
thus, the height of the implant/abutment being exposed above the bone level differed.
Therefore, recorded values of RF had to be computer calculated for equivalence. Due to
the non-submerged approach, implants were accessible for repeated RF measurements
throughout the healing period, and registrations were made at 1, 2, 6 and 15 weeks post
surgery. For one patient, who presented lowered RF values at 6 and 15 weeks, the study

period was extended to 30 weeks.

Duration of healing and prosthetic procedures
Dentures were temporarily relined and returned to the patients two weeks
postoperatively (studies I, IV, V, VI). Healing periods of 3-4 months for mandibular
implants were used in studies I, IV and VI, while the majority of maxillary implants in
studies I and IV were allowed to heal for 6 months (Adell et al 1981). For all implants in
study V and for those placed in maxillae of low bone density in study IV, an extended
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healing (8 months) was utilized.

The implant-supported fixed reconstructions in studies IV (n=111), V (n=9) and VI
(n=15) were manufactured either in high precious gold alloy (Zarb & Jansson 1985) or in
titanium (Jemt et al 1999). One patient in study IV received a removable overdenture in
the upper jaw attached to implants (Engquist et al 1988). Due to the non-submerged
position of the conical implants in study VI, the prosthetic devices were connected directly

onto the implants without any interpositional abutments (Fig. 8).

Radiographic examinations

Postoperative radiographs (Grondahl et al 1996) were obtained at abutment ope-
ration (studies I, IV, V and VI) to check the fit of the components at the implant/abutment
level. For implants of standard and MK II designs in study VI, abutment operation
coincided with implant placement surgery. One patient was examined with intraoral
radiographs at 6 weeks of follow-up due to a delayed soft tissue healing (study VI).

Radiographs were also taken after attaching the prosthetic constructions (studies IV, V,

Figure 8. A fixed prosthesis to be connected directly onto implants, without intervening
abutments (study VI).
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VI) to check the fit of the components at the abutment/prosthesis level. The latter images
were used to identify the marginal bone level mesially and distally to all implants,
measuring the distance from the reference point of the Mk II implant (study V) or from
various reference points (study VI) (Fig. 5). When calculating the marginal bone levels
for the conical implants (study VI), a value of 3.5 mm, corresponding to the height of the
tapered collar, was subtracted from the registered bone level values. Furthermore, at
the one-year check-up (study V) radiographs were obtained and the marginal bone loss

was determined during the first year of function.

Statistical analyses

Study I was designed as a descriptive paper and thus, no statistical analyses were
performed.

In study IV, mean cutting torque values (E1, E2, E3 and E-total, respectively) of
Mk II implants sites were used for the following analyses:
one implant per jaw was randomized and values of maxillae and mandibles were ranked
and compared, using the Wilcoxon rank-sum test.
one implant per jaw region was randomized (incisor, canine and premolar) and values of
different regions (maxillae and mandibles separately) were compared, using the
Friedman’s test.
values with standard deviations of failed Mk II implants were compared with the
corresponding values of successful Mk II implants. Too few losses were at hand for
statistical analyses.
one implant per jaw was randomized and values were plotted against the assessed hone
quality score of the corresponding site, using the Spearman’s rank correlation test.

In study V, patient (n=9) and Mk IT implant site (n=47) mean cutting torque values
(E1, E2, E3 and E-total, respectively) were plotted against the corresponding resonance
frequency (RF) values.

The patient mean El-value (n=9) was plotted against the patient mean difference
in resonance frequency between implant placement and abutment operation, i.e. against
the figure for change in implant/tissue stiffness occurring during healing. All correlation
analyses in study V were performed using the Spearman’s rank correlation test.

The 47 E1-values were further divided into three subgroups (16+16+15=47) based
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on differences in bone density. The mean value for each group was plotted against the
corresponding mean RF value at implant placement (n=47), at abutment operation (n=47)
and at the one-year follow-up (9+13+14=36). The Student t-test for independent samples
was utilized for test of the null hypothesis.

When comparing the mean RF values (all groups included) at implant placement
(n=47), at abutment operation (n=47) and at the first annual check-up (n=36), the Stu-
deﬁt t-test for paired samples was used.

In study VI, the Student t-test for paired samples was used to test the null
hypothesis with regard to the change in patient mean RF values (n=15) from implant
placement to the connection of the fixed prosthesis.

When comparing the mean marginal bone level values of the three implant designs
at 15 weeks, the Student t-test for independent samples was used.

In studies IV, V and VI, a significant difference/correlation was considered for

p<0.05.
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RESULTS

Experimental studies (II, III)
Reliability test (IT

Mean values of true cutting resistance in pig ribs for the three threading modalities
(Table 1), as well as for the two investigators, showed no significant differences (p>0.05).

Morphometric analyses of the 0.7 mm corridors along the implant surface for
evaluation of sample homogeneity revealed the following values:
total bone area; 50.6% + 6.6%; (47.2 - 54.0% with 95% confidence interval)
compact bone area; 29.8%+7.9%; (25.7 - 33.8%)
trabecular bone area; 20.8%+6.6%; (17.4 - 24.2%)

Regarding the repeated bone area measurements in 6 specimens, the precision was
calculated to be + 1.12%.

When measuring distances from start of the registration to the maximum density
and true cutting resistance peaks in upper and lower parts of the test samples, as well as
the corresponding distances to the minimum density and cutting resistance peaks along
the whole site, the following mean values with 95% confidence intervals were obtained:
upper maximum density: 1.07 mm (0.90 - 1.24 mm); upper maximum cutting resistance:
1.11 mm (0.96 - 1.26 mm); lower maximum density: 13.06 mm (12.16 - 13.95 mm); lower
maximum cutting resistance: 13.43 mm (12.64 - 14.22 mm); minimum density: 7.22 mm
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Figure 9. Diagram showing the mean true cutting resistance values in mandibles and
maxillae, as well as in different jaw regions (study III).
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Table 1. Mean values of bone cutting resistances in pig ribs, expressed
in mJ/mm?®, and measured for three different tapping procedures

Bone tapping procedures x+SD

Vertical direction no load (standard) 88.8+29.7*
Deviation 5 degrees no load 89.3+26.9*
Vertical direction 0.5 kg load 79.4+24.0*

* No statistically significant differences existed between any of the
values

(5.76 - 8.70 mm); minimum cutting resistance: 7.64 mm (6.56 - 8.72 mm)

A significant correlation (p<0.05) was found between distances to the maximum
(lower part) density and cutting resistance peaks, as well as to the corresponding mini-
mum peaks, respectively. Regarding the maximum peaks in the upper part, no significant

correlation (p=0.16) was seen, due to two divergent density values.

Applicability test (I11

A significant higher (p<0.001) mean cutting resistance value was seen for mandibles
(159.2 +103.7 mJ/mm3) compared to maxillae (99.5 +49.4 mJ/mm3), although few samples
were available for statistical analysis (Fig. 9). There was a tendency towards declining
values in posterior direction of both jaws, especially when comparing incisor and premolar
regions (Fig. 9). The material was too small for statistical comparisons between different
regions.

Specimens from mandibles showed in general a dense and thick outer compact
layer with wide trabeculae in the center, while maxillae were characterized by a thin
and indistinct compact layer and a central part with thin trabeculae.

A significant higher (p<0.001) mean total bone area value was seen for mandibles
(55.0+8.2%) compared to maxillae (31.4 + 4.3%), although few samples were available for
statistical analysis (Fig. 10). There was a tendency towards declining values in posterior
direction of both jaws, especially when comparing incisor and premolar regions (Fig. 10).
The material was, however, too small for statistical comparisons between different regions.

With regard to the amount of compact and trabecular bone, a significant difference
(p<0.05) was seen between the two jaws, with a mean ratio (compact/trabecular) of 2.92

in mandibles and 1.97 in maxillae, respectively.
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Figure 10. Diagram showing the mean values expressed in percent for total, compact

and trabecular bone areas, respectively, of mandibles and maxillae, as well as for
different jaw regions (study III).

A significant correlation (r=0.90, p<0.001) was seen between the bone density and
true cutting resistance profiles of each implant site, when the positions of the maximum
peaks were measured (Fig. 11).

A significant correlation (r=0.74, p<0.001) was also seen between values of total

bone area and true cutting resistance (Fig. 12).

Cutting resistance peak (mm)
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Figure 11. Diagram showing the correlation between peaks of true cutting resistance
and bone density of the same site. Eleven sites were recorded at the start of the
registration (0 mm)(study III).
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Figure 12. Diagram showing the mean true cutting resistance values of each site
correlated with the total bone area of the corresponding site (study III).

Clinical studies (I, IV-VI)

Study I

Out of 4,461 inserted implants, 69 (1.5%) were found mobile in 57 jaws (6.0%)
before connection of the prosthetic constructions. Most losses were observed in edentulous
maxillae (46/69), and of the losses short 7 mm implants predominated (37/46). Fixtures
placed in terminal positions failed to a higher degree (26/536; 4.9%) than in other locations.
The corresponding figures for central and intermediate positions were 16/536 (3.0%) and
4/457 (0.9%), respectively. Another 5 implants were lost in partially edentulous maxillae,
with no obvious failure pattern concerning size and position.

In mandibles with complete and partial edentulism, 15 and 3 implants were lost,
respectively, of which 7 were of the short 7 mm ones. No specific failure location was
found in mandibles.

When referring to jaw bone shape, groups D and E, with severe to extreme resorp-
tion (Lekholm & Zarb 1985b), showed the highest failure rates for both jaws; 17.4% (23/
132) in maxillae and 7.1% (6/85) in mandibles. For 39% of the failures (27/69), there was
a statement made in the patient file on either the presence of a bone defect or limited
bone volume.

When referring to jaw bone quality, group 4, with poor bone texture (Lekholm &
Zarb 1985b), showed the highest failure rate in maxillae: 40.4% (23/57); while group 1,
with dense compact bone, represented most failures in mandibles: 13.0% (3/23). For 32%
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of the failures (22/69), there was a statement made in the patient file on either lack of
initial implant stability or extremely poor bone texture.

The majority of the implants were identified as failures at abutment operation (48/
69), while 4 were lost due to infection during healing and another 17 were found mobile
after abutment operation but before prostheses connection.

No failure pattern with regard to patient characteristics, such as health, age or

gender, was seen.

Study IV
Out of 523 inserted implants, 8 (1.5%) were found mobile in 7 jaws (6.6%) before

connection of the prosthetic constructions. Another 18 implants failed during the
subsequent 3-year follow-up period, yielding a total loss of 26 implants (5.0%). Most
losses were observed in edentulous maxillae (21/26), and of the losses 7 mm standard
implants (9/21) and 13 mm Mk II (7/21) predominated. Partially edentulous maxillae
were represented with 3 implant losses, while one completely and one partially edentulous
mandible each demonstrated one implant failure. With regard to the 420 Mk IT implants,
of which 412 were subjected to cutting torque measurements during insertion, 14 were
lost during the study period (3.3%).

With one fixed prosthesis and one overdenture being lost during the first year, and
another fixed prosthesis being removed and replaced by an overdenture during the second
year, the prosthesis stability rate of originally inserted constructions ended up on 97.3%.

The altered use of prophylactic antibiotics in the last 35 patients treated, i.c. a
reduction from 10 days of administration to a single preoperative dose, was neither
connected with an increase in postoperative infections nor an increase in early implant
losses.

When referring to jaw bone quality, group 2, with medium bone texture, showed
the highest Mk II failure rate: 4.7% (11/236); one failed in bone of group 3 (0.9%); while
group 4, with poor bone texture, represented 2.8% (2/72). Of implants others than Mk II,
one failed in quality 4: 4.5% (1/22), while 6 and 5 failed in bone of quality 2 and 3,
respectively.

Almost all mean values of cutting torque were significantly higher (E1: p=0.03;
E3: p=0.003; E-total: p=0.004) in mandibles compared to maxillae, while the corresponding

50



E2-values were found non-significantly different. A tendency towards declining values
from anterior to posterior regions was seen in maxillae, though not in mandibles.
Statistically significant correlations were seen between E1 and bone quality values
(p=0.002), as assessed according to the Lekholm & Zarb index (1985b), as well as between
E2, E3, E-total and bone quality, respectively (p=0.0001).
Mean values with standard deviations of the cutting torque obtained for the

successful (n=398) and failed Mk II implants (n=14) were similar.

Study V
Out of the 61 implants inserted (49 Mk II), 2 fixtures (1 Mk II) were found mobile

at abutment operation, whereafter no further losses occurred during the study period
being 20 months. All the 9 patients studied were provided with fixed prostheses.

When referring to jaw bone quality, 30 sites were assessed as group 4. One implant
failed in this bone situation during the study period.

Values of RF and cutting torque (E1, E2, E3 and E-total) were correlated on
individual site (n=47) as well as on patient level (n=9). A relationship between all values
was established, though only significant for the patient mean E1- and RF-values (p=0.036).
Thus, patient mean and individual site E1-values were subjected to further statistical
analyses.

Patient mean E1-values were plotted against patient mean difference in RF between
implant placement and abutment operation. A significant negative correlation was revea-
led (p=0.007), i.e. the poorer bone texture at implant placement the greater increase in
stability of the implant/tissue interface over time.

When analysing the three El-value categories, comprising 16, 16 and 15 sites,
respectively, corresponding to differencies in bone resistance at implant placement, mean
values (Nem) with standard deviations were obtained as follows: group 1: 3.4+0.62 ("low
bone density”); group 2: 4.5+0.22 ("medium bone density”); and group 3: 6.3+1.18 (high
bone density”). The corresponding figures for RF (Hz) at implant insertion, as well as at
abutment operation and at the 1-year follow-up, are presented in Fig. 13.

Significant differences were seen between groups 1 and 2 (p=0.047), and groups 1
and 3 (p=0.002), respectively, at implant insertion, though not between groups 2 and 3
(p=0.131) (Fig. 13). When repeating the analyses for RF values obtained at abutment
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Figure 13. Diagram showing the three groups of implant sites, based on E1-values,
plotted against the corresponding resonance frequency values at implant insertion,
abutment operation and at first annual check-up (* p=0.047, ** p=0.002)(study V).

operation and at the first annual check-up, no significant differences were detected
between any of the groups.
The mean RF values, obtained for all the MK II implants, increased significantly

between implant placement and abutment operation (425 Hz; p<0.001), as well as between

o4 34 s

g 1000

= 800

§ 600

g 400

5 200

= 0

§ -200

E -400 " failed implant

5 -600

g -800

(-S = lOOG 1 L] T L] T T ] 1] T L] T T ] L] T 1 | I

8 20 months

Implant Abutment 1st Annual
placement  connection Check-Up

Figure 14. Diagram showing the changes in mean resonance frequency values (with
standard deviations) from implant placement to abutment operation and to first
annual check-up (*** p<0.001). A lowered resonance frequency value of 600 Hz was seen
for the failed implant (arrow)(study V).
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abutment operation and the 1-year follow-up (225 Hz; p<0.001) (Fig. 14). One Mk II
implant was found loose at abutment operation and the RF value was approximately 600
Hz below the corresponding one registered at implant placement (Fig. 14).

The mean marginal bone levels at 8 and 20 months were 0.13+0.20 mm and
1.03+0.29 mm, respectively, below the reference point. The mean marginal bone loss

during the first year, thus, was 0.90+0.28 mm.

Study VI
Out of the 75 inserted implants, only one failed during the study period, and

therefore all the 15 patients could be provided with fixed prostheses after 15 weeks of
healing.

When referring to jaw bone shape, group B, with extensive bone volume,
predominated (13/15 patients), while the remaining two patients represented group C.

When referring to jaw bone quality, groups 2 and 3, with medium bone texture,
predominated (14/15 patients), while the remaining one patient represented group 4.

A slightly lowered mean value of RF was registered at the 15-week follow-up, which
was significantly different (p=0.004) from the value obtained at implant insertion (Fig.
15).
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Figure 15. Graph representing the mean change of resonance frequency values (with
standard deviations), for all implants throughout the study period (** p=0.004)(study VI).
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The RF values of the failed implant were at the 1- and 2-week check-ups similar to
the other 4 implants inserted in the same patient, whereas at the 6-week visit, its value
dropped by 2,000 Hz. At this time, an excessive marginal bone loss (2-3 mm) was registered
radiographically, but the implant was otherwise stable and free of symptoms. First 9
weeks later, the clinical mobility was revealed and the RF value was at this stage further
lowered by approximately 300 Hz (Fig. 16).

At the 6 week follow-up, a second patient showed up with 3 implants with decrea-
sed RF values, i.e. in the range of 1,000 -1,900 Hz below the corresponding initial values.
No clinical signs of failure, such as pain or mobility, were detected. These implants were
immediately relieved of preloading from the removable denture and the patient was
asked to use the denture at minimum. Nine weeks later, the RF values were either
unaltered or slightly increased, and still no signs of clinical mobility were detected. The
patient was recalled at 30 weeks, when all the 5 inserted implants were clinically stable
and without symptoms. The registered RF values of that visit showed an increase
compared to the values obtained at the 15-week assessment.

The mean values of the distance from the implant reference point to the present
marginal bone level, did not significantly differ for the 3 implant designs studied at 15
weeks and were found to be 0.65+0.14 mm, 0.66+0.71 mm and 0.38+0.46 mm for self-
tapping (conical heads), standard and Mk II implants, respectively.
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Figure 16. Graphs representing change of resonance frequency values of one failed
(white dots) and four successful implants (black dots), of the same patient (study VI).
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DISCUSSION

Methodological considerations

In the Johansson & Strid (1994) model, the quality or hardness of bone was revea-
led during low speed threading by measuring the true cutting resistance, which was
obtained by subtracting the friction torque from the total torque. The friction was always
found to occur at a part of the screw tap, where the cutting process was already completed.
It was seen that the newly cut bone threads were successively worn by the friction por-
tion of the screw tap and the friction torque between a specific bone thread and the tap
diminished, as the latter was screwed further into the bone. The authors found, however,
a substantial amount of bone material being tightly packed around the tap, exerting a
high pressure and resulting in an additional friction between the bone shivers and the
bone itself along the cutting portion. While no additional torque related to shiver packing
was seen in softer bone, the contribution of the shivers was found to depend linearly for
greater bone hardness. In the present studies II and III, this technique was evaluated
during threading, using in vitro test samples with the effort to obtain similar conditions
as described by Johansson & Strid (1994). Thus, the friction torque was subtracted from
the total torque, and the remaining true cutting resistance values were used for the
subsequent analyses. In studies IV and V, however, mainly self-tapping implants were
used with little or no need for threading procedures, and torque values were instead
obtained during implant insertion. The in vivo primary implant stability was of major
concern, and factors contributing to that; i.e. bone hardness and bone shiver packing,
were regarded to be of interest. Thus, only the idling speed energy was subtracted from
the total torque, and the remaining torque, here denominated cutting torque values,
were utilized for further analyses.

In study II, the reliability of the true cutting resistance technique was evaluated.
Methodological analyses were executed in pig ribs to test the influence of different hand
pressure and deviating tapping directions. A need for homogeneous test samples was
therefore at hand and implant furnished sites were analysed with regard to the amount
of total, compact and trabecular bone, respectively, within corridors along each side of
the sectioned implants. Furthermore, computer calculated positions of density maximum
and minimum peaks were established and all measured variables were presented with

55



mean values, standard deviations and 95% confidence intervals. Homogeneity within a
population is statistically difficult to show, though confidence intervals with short ranges
indicate such a condition. Based on the morphometric analyses, the samples were regarded
acceptably homogeneous and considered adequate for testing of the reliability of the true
cutting resistance technique.

The non-significant differences obtained between the true cutting resistance values
of the three threading modilities were interpreted as, the technique being neither sensitive
to normal differences in hand pressure nor to minor deviations in threading direction.
The latter aspect may be explained by the self-acting correction of the threading direction,
due to the mobile connection between the screw tap and the connecting piece. Furthermore,
registered true cutting resistance values obtained from the two investigators did not
differ significantly. Thus, the influence on the outcome of true cutting resistance
measurements, due to interindividual differences in surgical performance, was regarded
to be negligible.

A possible source of error of the true cutting resistance technique was the cutting
ability of individual screw taps, which may have influenced the recorded values. However,
Johansson and Strid (1994) tested eight new screw taps (Branemark System®) with regard
to equivalence in cutting ability, and the authors showed more or less identical test
graphs, when threading in homogeneous materials. In study II, a new screw tap was also
used for each of the three threading modalities, while in study III, each of the ten speci-
mens were threaded with a new screw tap. The influence of the taps on the test values
were therefore regarded negligible. In study IV and V, cutting torque measurements
were conducted during insertion of Mk IT implants. A certain deviation in cutting ability
of Mk IT implants has been demonstrated (Biack 1999, personal communication), although
its impact on registered cutting torque values obtained from various jaw bone textures is
considered to be of little importance.

When using the computer software for repeated mesurements of the bone area,
obtained from microradiographs of the same specimens, reliable and reproducible results
were demonstrated. Thus, errors of random were considered to be of little importance.

It may be stated that pig ribs were suitable as test samples when evaluating the
true cutting resistance technique. Repeated bone area mesurements demonstrated a high
precision. The true cutting resistance technique was reliable and registered values were
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not influenced by variations in the threading protocol or by interindividual differences.

Cutting torque and bone density measurements

A significant correlation was shown between maximum (lower half of the rib sample)
and minimum peaks of density and true cutting resistance, respectively (study II). A
similar relationship between obtained cutting resistance values and the radiographic
aluminum-referred density was shown by Johansson & Strid (1994), who used bovine
bone samples. In the present study, no significant correlation was, however, seen between
the maximum (upper half) density and true cutting resistance peaks. A plausible
explanation for this outcome may be that the compact bone layer was tangent to and not
part of the prepared site of two samples. Therefore, the compact bone may have had an
impact on the bone density values, as obtained from the implant corridors, while no such
influence on the true cutting resistance values was at hand. A significant correlation
between peaks of bone density and true cutting resistance was also shown, when testing
the applicability of the true cutting resistance technique in human jaw autopsy speci-
mens, as conducted in study III. This is in agreement with Sugaya (1990), who compared
values of cutting torque and the radiographic aluminum-referred bone density in post
mortem human jaws. A non-invasive technique to assess the bone density was executed
in study IV, using the bone quality index proposed by Lekholm & Zarb (1985b). A
significant correlation between bone quality scores (Lekholm & Zarb 1985b) and bone
mineral density (BMD), as measured with dual energy X-ray absorptiometry, was esta-
blished in mandibles by Horner & Devlin (1998a). Thus, the index was used in study IV
to assign each implant site a density score, which was plotted against the corresponding
cutting torque value of the same site. A significant relationship was demonstrated.
Consequently, data from studies II, III and IV have shown, both in vitro and in vivo,
statistically significant correlations between obtained values of true cutting resistance/
cutting torque and bone density.

Significant higher mean true cutting resistance values were demonstrated in
mandibles as compared to maxillae (study III). Since a significant correlation between
values of true cutting resistance and total bone area was established, as well, one
conceivable cause for the different values obtained from mandibles and maxillae may be
found in the histomorphometric analysis of the same study. While the trabeculae were
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normally wider in mandibles, the amount of trabecular bone interfacing with the implants
was similar within mandibles and maxillae. The amount of total bone was, however,
significantly different, as a result of the more cortical bone seen in mandibles.
Consequently, the more and harder the bone the higher the registered torque values,
which was also stated by Johansson & Strid (1994). The outcome of the histomorphometric
analysis of study III may, as well, facilitate the interpretation of some of the study IV
results. In the latter study, the cumulative torque was presented as a mean value for the
upper (E1), middle (E2) and lower (E3) third portion, as well as an overall value for the
whole implant site (E-total). Significantly higher values of E1, E3 and E-total were
demonstrated for mandibles as compared to maxillae, though not, when comparing the
E2-values. Since, in the majority of implant sites, E1- and E3-values reflected the
resistance of mainly cortical bone in crestal and basal jaw regions, respectively, as well
as both these cortical layers had an impact on the E-total-values, mandibles could be
expected to exert more resistance than maxillae. However, the E2-values reflected the
resistance of mainly trabecular bone, and since similar amounts of trabecular bone were
seen in mandibles and maxillae, one plausible explanation to the non-significant difference
found between the E2-values was at hand. A second cause for this outcome may be found
in connection with the chosen final twist drill diameter. All Mk II sites in maxillae were
prepared to a final diameter of 3.0 mm, while all corresponding sites positioned between
the mental foramina, were prepared to a final diameter of 3.15 mm. This increase in
diameter will reduce the bone resistance in trabecular as well as in cortical passages of
the mandibles. The reduction in cortical bone resistance was, however, not sufficient to
produce similar E1-, E3- and E-total-values of maxillae and mandibles.

A tendency towards declining cutting torque values in posterior direction was
demonstrated for maxillae in both studies III and IV, and a corresponding decrease in
total bone area was also shown in study III. The latter is in accordance with the report by
Razavi et al (1995), who found histologically increased trabeculation and thicker cortex
in the maxillary anterior area, as compared to premolar and molar ones. With regard to
mandibles, a similar tendency towards lower cutting torque values in posterior direction
was seen in study III, though not established in study IV. A corresponding decrease in
total bone area, though not as marked as in maxillae, was also shown in study III.
According to von Wowern (1977a), the mandibular trabecular bone was found more dense
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and delicately woven in the incisor region, as compared to the premolar one. Furthermore,
the trabecular BMD values were significantly higher in anterior compared to posterior
sections of mandibles (Lindh et al 1996a). Both latter studies may support the tendency
to declining cutting torque values towards posterior regions, as seen in study III. On the
other hand, huge variations in trabecular bone volume between mandibles, as well as
within sections of mandibles have been demonstrated (von Wowern 1977a, Lindh et al
1997, Ulm et al 1997). This may support the divergent outcome of cutting torque
measurements in mandibles, as seen in study IV.

It may be stated that the true cutting resistance/cutting torque technique was
applicable to the jaw bone situation both in vitro and in vivo. Significant correlations
between values of bone density and total bone area, respectively, and true cutting
resistance were demonstrated. Mandibles displayed more total bone and thus, higher

values of cutting torque as compared to maxillae.

Implants and bone quality

It was not possible to identify any lower limit value of cutting torque at which the
inserted implants were at risk (study IV). Eleven out of the 14 Mk II implants that
failed, were placed in bone judged as quality 2, while one fixture was lost in quality 3.
With regard to quality 4 (osteoporosis-like) bone, two out of 72 Mk II implants (2.8%)
failed, both being recorded in one maxilla. In 9 maxillae, all sites were judged as quality
4, which revealed a failure rate for such bone in upper jaws of 11.1% (1/9) at 3 years. This
is in contrast to the outcome in study I, where 57 maxillae were assigned the quality 4
figure, and 23 of these (40.4%) were involved with implant failures before connection of
the prostheses. With regard to mandibles, no losses in quality 4 bone were recorded in
study IV, while 2 jaws out of 73 (2.7%) were involved with implant failures in study I.
However, differences between the surgical protocols of the two studies were at hand.
While in study I, the overall majority of implant sites were completely threaded, or at
least the coronal half of sites of low bone density, mainly self tapping Mk II implants
were used in study IV. Since threading may have an impact on the primary implant
stability obtained in bone of poor texture, with increased risks for rotation or total mobil-
ity, the omission of such a procedure has been suggested ( Misch 1990, Sennerby 1991,
Friberg et al 1992, Friberg 1994a). In a rabbit model, conducted by Ivanoff and coworkers
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(1996Db), it was also concluded that initial rotation mobility did not lead to inferior inte-
gration of unloaded implants, but total mobility resulted in less bone formation around
the implants. The authors recommended prolonged healing periods for both situations.
In study I, however, healing periods of 6 months (Adell et al 1981) were used for most
maxillae, while for the study IV implants placed in bone of low density, an extended
healing (8 months) was utilized. Evidence of a time-dependent increase in bone-to-metal
contact has been demonstrated histomorphometrically in rabbit bone (Johansson &
Albrektsson 1987, Sennerby et al 1992, Ivanoff et al 1996b, Mori et al 1997). An improved
implant stability over time, as measured with removal torque, has also been reported
(Johansson & Albrektsson 1987, Sennerby et al 1992, Ivanoff et al 1996a). Thus, the
omitted threading procedure and the use of prolonged healing periods in study IV, may
to a certain extent explain the favourable outcome of Mk II implants in bone of poor
texture, as compared to the results obtained from placement of standard implants in
study I. Contradictory results are, however, also available in the current literature with
regard to implant placement in quality 4 bone. While high failure rates have been reported
for implants in such bone situations (Engquist et al 1988, Bass & Triplett 1991, Jaffin &
Berman 1991, Jemt 1993, Jemt & Lekholm 1995, Sullivan 1997), encouraging results
have been presented by others (Bahat 1993, Venturelli 1996, Friberg et al 1997, Truhlar
et al 1997). Successful outcomes of implant treatment have, as well, been demonstrated
in patients with established osteoporosis of the jaws (Friberg 1994b, Fujimoto et al 1996,
Eder & Watzek 1999).

All posterior non-Mk II sites of quality 4 ( additional 22 sites) in study IV, were in
general prepared to a final diameter of 3 mm with subsequent insertion of wider diame-
ter implants (4 or 5 mm), in order to improve the primary implant stability. One fixture
(10 mm, @ 4) failed in these sites during the study period of 3 years. In a multicenter
study of patients with partial edentulism, a favourable outcome at the 1-year follow-up
of 4 mm diameter implants was presented by van Steenberghe et al (1990), which was
further confirmed at the 5-year check-up of the same patient material (Lekholm et al
1994). With regard to the 5 mm diameter implants (Langer et al 1993) used in study IV,
various results after 1-5 years of function, with higher survival rates in maxillae compared
to mandibles, have been reported (Aparicio & Orozco 1998, Ivanoff et al 1999b, Renouard
et al 1999).
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It may be stated that fixtures placed in bone of quality 4 presented a favourable
outcome when being subjected to a modified surgical protocol. By omitting the threading
procedure, by using wide diameter implants in standard diameter bone sites and by
extending the healing period, the high failure rate in soft bone situations was markedly
reduced. Thus, it was not possible to identify a lower limit cutting torque value at which

the inserted implants were at risk.

Implants and bone volume
The oucome of study I clearly showed that the overall majority of implant failures
was seen in severely resorbed maxillae (shape groups D and E), frequently combined
with bone of low density. Thus, 72.5% (37/51) of the registered implant losses in maxillae
were 7 mm fixtures. Short implants, as compared to longer ones, have demonstrated
higher failure rates in numerous publications (van Steenberghe et al 1990, Bahat 1993,
Nevins & Langer 1993, Jemt et al 1996, Wyatt & Zarb 1998). Due to the high number
(531 implants) of inserted 7 mm implants in maxillae (study I), the outcome was still
favourable with 93% being successfully integrated. Also in mandibles, the 7 mm implants
predominated amongst the failures, though more frequently in bone of high density.
Thus, 38.9% (7/18) of registered implant losses in mandibles were 7 mm fixtures. Tri-
plett et al (1991) demonstrated, when inserting 7 and 10 mm long fixtures into severely
resorbed edentulous mandibles of presumable high density, a somewhat increased failure
rate at the one year follow-up of 6.2%. Due to the high number (262 implants) of inserted
7 mm implants in mandibles (study I), the outcome was still favourable with 97.3% being
successfully integrated. When considering the outcome of study IV, in which 9 out of the
12 non-Mk IT implants that failed were 7 mm long, a reiteration of the higher failure rate
seen with short implants was at hand. With regard to Mk IT implants, the shortest one
used (10 mm), was also associated with the highest failure rate of 5.1% (4/78), although
the 13 mm long Mk II implant predominated in number of losses (7 fixtures). In the
prospective 3-center study of Mk II implants (Olsson et al 1995), the majority of losses
were, as well, associated with the 10 mm long implants after 3 years of function (12.0%).
The increased failure rate seen with shorter implants may find its main explanation in
the reduced bone-to-implant contact, as compared to longer implants.
In edentulous maxillae, 42 out of 46 failed implants were placed in terminal or
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central positions, which roughly concurred with premolar and incisor regions (study I).
The low failure rate of implants placed in intermediate positions may be explained by
the bone anatomy, which presumably comprised the canine strut with its superior bone
support. No similar pattern was seen for early maxillary failures of study IV. With regard
to late (after 3 years) implant failures of others than Mk II, 11 out of the 12 losses (all in
maxillae) were placed in terminal and central positions, while only one was positioned in
the canine region. When considering the Mk II implants in maxillae (study IV), a diffe-
rent outcome was revealed, with 6 out of 12 failures being registered in canine positions.
The latter result was influenced by the two complete failures that occurred, comprising 4
implants in canine positions. In mandibles, no typical failure pattern with regard to
positions was demonstrated in study I, which may be explained by the rather homogeneous
bone volume seen between the mental foramina. In study IV, only two mandibular losses
(Mk II implants) were registered during the study period of 3 years.

It may be stated that short implants in maxillae failed to a higher extent than
longer ones, irrespective of the surgical protocol used. Maxillary implants in incisor and
premolar regions failed more than implants in canine positions. Mandibles did not exhibit

typical failure locations.

General remarks on implant results

The obtained early failure rates of implants, i.e. implant losses registered prior to
the connection of prostheses, were identical (1.5%) for studies I and IV. The figure compares
well with the results of other reports too (Friberg et al 1992, Olsson et al 1995, Sullivan
et al 1997). It even exceeds the ones obtained by others (Cox & Zarb 1987, Engquist et al
1988, van Steenberghe et al 1990, Truhlar et al 1997), which becomes more evident,
when comparing the figure (1.5%) with the one presented by Esposito et al (1998a). The
latter authors used a metanalytic approach, comprising a sample of 16,935 (Branemark
System®), and an early failure rate of 3.6% was presented. One reason for the favourable
outcomes of studies I and IV, may be the high number of implants placed at the Branemark
Clinic, which presumably contributed to a good quality and consistent level of treatment.

The majority of failed implants in study I (48/69), and all early failures in study IV
(8/8), were diagnosed during the abutment operation. Surprisingly, 17 (14 maxillary) of
the study I losses, were considered stable at second stage surgery and yet, they were
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found mobile during the prosthetic treatment procedure. It may be hypothesized that
the surgeon overloaded the implant and traumatically disrupted the rather weak and
newly established osseointegration during abutment operation. Being mechanically tighte-
ned deeper into the bone, the implant might have given a false impression of stability.
During the subsequent weeks, the compressed bone resorbed and, thus, revealed the
implant mobility. Another explanation for the delayed losses could be traumatic
overloading due to accidental contacts between implants and opposing teeth during the
weeks following abutment operation. Thus, it is important to connect the restorations as
soon as possible after abutment operation, thereby protecting the individual implants
from accidental overload. In study I, a loss of 4 implants prior to abutment operation was
caused by infection (0.09%), while no implants of study IV demonstrated corresponding
problems. The altered use of prophylactic antibiotics from 10 days of administration, as
executed in study I and for the first 70 patients treated in study IV, to a single one hour
preoperative dose, as executed for the last 35 patients included in study IV, was neither
afflicted with an increase in postoperative infections nor an increase in the early implant
failure rate. While Dent et al (1997) reported on the importance of using preoperative
antibiotics to increase the survival rate up to and including second stage surgery, Gynther
et al (1998) found no differences between patients with and without antibiotic prophylaxis,
with respect to early and late postoperative infection rates or implant survival.

The implant survival rates at 3 years (study IV) of 92.0% and 99.4% for edentulous
maxillae and mandibles, respectively, are close to equivalent to the 5-year data reported
by Adell et al (1990). The corresponding figures obtained from the prospective 3-center
study at 3 years (Olsson et al 1995), were 87.4% and 99.7%, respectively, when figures
for Mk II and standard implants were pooled. With regard to partial edentulism (study
IV), survival rates of 95.4% and 97.6% for maxillae and mandibles, respectively, have
been demonstrated, which compare well with other reports (Bahat 1993, Jemt & Lek-
holm 1993, Lekholm et al 1994, Wyatt & Zarb 1998, Eckert & Wollan 1998). In study IV,
10 out of 105 patients were involved with implant failures, and out of the 26 losses, 13
(50%) were recorded in two patients, while 21 (80.8%) were diagnosed in 5 patients. This
“clustering effect” has been reported on before (Weyant & Burt 1993) and was also found
to have a substantial impact on the outcome, as presented by Friberg et al (1997). In the
latter study, 9 out of 103 patients were involved with implant failures, and out of the 27
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losses, 18 were recorded in 3 patients (66.7%), while 23 (85.2%) were diagnosed in 5
patients.

It may be stated that low early implant failure rates were achieved, irrespective of
the surgical protocol used. The majority of early losses were diagnosed at abutment ope-
ration. The single dose of preoperative antibiotics was sufficient to maintain low rates of

postoperative infections and early implant losses. Failures tended to cluster within few

patients.

Cutting torque and resonance frequency measurements

A relationship between obtained values of cutting torque and resonance frequency
(RF) at implant placement was found for all E-values in study V. A statistically significant
correlation was, however, only found for patient mean El-values and patient mean RF
values. This finding emphasizes the importance of the marginal bone density on implant
stability as measured with RF, since the E1-value reflects the bone density of the crestal
third of the site. Why the patient mean El-value, and not the individual site E1-value,
showed the closest relationship with RF might be coincidental, or explained by the fact
that a mathematical calculation of the mean reduces the variation.

A significant negative correlation was seen between patient mean cutting torque
values at the El-level and change in RF from implant placement to abutment operation,
which may be interpreted as the lower values of cutting torque and RF at first stage
surgery the greater increase in RF at second stage surgery (study V). This suggests that
the tissue response of low density bone was more influential on the secondary implant
: stability. This relation between bone density and the increase in implant stability over
time was further demonstrated by dividing the bone sites into three groups based on the
El-values, which were plotted against the corresponding RF values. Statistically
significant differences were seen when comparing groups 1 and 2, and especially, when
comparing groups 1 and 3. At abutment operation and at the 1-year follow-up, i.e. 8 and
20 months after implant placement, respectively, no significant differences between the
groups were at hand. Thus, implant stability in bone of low density was seen to "catch
up” over time with the ones obtained in bone of medium and high densities. The stiffness
of the implant/tissue interface was regarded one determinant factor of RF (Meredith et

al 1996a), and the change in RF over time was said to reflect the difference in interfacial
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stiffness, as a result of bone formation and maturation. Based on the study V results, it
may be suggested that a further increase in bone-to-implant contact was more or less
important for the implant stability, and this relation seemed to be dependent on the
initial bone density present. Consequently, in bone of low density, the increase in bone-
to-implant contact as a result of osteogenesis may have had a greater impact on implant
stability than the corresponding increase in bone of medium and high density.

It may be stated that a relationship between crestal bone density and primary
implant stability was established. With regard to secondary stability, implants inserted
in bone of low density approached over time the ones inserted in bone of medium and

high density.

Implant stability and duration of healing

When considering the patient mean RF values (n=9), a significant increase in
implant stability was seen between implant placement and abutment operation, as well
as, between abutment operation and the 1-year follow-up (study V). Whether this increase
was continuous for the whole study period of 20 months is not known, since measurements
were not executed between the abutment operation (8 months) and the 1-year visit (20
monhs). The bone remodeling effect on implant stability may have been completed already
after 9-12 months, which is more in agreement with the findings by Rasmusson et al
(1998b). In the latter study implants were placed in two groups of rabbit tibiae, with and
without bone grafts, and the RF values increased up to 8-16 weeks after placement.
Between 16 and 24 weeks no further change in RF was registered in either of the groups.
In rabbits, bone turnover is found somewhat different to humans, and 16 weeks in rabbit
bone correspond to 11-13 months in human bone (Roberts et al 1984). However, a
progressive tissue response over a long period of time, as suggested in study V, coincides
with the view of Branemark et al (1977), who stated that, after implant insertion, the
remodeling period of bone will continue for at least 18 months.

In study VI, patient mean RF values (n=15) of mandibular implants slightly dec-
reased (150 Hz) during the study period of 15 weeks. This outcome supports the conclusion
of study V that an increase in bone-to-metal contact was found more or less important for
the implant stability, and that this relation seemed to be dependent on the initial bone
density present. In study VI, the majority of mandibles exhibited bone of high density,
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with well defined cortices and dense inner structures. The bone volume also allowed for
placement of long implants with presumably high degrees of bone-to-metal contacts.
Thus, most of the implant surfaces may have been engaged with supportive bone
immediately after placement and additional bone-to-implant contacts, as a result of oste-
ogenesis, did not markedly increase the implant stability.

It may be stated that maxillary implants gained in stability during healing, while
anteriorly placed mandibular implants were as stable in the immediate postoperative

period as after the recommended healing period of 3 months.

Resonance frequency and marginal bone level changes

Apart from the stiffness of the implant/tissue interface, the height of the implant
not being surrounded by bone, was claimed to be a second determinant factor for RF
(Meredith et al 1996a). The longer the distance from the transducer to the bone level, the
lower the value of RF. A decrease in RF of approximately 250 Hz was found for each one-
mm-increase of the correspondent distance (Meredith et al 1996a). Thus, the length of an
attached abutment, or loss of marginal bone, will influence the recorded RF value of the
corresponding implant. In study VI, it may be assumed that the marginal bone level was
situated at the implant reference point (standard and Mk IT implants), or 3.5 mm below
the reference point (conical head implants) at the time of implant placement. Thus, the
observed change in marginal bone level of 0.4-0.7 mm at 15 weeks may explain the lowered
(150 Hz) mean RF value from implant placement to the 15 week-registration. With regard
to study V, the mean RF value increased significantly (425 Hz) from implant placement
to abutment connection. This may be explained by the change in implant/tissue stiffness,
since uniform abutments were used (4 mm long) and the change in marginal bone level
was assumed to be negligible (0.13 mm). A significant increase (220 Hz) of the mean RF
value was also recorded between abutment operation and the 1-year follow-up, despite
that a mean marginal bone loss of 0.9 mm had occurred during the same period.
Consequently, the change in implant/tissue stiffness seemed to be the most influencial
factor on the RF values in bone of low density and, yet, of little or no significance in bone
of high density.

The radiographic evaluation at bridge insertion (study VI) disclosed similar mar-
ginal bone levels, as has previously been reported in other studies of one-stage surgery
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procedures (Ericsson et al 1994, Becker et al 1997, Hermans et al 1997). The use of
various fixture designs did not reveal any significant differences, which is in accordance
with Hermans et al (1997). Consequently, the presence or absence of a fixture/abutment
junction had no influence on the marginal bone level 3-4 months after implant place-
ment, which is in contrast to the findings of an experimental investigation executed by
Hermann et al (1997). In the Hermans et al (1997) study, however, no such influence
could be demonstrated up to 3 years after placement. In a 5-year follow-up study on
implants in maxillae, Jemt & Lekholm (1995) found the mean marginal bone levels at
conical implants to be at a greater distance from the reference point, as compared to the
corresponding values of standard-shaped implants. The conical implants of that study
were, however, inserted with the tapered neck portion into the bone, and thus the margi-
nal bone registrations may not be comparable with the ones of study VI.

It may be stated that the observed lowered mean resonance frequency value in
mandibles could find an explanation by the mean change in marginal bone levels seen
around the corresponding implants. In maxillae, the change in stiffness of the implant/
tissue interface, as measured with resonance frequency, was pronounced and the most
plausible explanation instead. Implants with and without the fixture/abutment junctions

exhibited similar marginal bone levels after 3-4 months.

Resonance frequency as a diagnostic aid

The RF technique proved to be more sensitive in detecting changes in implant
stability than the conventional clinical and radiographic techniques. One implant (study
VI) exhibited a drastic drop of the RF value from the 2-week to the 6-week registration,
in spite of no clinical signs of pain or mobility. The increased bone loss (2-3 mm) seen in
relation to the implant at 6 weeks, might only to some extent explain the lowered value
0f' 2,000 Hz, when considering the ratio of 250 Hz/mm reported by Meredith et al (1996a).
The RF value indicated a decrease in stiffness of the implant/tissue interface and that
the implant was at risk. Nine weeks later the clinical mobility was evident.

In a second patient, values of three implants dropped markedly beween 2 and 6
weeks, probably as a result of unfavourable loading from the denture. Based on the
experience from the failed implant, the denture was additionally relined in order to avoid
a direct contact between the acrylic base and the implants. The patient was also requested
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to minimize the use of the prosthesis. During the subsequent weeks, RF values stabilized
and even increased slightly. The study period was extended for this patient, and at 6
months after implant placement, a further increase in RF was registered.

It may be stated that implant failures could be predicted, as well as avoided by
early detection of low and/or decreasing stability values, when using the RF technique.
With regard to implants at risk, efforts should be made to eliminate unfavourable loading

and/or to allow for longer healing.

One stage surgery/delayed or immediate loading

Out of the 75 implants inserted in study VI, one implant failed during the study
period of 15 weeks, which compares well with the results of other similar reports (Erics-
son et al 1994, Bernard et al 1995, Ericsson et al 1997, Hermans et al 1997, Collaert &
De Bruyn 1998). Furthermore, the outcome compares well with the ones obtained from
studies executing the conventional two-stage procedure (Friberg et al 1992, Olsson et al
1995). A denture-free period of 2 weeks was used in study VI, which may have avoided
uncontrolled loading in the early postoperative period. A 10-day denture-free period was
used by Randow et al (1999), who reported on patients with edentulous mandibles, in
whom permanent fixed constructions were connected within 20 days following implant
placement. None of the implants were lost during the follow-up period of 18 months.
However, the immediate use of relined dentures has been reported (Henry & Rosenberg
1994, Becker et al 1997). In the mandibular study by Henry & Rosenberg (1994), all
implants were successful during the follow-up period of 2 years. In the Becker et al (1997)
study, one-stage surgery was performed in upper and lower jaws, revealing success rates
at one year of 93.3% and 96.7% for maxillae and mandibles, respectively. A more evenly
distributed loading, as exerted by a denture, may be advantageous to patients with a
history of bruxism, since grinding on single non-submerged implants in the healing phase
may be detrimental. A better and even safer alternative may be the immediate splinting
of some implants (Schnitman et al 1990, 1997, Tarnow et al 1997), or all implants
(Branemark et al 1999), when using fixed appliances. In the latter study by Branemark
et al (1999), conducting the novel approach of "the same day teeth”, an implant survival
rate of 98% after 2 years was demonstrated.

It may be stated that the change of the surgical concept towards the one-stage
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approach in anterior mandibles did not reveal any altered rate of early implant failures.
Thus, when considering this outcome as well as data from the aforementioned implant
stability measurements executed in mandibles, the direct loading concept of implants

placed into bone of similar texture may be recommended.
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CONCLUSIONS

As the overall conclusion of this thesis it can be stated that jaw bone quality is one
most important determinant for implant stability and success. It is therefore considered
valuable to have techniques for easy identification of the jaw bone quality of surgical
sites during implant placement, as well as for evaluation of implant stability at place-
ment and follow-up. The cutting resistance and resonance frequency techniques currently
tested have partly proved to fulfil these requirements. The specific aims thereby being

studied have shown:

* An overall early implant failure rate of 1.5% as demonstrated for each of two studies I
and IV, and higher failure rates are seen in maxillae as compared to mandibles. When
using a standard treatment protocol, maxillary implants in premolar and incisor positions,
in connection with limited bone volume and/or poor bone texture, are involved with more
losses. Mandibles with bone of limited volume and dense texture represent high failure
rates, but do not show any typical failure locations. When using an adapted preparation
technique with extended healing periods, no typical early failure patterns of maxillary
and mandibular implants with regard to positions, bone volume or bone texture are seen.
With regard to late maxillary failures, premolar and incisor positions in connection with
bone of limited volume still represent many losses, while no such finding can be

demonstrated in bone of poor texture.

*The true cutting resistance technique to be a reliable method, insensitive to differences
in hand pressure and tapping directions, as well as to different investigators. A significant
correlation can also be seen between values of true cutting resistance and bone density

measurements of homogeneous pig rib samples.

eIn vitro values of true cutting resistance and total bone area to be higher in mandibles
as compared to maxillae, with a tendency towards decreasing values posteriorly in both
jaws. Significant correlations are demonstrated between values of true cutting resistance
and bone density measurements, as well as between true cutting resistance and total

bone area calculations of post mortem human jaws. The true cutting resistance technique
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has also proved to be applicable to clinical investigations.

e Clinical values of cutting torque, obtained from mandibles, to be in general higher than
the corresponding ones, obtained from maxillae. A tendency towards decreasing values
posteriorly can be seen in maxillae, though not in mandibles. A significant correlation is
present between values of cutting torque and assessed bone density scores in vivo.
Successful and failed implants present similar values of cutting torque and, thus, a lower

limit value at which implants are at risk can not be defined.

e A significant correlation between patient mean cutting torque values of the crestal
bone and corresponding resonance frequencies. Implants inserted in bone of various
densities exhibit different initial stability, as measured with resonance frequency. The
increase in resonance frequency during healing and the subsequent period of follow-up is
more pronounced for implants placed in bone of low density, and such implants seem to

“catch up” with the ones placed in bone of medium to high density by time.

eImplants placed in anterior mandibles to demonstrate no increase in stability during
healing, as measured with resonance frequency. The rather lowered patient mean
resonance frequency value seen at the end of study period, may be explained by the
observed change in marginal bone level. It is suggested that implant failures can be
predicted and even avoided by early detection of low and/or decreasing values of resonancy
frequency. One-stage surgery, as executed in anterior mandibles, exhibits similar
favourable implant outcome at 3-4 months as the conventional two-stage technique. A
change in the surgical concept towards direct loading seems possible to recommend for

implants placed in favourable bone qualities.
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CLINICAL IMPLICATIONS

The results of this thesis indicate that the clinical use and understanding of cutting
torque measurements may still be somewhat limited, though registered cutting torque
values may help the clinician to determine the extension of healing. The rather recent
use of the one-stage surgery concept with delayed or immediate loading, makes the cutting
torque technique useful in guiding the surgeon whether fixtures can be loaded directly or
not. However, the interpretation of obtained data is difficult, since no lower limit value
has been identified and, thus, no information is available regarding the possibility to
predict failure or success. The objective measure of the bone texture is determined first
during low speed threading or implant placement, which may be disadvantageous. Instead
this information should be offered to the surgeon before finalizing the implant site pre-
paration, as such data may be useful when coordinating the final drill and implant dia-
meters to achieve the best primary implant stability. The use of a screw tap diameter of
2.7 mm for collecting cutting torque data may be found useful in this respect.

Regarding the clinical use of resonance frequency measurements, this technique
also seems to have some limitations, mainly due to that technical improvements of the
device still are undertaken. Nevertheless, the resonance frequency analysis has proven
to be useful in conjunction with implant placement. Obtained values of resonance
frequency may e.g. help to predict which implants are at risk, and by using appropriate
measures (load relief, extended healing) it may help to avoid implant failures. In
conjunction with the use of the one-stage surgery concept, with implants being accessible
to measurements after placement, the resonance frequency technique appears even more
attractive, as it may participate in the decision of performing direct loading and may
detect declining implant stability durjng healing or early function.

The outcome of this thesis also imply a need for recommendations how to clinically
handle special bone situations. In addition to data obtained from preoperative radiographs,
three major clinical signs of poor bone quality/implant instability may be identified during
implant placement:

Despite a low pre-set motor torque (20 Nem), the bone may not offer sufficient
resistance to bring about an automatic stop of the motor when the implant has reached
its final position. Such an implant may still be kept in the bone site, though an extended
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healing period of 1-2 months is recommended, i.e. 4-5 months and 8 months in mandibles
and maxillae, respectively.

During cover screw tightening, the force exerted by the manual screw driver may
be sufficient to rotate the implant as well. Such an implant may still be kept in the bone
site, though an extended healing period of 2-3 months is recommended, i.e. 5-6 months
and 9 months in mandibles and maxillae, respectively.

After implant insertion, the fixture mount (being properly connected to the implant)
may be moved horizontally or vertically, indicating a total implant mobility. Such an
implant ought to be removed and preferably be replaced by a wider implant. As an
alternative after removing the implant, a rongeur may be used for collecting bone shivers
to be packed into the walls of the site, allowing the previously used implant to be reinserted
and to encounter more resistance. Such an implant may still be kept in the bone site,
though an extended healing period of 3-4 months is recommended, i.e. 6 months and 10
months in mandibles and maxillae, respectively.

In sites of poor bone texture, as frequently seen in posterior maxillae, an adapted
preparation technique, in conjunction with implant diameter variations, is recommended.
The twist drill diameter 3.0 mm and the short-peg countersink are the final drills to be
used, when inserting implants of diameters 4.0 and 5.0 mm. The short-peg countersink
will thereby allow for a widening of the implant entrance to provide accomodation for the
5.0 mm diameter implant. In bone of less bucco-palatal/lingual width, the use of final
twist drill diameters 2.7 or 2.85 mm are recommended, with subsequent insertion of
standard diameter implants (3.75 mm). Generous healing periods as described above are

in general strongly adviced in connection to soft bone situations.
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