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Abstract 

Introduction: Prior in vitro work has shown that implants restored with 

aftermarket (AM) abutments are more prone to leakage at the implant-abutment 

interface (IAI) than implants seated with their original equipment manufacturer 

(OEM) abutments. The goal of the current study was to examine the relationship 

between bacterial colonisation at the IAI and implant parameters using OEM or 

AM abutments on identical implants. It was hypothesised that microbial 

colonisation at the IAI may increase peri-implant inflammatory cell accumulation 

and lead to increased bone and soft tissue loss around the AM abutments.  

 

Method: Sixty ø4/3 mm x 10 mm implants were placed into healed mandibular 

post-extraction ridges in ten mature ewes. Abutments were placed immediately or 

at 2nd stage surgery after 2 months. Six groups (n=10) were evaluated as follows: 

Delayed aftermarket abutment (A), delayed OEM abutment (B), immediate 

aftermarket abutment (C and D), immediate OEM abutment (E and F). 

Radiographs and microbial sampling were taken at baseline, 2 months, and 4 

months. Identification and relative quantification of DNA for oral microbial 

species was performed using Polymerisation Chain Reaction (PCR) (IAI Padotest, 

Switzerland). Mean percent bone- to-implant contact (%BIC) and distance to first 

bone contact were calculated from two images per implant using Image J software. 

Linear mixed models were used to look for between group differences and mixed 

logistic regression models used for the binary outcomes. Analyses were conducted 

using Stata 14.1 and p<0.05 was considered statistically significant.  

 

Results: While there were more failures of the implants restored with aftermarket 

abutments (14 vs. 8) this difference failed to reach statistical significance (p=0.17). 

There was no statistical difference between OEM vs. aftermarket for %BIC, first 

bone contact, radiographic bone changes, height of soft tissue, bone density, or 
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microbial colonisation. There was no correlation between microbial leakage and 

implant outcomes.  

 

Conclusion: This animal study found no difference in microbial leakage between 

OEM and AM abutments. There was no apparent relationship between increased 

microbial leakage and implant outcomes. Statistical analysis was complicated by 

the higher-than-expected number of implant failures. While some intriguing 

trends were noticed, a larger human study is now recommended to further explore 

this relationship.  
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Chapter 1: Introduction and Review of 
the Literature 

 

1.1 INTRODUCTION 

Replacing teeth by means of dental implants has become a predictable treatment 

option, with good long term survival rates (Adell et al., 1981; Pjetursson et al., 

2004). There are two main implant designs: the two-piece implant (Brånemark et 

al., 1969) and the one-piece non-submerged implant (Schroeder et al., 1981). One 

concern regarding two-piece implant systems is the microgap that is always 

present between the two components, with claims that this leads to bacterial 

colonisation, inflammation, and bone loss.  

 

In a two-piece design, both components of the implant system are normally made 

by the same manufacturer, but the interest in the use of third party components 

has increased in the last decade. This is due to the lower cost of the components. 

The original equipment manufacturers claim that their abutments are precisely 

engineered for a better fit and hence achieve better outcomes, but there is little in 

the way of in vivo research to support this assertion. Relatively little is known about 

the amount of leakage that occurs between implant components in a clinical 

environment, and how leakage may affect clinical outcomes such as survival, 

osseointegration, and bone loss.   

 

The principle aim of this study was the comparison of OEM and third party 

abutments on Osseotite implants (Zimmer Biomet, Florida, USA) in the posterior 

mandible in a sheep, with respect to survival, osseointegration, bone loss, and 

microbial leakage. The secondary aim was to assess whether placement of the 
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abutment at the time of initial surgery or in a subsequent surgery two months later 

would change these outcomes. 

 

The literature review that follows provides the necessary background relative to 

implant parameters and leakage at the implant abutment interface (IAI), the use 

of histomorphometric and radiographic analysis to assess implant success, and the 

use of the sheep as an animal model in which to evaluate dental implant 

treatments.  

 

In this work, the nomenclature of “submerged” and “non-submerged” will be used 

in the context of the surgical technique, while “one-piece” and “two-piece” refer to 

the implant design.  

 

 

1.2 SUBMERGED VS. TRANSMUCOSAL HEALING 

The original Brånemark submerged surgical procedure was designed to create a 

healing environment at the bone-implant interface that would facilitate 

osseointegration rather than fibrous encapsulation. In the mandible, implants 

would be left submerged for three months, with the period extended up to six 

months in the maxilla (Brånemark, 1983). This protocol had disadvantages for the 

clinician and the patient, including an extended treatment time, greater financial 

burden, and increased patient discomfort due to the second surgery necessary to 

expose the implant.  

 

An alternative placement protocol was developed which showed that implants 

inserted via a non-submerged one-step procedure could have a high survival rate 

(Buser et al., 1991). There was no significant difference in the healing pattern of 

hard tissues when comparing submerged to non-submerged implants (Gotfredsen 

et al., 1991). Studies in dogs provided supporting histological and radiographic 

evidence that both submerged and transmucosal surgical procedures resulted in 
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similar soft tissue adaption, crestal bone levels, and osseointegration (Ericsson et 

al., 1996; Fiorellini et al., 1999; Hermann et al., 2000; Abrahamsson et al., 1999; 

Abrahamsson et al., 1996; Jung et al., 2008). Radiographic studies in humans 

comparing bone levels in submerged or transmucosal healing showws comparable 

changes at six, nine, and twelve months after loading (Siadat et al., 2012; Giacomel 

et al., 2017). A longer term study with a 5-year follow-up corroborated these 

findings (Heijdenrijk et al., 2006). Although there was no difference in the overall 

amount and rate of crestal bone loss, the timing of the bone remodelling does differ 

between the two protocols (Fiorellini et al., 1999). Transmucosal implants have 

crestal bone loss early in the healing phase after implant placement, but 

submerged implants experience bone loss after the second surgery for abutment 

connection (Hermann et al., 1997).  

 

Following the establishment of the transcrestal placement protocol, both early and 

immediate loading protocols were introduced. Immediate loading is defined as an 

implant put into occlusion within 48 hours of implant placement, and early 

loading as those implants put in function between 48 hours to three months after 

their placement (Cochran et al., 2004). Implant prostheses inserted within 48 

hours but not in occlusion are termed immediate restorations (Cochran et al., 

2004). Literature supports the view that immediate and early loading can lead to 

successful osseointegration (Engelhardt et al., 2015) and this is becoming a more 

common clinical approach. This work will not discuss loading in depth as it was 

not explored in our experimental design.  

 

1.3 IMPLANT-ABUTMENT INTERFACE 

Two-part dental implants have a space at the junction where the implant fixture 

and the abutment meet, known by various names in the literature as the microgap, 

implant-abutment interface (IAI), implant-abutment junction (IAJ), or abutment-

fixture junction (AFJ). Three main factors have been identified as possible 

contributors to an increased size of the microgap: occlusal load during 
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physiological function (Steinebrunner et al., 2005), manufacturing tolerance 

(Shareef and Levine, 1996), and micromotion between the implant and abutment 

components (Zipprich et al., 2007). The interface has been associated with 

mechanical and biological complications. These will be discussed over the 

following sections.  

 

1.3.1 Size of the IAI 

There are several strategies for evaluating the size of the IAI, including scanning 

electron microscopy (SEM) (O’Mahony et al., 2000), stereoscopy (Smith and 

Turkyilmaz, 2014), 3D microtomography (Scarano et al., 2016), and scanning light 

microscope (SLM) (Tsuge et al., 2008). Evaluation of the IAI via optical means is 

generally a simple method for detection (Meleo et al., 2012). However, this testing 

does not allow the continuity and depth of the gap to be evaluated. Often, 

microgaps are not observed continuously along the IAI interface but in discrete 

areas (Dias et al., 2012).  

 

The size of the microgap is variable, with the literature reporting different values 

depending on what system is analysed and the method of measurement. In vitro 

studies using stereoscopy found an average microgap size of 12 µm (Smith and 

Turkyilmaz, 2014). Piattelli et al., (2001) reported a microgap of 2-7 µm in screw 

type and 7 µm in cemented type prosthesis. In a study by Jansen et al., (1997) the 

size of the IAI was less than 10 µm in all tested implants. Bajoghli et al., (2016) 

found a mean microgap of 3.1 to 4.8 µm in two different implant brands. 

 

While the above values were reported in an in vitro environment, larger values 

have been found in implants which have been placed in clinical environments. 

SEM of 18 retrieved failed implants showed the mean microgap at the IAI was 30 ± 

20.8 µm with a range from 22.0 to 40.5 µm (O’Mahony et al., 2000). A larger Italian 

study on 272 failed implants showed the mean IAI gap in screw-retained abutments 

was 61.3 ± 4.5 µm compared to a gap in cement-retained abutments of 40.4 ± 3.4 



 19 

µm (Scarano et al., 2005). Because the imaging techniques necessary to detect 

these gaps are unable to be used on healthy implants in situ, we cannot make a 

conclusion about whether this increased size has contributed to the failure of these 

implants, or whether most implants in vivo do have an increased microgap 

compared to their experimental counterparts.  

 

The technique used to manufacture the abutment has an effect on the size of the 

microgap, with Rismanchian et al., (2012) reporting the size of the microgap to be 

between 7 to 74 µm depending on how the abutment was fabricated. Pre-machined 

abutments had smaller microgaps than cast abutments placed on identical 

implants. This finding was replicated by Fernández et al., (2014) who found that 

sintered (11.30 µm) and cast (9.09 µm) abutments had larger microgaps than milled 

abutments (0.73 µm).  

 

Clinically, microgaps can be detected via radiographic and clinical examination, 

with larger gaps being detected more readily (Konermann et al., 2010). Analysis has 

revealed a significantly higher degree (227%) of detected microgaps with values 

greater than 150.9 µm (p<.001). In vitro experiments show the x-ray detection of a 

microgap at the interface can be significantly influenced by the inclination of the 

x-ray tube in relation to the long axis of the implant (Papavassiliou et al., 2010). To 

achieve accurate results, the use of a paralleling device is advocated in order to 

achieve greater detection ability (Lin et al., 2014). Clinicians have less sensitivity 

when detecting microgaps smaller than 150 µm, which is greater than the size of 

microgaps generally reported from in vitro experiments and that of failed implants. 

It is likely that all two-part implants will have a microgap at the IAI that goes 

undetected at the time of abutment insertion.  

 

1.3.2 Bacterial Colonisation 

It has been demonstrated that microgaps were present at the IAI in all two-part 

dental implant systems with the size ranging from <10 µm to >70 µm. In 
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comparison, the average size of species in the oral microbiota ranges from 1.1 to 1.5 

µm in diameter and 2 to 6  µm in length (do Nascimento et al., 2012). Consequently, 

bacteria should be able to penetrate even the tightest implant-abutment 

connection.  

 

In vivo clinical studies have shown that bacteria are present on the internal 

surfaces of two-part implants, even those with no evidence of peri-implant disease 

(Quirynen and van Steenberghe, 1993). Bacterial culturing from implants in 

function consistently showed a heterogeneous and primary anaerobic microbiota 

(Persson et al., 1996). More specific methods of bacterial detection using DNA 

probes identified moderate to high levels of eight different periodontopathic 

microbes (Aggregatibacter actinomycetemcomitans, Tannerella forsythia, 

Campylobacter rectus, Eikenella corrodens, Fusobacterium nucleatum, 

Porphyromonas gingivalis, Prevotella intermedia, Treponema denticola) inhabiting 

the internal surfaces of implants (Callan et al., 2005). Microbes colonise the IAI 

relatively quickly after the implant is uncovered, with bacteria detected within 

twenty days of placement of the healing abutment (D’Ercole et al., 2013). Bacterial 

load increased from 20 to 90 days, with the development of a more complex 

microbiota, characterised by a lower percentage of coccoid cells and a higher 

percentage of rod cells  (D’Ercole et al., 2013).  

 

In contrast to bacteria that colonise external surfaces of implants, those harboured 

within the IAI are protected from host defence mechanisms. There is no blood 

supply within the IAI so components of the host defence cannot access the 

microgap. This allows the bacteria in the IAI to persist for extended periods of time, 

which is thought to have a biological cost to the tissues, manifesting as 

inflammation in susceptible hosts.  

 

1.3.3 Inflammation 

Microbial colonisation at the IAI may stimulate an ongoing host response, leading 
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to inflammation and bone loss. One way to investigate the effect of the microgap 

is to compare two-piece implants with one-piece implants, which naturally lack an 

IAI. Broggini et al., (2003) found significant differences in the accumulation of total 

inflammatory cells in the peri-implant tissues between two-piece and one-piece 

implant designs in beagle dogs, with significantly greater inflammatory cell 

infiltration seen around two-piece implants.  The inflammatory cell infiltrate (ICI) 

was unique in that it was dominated by neutrophils and developed adjacent to the 

IAI with the peak density of inflammatory cells occurring approximately 0.5 mm 

coronal to the level of the microgap. Minimal inflammation was seen around one-

piece implants, with no selective neutrophil accumulation and significantly 

reduced mononuclear cells. It was observed that as the apical position of the IAI 

was progressively increased, the total number of peri-implant inflammatory cells 

increased in parallel, with a deeper IAI leading to a greater magnitude of 

inflammation (Broggini et al., 2003). 

 

Studies from a different research group also consistently observed presence of an 

abutment ICI adjacent to the microgap, which extended about 0.5-0.6 mm in the 

coronal as well as in apical direction relative to the IAI (Ericsson et al., 1996). Two 

discrete areas of inflammatory infiltrate have been found, with an infiltrate at the 

level of the IAI independent of the marginal soft tissue lesion that develops as a 

response to plaque formation (Ericsson et al., 1995).  

 

The pattern of peri-implant neutrophil accumulation suggests that there is a 

chemotactic stimulus originating at the IAI of two-piece implants that initiates and 

sustains the recruitment of inflammatory cells, leading to initiation of the host 

response. This persistent acute inflammatory response may be perpetuated by a 

host defence whose access is inherently restricted between the implant 

components. The sustained activation of inflammatory cells may promote the 

formation, growth, and activation of osteoclasts, which could result in alveolar 

bone loss (Cappariello et al, 2014).  
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1.3.4 Bone Loss 

After the inflammatory response adjacent to the IAI was identified, research was 

carried out to determine whether this had any impact on other parameters such as 

bone loss. Limited evidence has been offered as to the mechanisms by which a 

microgap could lead to crestal bone loss. Ujiie et al (2012) used in vitro modelling 

to show that bacterial endotoxins present at the IAI may upregulate pro-

inflammatory genes in cells found in the healthy peri-implant tissues, causing the 

release of cytokines Interleukin-1α (IL-1α) and Interleukin-6, stimulating 

osteoclasts. Other pro-inflammatory mediators including Interleukin-1β and 

Tumour Necrosis Factor -α possessing a known effect on bone metabolism can be 

detected in peri-implant crevicular fluid (Boynueǧri et al., 2012). Moving the IAI 

coronally results in lower levels of inflammatory markers and lower bleeding on 

probing scores  (Boynueǧri et al., 2012). This may indicate that moving the IAI away 

from the bone crest reduces inflammation, seen clinically as a reduction in 

bleeding on probing. Unfortunately, this study did not investigate marginal bone 

levels.  

 

A series of papers published from the same experiment compared a number of 

implant designs and placement protocols for inflammation and bone loss 

(Hermann et al., 1997; Broggini et al., 2003; Broggini et al., 2006; Hermann et al., 

2000; Hermann et al., 2000; Hermann et al., 2001; Cochran et al., 1997; King et al., 

2002). Hermann et al., (1997) published a radiographic study in the canine model 

showing the first bone-to-implant contact was consistently located 2 mm below 

the IAI in two-part implants placed via a submerged or a transmucosal protocol. 

The one-piece implants had no bone loss, while in the two-piece implants, 

statistically significant crestal bone loss was observed following abutment 

connection (Hermann et al., 1997). This lead to the conclusion that the creation of 

a microgap between the implant and an abutment results in bone loss. Increasing 

the size of the IAI from 10 µm to 100 µm has no relationship to the amount of 

histologic bone loss seen at three months (Hermann et al., 2001). Half of the groups 
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had the implant and abutment spot welded together to maintain the size of the 

microgap, but prevent micromotion at the interface. All corresponding implants 

in the non-welded group saw significantly (p<0.05) increased bone loss at the same 

microgap size, indicating micromotion may affect bone loss more than the size of 

the microgap (Hermann et al., 2001).  

 

In animal models, a correlation has been shown between the depth of the IAI, 

increasing peri-implant ICI, and bone loss. The more sub-crestal the IAI is 

positioned, the greater the magnitude of inflammation and the greater the peri-

implant bone loss (Broggini et al., 2006). The relationship between bone loss and 

inflammatory cell accumulation in a subcrestal position was highly statistically 

significant (p<0.0001). This suggests, but does not prove, a causal relationship.  

 

Studies in monkeys have shown that as the position of the microgap is moved to a 

more coronal position away from the alveolar crest, less bone loss occurs, with the 

reverse relationship also holding true (Piattelli et al., 2003). Histological studies in 

various canine models demonstrate a subcrestal positioning of the IAI leads to 

significantly increased bone loss compared to implants with junctions at 

equicrestal or supracrestal locations (Hermann et al., 2000; Broggini et al., 2006). 

This is correlated with radiographic analysis which shows the greatest bone loss 

occurring around implants placed 1 mm below the bone crest (Jung et al., 2008). 

More recently, Cesaretti et al., (2015) found implants placed in a sub-crestal 

location resulted in a higher vertical buccal bone resorption and a more apical 

position of the peri-implant mucosa in relation to the level of the bony crest at 

implant installation.  

 

The studies of Hermann and Broggini’s research group (1997a, 1997b, 2000a, 2000b, 

2001, 2002, 2003, 2006) were small group animal studies in which the implants were 

not functionally loaded, allowing only limited conclusions to be drawn. We must 

be careful when extrapolating this data to clinical performance. In fact, their 
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findings are contrasted by data from a human trial which compared one-piece 

implants, two-piece submerged implants, and two-piece transmucosal implants 

and found a comparable amount of bone loss between the three implant groups at 

five years (Heijdenrijk et al., 2006). This suggests that a microgap does not 

influence the amount of peri-implant bone loss over a longer period. One issue 

with Heijdenrijk’s study was the first radiographs were not taken until four months 

after implant placement, so there is no record of bone loss that may have occurred 

around the implants in that initial timeframe. It is possible that a considerable 

amount of bone loss had occurred during these four months in the two-piece 

implant groups and not in the one-piece implant group. Results from this study 

imply that the microgap at the crestal level in two-piece implants does not appear 

to have an adverse effect on the amount of radiographic peri-implant bone loss 

during a five-year period (Heijdenrijk et al., 2006).  

 

Supporting these findings was a study which found that three months after 

uncovering a submerged implant, the first bone-to-implant contact is located 

closer to the implant shoulder and further coronally if the implant was placed 1.5 

mm subcrestally compared with an equicrestal insertion (Weng et al., 2010). Little 

human histological data is available, but in subcrestal implants retrieved with a 

trephine bur after a healing period of four to eight weeks, bone was found over the 

implant shoulder (Degidi et al., 2011). In the equicrestal implants, crestal bone 

resorption (0.5 to 1.5 mm) was present around all implants. Because of the 

extremely short time frame from implant placement to removal, it is hard to draw 

any firm evidence from this case report. Further bone remodelling may well have 

continued around the sub-crestal implants had they remained in situ.  

 

There are few human clinical trials specifically addressing the relationship between 

microbial leakage and bone loss. Jervøe-Storm et al., (2014) found a progressive 

colonisation of the IAI by periodontopathogenic bacteria. There was a significant 

association of P. intermedia at three (p = 0.022), four (p = 0.003) and 12 months (p 
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= 0.013) with bone loss at 25 months; for all other bacteria no association with long-

term bone loss was found at any time point. Cochran et al., (1997) found that the 

epithelial attachment was always located apical to the IAI in submerged implants. 

It was hypothesised that the epithelium may migrate more apically to isolate itself 

from the bacteria present at the microgap. The proliferation of the epithelium and 

subsequent response to re-establish the dimensions of the biological width could 

be responsible for the approximately 2 mm of bone loss occurring apical to the IAI 

(Fiorellini et al., 1999). Overall, there is conflicting evidence that the position of 

the IAI influences the magnitude of crestal bone loss seen around implants. 

 

1.3.5 Biological Width 

The concept of biologic width was first introduced in periodontology in 1961, with 

the connective tissue attachment and the epithelial attachment showing an 

average mean width of 2.04 mm around cadaver teeth (Gargiulo et al., 1961). In 

animal models, the peri-implant soft-tissue dimension is enlarged (3 to 3.8 mm) 

compared to the human dentogingival complex (Moon et al., 1999; Berglundh et 

al., 1991; Ericsson et al., 1996; Abrahamsson et al., 1996; Cochran et al., 1997). The 

implant biological width is composed of an epithelium compartment overlying 

connective tissue, with many similarities to the dento-gingival tissues around 

teeth. A barrier junctional epithelium facing the abutment surface has a height 

about 2 mm followed by a connective tissue portion of 1 to 1.5 mm above the 

alveolar bone crest. The biological width is a physiologically formed and stable 

structure over time in non-submerged, one-piece titanium implants, under 

unloaded and loaded conditions (Hermann et al., 2000). Significant changes within 

tissue compartments (sulcus depth, junctional epithelium and connective tissue) 

can occur over time, but the sum of the components which form the biologic width 

does not change.  

 

Results of animal studies investigating the influence of the physical design of the 
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implant systems on biological width have varied widely. Hermann et al., (2001) 

published findings showing that biological width appears to vary based on the 

implant design, with a greater magnitude of biological width seen around two-

piece non-submerged implants (3.38 ± 0.36 mm) compared to one-piece 

transmucosal implants (2.84 ± 0.28 mm). The results of this study indicate that the 

dimensions of the peri-implant soft tissues may be influenced by the presence of a 

microgap between the implant and the abutment. However, other studies have 

found no differences in the biological width between different one-piece and two-

piece implant systems (Abrahamsson et al., 1996). The timing of abutment 

placement on two-piece implants did not have an effect on soft tissue dimensions 

(Hermann et al., 2001). 

 

True histological data from humans is rare, and is generally published as case 

reports. Romanos et al., (2010) carried out histologic and histomorphometric 

analysis to compare the bone and soft tissue dimensions of 12 implants from one 

patient, who died 10 months after placement of immediately-loaded, two-piece 

implants. The biological width in the maxilla was 6.5 ± 2.5 mm, whereas in the 

mandible it was 4.8 ± 1.3 mm, with the difference being statistically significant. The 

dimensions of the biological width around implants in humans appears to be larger 

than that seen in canine models. This was in comparison to Piattelli et al., (1997) 

who found the width of the supracrestal connective tissues around one-piece 

implants to be between 2 to 3 mm, which is similar to that reported in canine and 

monkey models. 

 

In beagle dogs, violation of the biologic width generated a response from the 

tissues. Crestal bone was resorbed in order to re-establish a supracrestal soft-tissue 

attachment of approximately 3 mm (Berglundh and Lindhe, 1996). The biological 

width may be disrupted by repeated abutment screw loosening and tightening 

(Abrahamsson et al., 1997). This beagle dog study found abutment disconnection 

and reconnection led to an apical repositioning of the connective tissue and bone, 
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perhaps due to a compromise of the mucosal barrier.  

 

Most of the histomorphometric studies in the literature about peri-implant soft 

tissue dimensions were performed in animals and usually confined to mandibular 

implants fitted with healing or standard abutments. The biological width is a 

healthy zone of soft tissue around implants. If it is impinged upon, it can lead to 

recession and bone loss until the biological width can be re-established. Stability 

of the biological width is important for soft tissue health and implant aesthetics.  

 

1.4 LEAKAGE AT THE IAI 

With the establishment of the relationship between bacterial colonisation at the 

IAI in two-piece implants, inflammation, and bone loss, companies have been 

working to find ways to reduce leakage and improve outcomes. Leakage testing 

has been developed to compare different implant configurations in vitro and in 

vivo. Leakage acts a quantitative parameter to assess the quality of the connection 

at the IAI, as it provides an indirect indication of gaps present between the two 

components. Traversy and Birek (1992) first demonstrated fluid and microbial 

leakage at the IAI in the Brånemark implant system, which generated substantial 

research interest and innovation in this field.   

 

1.4.1 Microbial leakage 

Early testing focussed on in vitro experiments with sterile implant-abutment 

assemblies immersed in a liquid medium inoculated with human oral pathogens. 

The components were then separated and samples taken for culturing. Bacterial 

leakage into a sterile external environment was identified by clouding of the 

culture medium, with subsequent samples taken and cultured to confirm the 

presence of viable colonies of the inoculated bacterial species. Multiple studies 

showed leakage from the external environment to the internal of the implant, and 
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from the internal components to a sterile external environment (Quirynen et al., 

1994; Aloise et al., 2010; D’Ercole et al., 2011; Teixeira et al., 2011; Assenza et al., 2012; 

Dias et al., 2012; Piattelli et al., 2001). Jansen et al., (1997) tested thirteen different 

implant-abutment connections and found that bidirectional microbial leakage 

occurred in all systems.  

 

Numerous bacterial suspensions have been used for this testing, such as E. coli, S. 

sanguinis, P. aeruginosa, S. aureus, and A. actinomycetemcomitans. Generally, 

these species were chosen over other known periodontal pathogens as they are 

easy to culture, but still recognised as being part of the oral microbiome.  

 

Microbial leakage testing has evolved over the years. A more recent test using 

kanamycin aesculn azide agar (optical indicator for E. faecium) in implants subject 

to dynamic loads allowed the researchers to match the leakage of the bacteria to a 

period within three hours (Wachtel et al., 2016). This contrasts with other 

microbial studies which immerse the test specimens into a nutrient or bacterial 

medium, which only allows an indirect assessment of the bacterial permeability at 

a defined time point, usually the end of the study.  

 

Although studies investigating loading are few in number (Steinebrunner et al., 

2005; Koutouzis et al., 2011; Koutouzis et al., 2016; do Nascimento et al., 2012), the 

ability to assess seal robustness under dynamic loading conditions more closely 

approximates clinical conditions. Dynamic loading simulates masticatory forces, 

which is relevant as the implant-abutment assembly is likely to experience 

different functional adaptations under loading, which might lead changes at the 

IAI in terms of leakage. Loaded implants present with higher counts of 

microorganisms than unloaded implants for both external-hex, internal-hex, and 

Morse cone connections (do Nascimento et al., 2012).   
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1.4.2 DNA Analysis 

Traditionally, microbial analysis has been carried out via sampling and culturing 

to identify bacteria. This is restricted to specific and well-known microbial species. 

Due to the difficulty of handling and culturing, most of the in vitro studies only 

evaluate one microorganism, many times not related to the aetiology of 

periodontal diseases. More recently, molecular methods using genetic material 

have made possible the fast and reliable identification and quantitation of 

microorganisms in the oral cavity (Socransky et al., 1998). Different from 

conventional culture techniques, DNA hybridisation methods can detect and 

quantify both viable and non-viable bacteria, as they are based on the presence of 

genetic material (Sakamoto et al., 2001).  

 

The DNA–DNA hybridisation method has been shown to be sensitive enough to 

detect and quantify microorganisms present at the internal parts of previously 

sterile implants (Do Nascimento et al., 2009;  do Nascimento et al., 2011). This 

testing can also be done after implants have been subjected to dynamic loading 

(do Nascimento et al., 2012). In vivo experiments used this method to identify and 

quantify bacteria harvested from intra-implant cavities (Jervøe-Storm et al., 2014; 

Romanos et al., 2014; Penarrocha-Oltra et al., 2016) and healing abutments 

(D’Ercole et al., 2013) For the sampling of bacteria from internal implant surfaces, 

the use of the internal screw itself, the paper point, and the swab technique have 

been described (Persson et al., 1996; Winkelhoff et al., 2005; Callan et al., 2005; do 

Nascimento et al., 2011).  

 

1.4.3 Gas-enhanced permeability test (GEPT) 

GEPT involves the infiltration at the IAI of an ionised fluid under pressure. This 

method not only provides information on whether the implant leaks or not, but 

also specifies the speed of leakage. The allows for quantitative comparison between 

different implants systems. Al-Jadaa et al., (2015) compared GEPT with the more 

traditional bacterial leakage and molecular leakage techniques and found a high 
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correlation between bacterial leakage and fluid permeation utilising GEPT, with a 

high sensitivity for fluid permeation in detecting leakage in implants. The 

molecular leakage evaluation showed varying results as compared the other two 

methods, especially in terms of time to first leakage. The same research group also 

compared leakage at different implant systems using GEPT with dynamic loading, 

which allows for a correlation between static status and implant performance 

during and after dynamic conditions (Al-Jadaa et al., 2015). GEPT is highly 

sensitive, with SEM of the IAI confirming only small gaps were present.  

 

1.4.4 Tracing Dye 

Leakage tests can be performed based on the dispersal of coloured liquids from the 

internal implant to the external environment, with the absorbance measured with 

a spectrophotometer. Like the GEPT, it allows quantitative analysis over time 

based on the absorbance as a function over time. Various tracing dyes have been 

used including toluidine blue (Coelho et al., 2008; da Silva-Neto et al., 2017), acid-

red (Lorenzoni et al., 2011), particle-free gentian violet (Gross et al., 2000) and 

RhodamineB (Berberi et al., 2014). Ideally, constant pressure should be used to 

avoid air entrapment, which would impede passive fluid passage through the 

interface gap.  

 

1.4.5 Molecular leakage 

Multiple studies have investigated bacterial leakage, however, biologically small 

molecules like toxins and molecular constituents of the bacterial wall are also 

responsible for stimulating an inflammatory response. These small molecules can 

penetrate much smaller gaps than whole bacteria. As such, endotoxin penetration 

might have more clinical relevance than dye penetration. Harder et al., (2010) 

inoculated implants with an endotoxin solution and endotoxin leakage was 

assessed with a QCL-1000® Chromogenic limulus amebocyte lysate (LAL) test. 

They found molecular microleakage occurred in all two-part implants, even if they 
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showed good results for bacterial leakage. While the results from this study 

demonstrated the technique was effective at detecting leakage on the molecular 

level, the method does not appear to have become popular, perhaps due to the 

high demands on laboratory processes and hygiene standards during testing.  

 

1.4.6 Summary 

Bacterial and fluid penetration were the most investigated models under static 

conditions for testing implant leakage. Even though in vitro studies poorly mimic 

the biologic reality, they can be useful for understanding the dynamics of the IAI 

and contributing to the improvement of the IAI design. In vivo, DNA analysis of 

the IAI offers the most accurate assessment of bacterial leakage.  

 

1.5 IMPLANT DESIGNS TO REDUCE LEAKAGE  

Implant manufacturers have made changes and improvements to their implant 

designs to try and reduce bacterial leakage at the IAI. These include the type of 

implant-abutment connection, platform switching, the material of the abutment 

screw, and tightening torque.   

 

1.5.1 Type of Implant-Abutment Connection  

Both external hex and internal hex connections have been developed. There is no 

consensus on whether leakage differs between the two designs. Some studies 

report no difference in leakage when comparing internal and external hex 

connections (do Nascimento et al., 2012), while others show decreased leakage with 

the internal hex connections (de Oliveira et al., 2014; Garrana et al., 2016).  

 

Each implant company has developed their own design of the internal connection, 

resulting in a confusing variation in terminology and types of connections (Figure 

1.1). There are two major categories of internal connections. In a slip-fit connection 
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there is a passive fit between the components. The Morse taper is a friction fit 

design that brings together two precisely manufactured cones to provide a cold-

welded “friction lock”. The cone screw design incorporates the Morse taper theory 

combined with a retaining screw connecting the abutment to the implant.  

 

 

Table adapted from Shafie and White,( 2014) 

Figure 1.1: Categories of internal implant-abutment connections with trade names 

 

 

In vitro studies comparing different internal connections have shown significantly 

less bacterial leakage occurring in internal Morse taper designs compared to 

internal butt joints of various designs (Koutouzis et al., 2011; Koutouzis et al., 2014; 

Assenza et al., 2012; do Nascimento et al., 2012; Khorshidi et al., 2016; Tesmer et al., 

2009). Others showed no statistically significant difference in bacterial leakage 

between the two designs (D’Ercole et al., 2011). In vivo, there is no difference in 

bacterial colonisation between the two internal connections (Romanos et al., 2014). 
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Canullo et al., (2015) found microbial contamination in implants of every 

connection design (external hex, internal hex, Morse taper) after five years in 

function. No statistically significant difference was found in the percentage of 

abutments that were colonised by each species between the groups. Clinically, the 

Morse-tapered internal connection may lead to less marginal bone loss compared 

to the screw-type internal connection (Palaska et al., 2016; Pieri et al., 2010). 

 

One issue with many of these studies is that they are funded by companies that 

have a vested interest in achieving a positive result for their design. Little landmark 

research has been done to definitively prove which is the best design for reducing 

microleakage. Overall, the impact of the type of the implant–abutment connection 

lacks extensive documentation and evidence, and does not allow for any robust 

conclusions at this stage. The wide variation and conflicting results seen in 

comparing leakage and correlating it to connection design, may indicate that 

connection design is not the most important parameter affecting leakage at the 

IAI. We can conclude no implant connection designs are impervious to microbial 

leakage, but there might be some weak supporting evidence that less leakage 

occurs in implants with a Morse taper design.  

 

1.5.2 Platform Switching  

One approach to try to minimise bone loss at the IAI is altering the horizontal 

relationship between the implant diameter and the abutment diameter. This 

concept consists of using prosthetic components that are smaller than the 

diameter of the implant collar. A reduced abutment diameter displaces the IAI, 

and possibly the subsequent inflammatory reaction, further away from the crestal 

bone (Jung et al., 2008). 

 

Multiple meta-analyses performed in the last ten years have consistently shown no 

difference in survival between platform switched (PS) and platform-matched (PM) 

implants. There is less marginal bone loss in PS groups (see Table 1.1).  
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Table 1.1: Recent meta-analyses comparing platform switched with platform 

matched implants.  

Authors (Date) Number of 

studies 

Number of 

implants 

MD in 

MBL 

95% CI P value 

Atieh et al. (2010) 10 643 PS 

546 PM 

-0.37 mm -0.55 to 

-0.20 

p<0.0001 

Chrcanovic et al. 

(2015) 

28 1216 PS 

1157 PM 

-0.29mm -0.38 to 

-0.19 

p<0.00001 

Santiago et al. 

(2016) 

25 1177 PS 

1104 PM 

-0.41 mm -0.52 to 

-0.29 

p<0.00001 

Hsu et al. (2017) 26 1,511 PS 

1,123 PM 

-0.23mm –0.46 to 

0.00 

p = .05 

 

The size of the platform mismatch may be of importance, with meta-analysis 

showing less bone loss for implants with a greater platform mismatch (Atieh et al., 

2010; Di Girolamo et al., 2016). 

 

We do not know why platform switching reduces bone loss but there are three 

hypotheses. The biomechanical theory (I) proposes that connecting the implant to 

a smaller-diameter abutment may limit bone resorption by shifting the stress-

concentration zone away from the crestal bone–implant interface (Çimen and 

Yengin, 2012) and directing the forces of occlusal loading along the axis of the 

implant (Maeda et al., 2007). An increase in mismatch size results in a significant 

decrease in strain levels in the bone around platform switched, osseointegrated 

implants (Pessoa et al., 2014). The biological width theory (II) assumes that shifting 

the IAI may medialise the location and provide more horizontal space for the 

biological width, hence minimising the marginal bone resorption (Becker et al., 

2007; Becker et al., 2009)  

 

The bacterial theory (III) proposes that the physical repositioning of the IAI away 

from the edge of the implant and neighbouring bone may limit bone resorption by 
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containing the ICI within the angle formed at the interface away from the adjacent 

crestal bone. Luongo et al., (2008) has demonstrated that the ICI extends along the 

implant platform without extending any further apically, reducing the extent of its 

effect on the bone crest. Furthermore, platform switching results in a reduction in 

the dimensions of the ICI (Luongo et al., 2008) compared to that commonly 

reported in implants with no platform switch (Ericsson et al., 1995).  

 

We cannot tell if one, or all, of the advocated theories are responsible for the 

protective effect of platform switching on bone loss. However, platform switching 

will result in less marginal bone loss than traditional platform matched implants. 

Given the influence that platform switching has on bone loss, we have controlled 

for this in our study by ensuring that both OEM and AM abutments have the same 

fitting surface and degree of platform mismatch.  

 

1.5.3 Screw Torque  

In most two-stage implant systems, the abutment is connected to the implant body 

with an abutment screw. The screw joint must be preloaded to provide the 

clamping force necessary to maintain the screw joint integrity, so that the screw 

joint will not loosen (Lee et al., 2010). Preload is a linear force which a tightened 

abutment screw transmits to the abutment and internal implant threads, clamping 

the abutment to the implant body. The abutment screw should be tightened with 

a torque wrench to a torque value recommended by the implant manufacturer to 

ensure an accurate fit and to minimise excessive forces on the abutment screw 

(McGlumphy et al., 1998).  

 

The screw torque may influence the amount of leakage occurring at the IAI. 

Increasing the closing torque from 10 Ncm to 20 Ncm to manufacturers’ 

recommended closing torques, significantly decreased the amount of microleakage 

in all systems (Gross et al., 2000). Other studies have shown increasing torque 

values from 10 to 35 Ncm does not significantly affect the amount of bacterial 
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leakage in vitro (Smith and Turkyilmaz, 2014; Silva-Neto et al., 2012). From a 

clinical perspective, screws should always be tightened to the torque 

recommended by the manufacturer, and it will be different for different systems. 

In the current study, abutments we inserted with the manufacturer recommend 

torque (20 Ncm) to control for any influence that may be exerted by different 

torque values.     

 

1.6 AFTERMARKET ABUTMENTS 

As implant companies innovate with designs and materials to reduce leakage and 

increase stabilisation at the IAI, third parties are also producing compatible 

abutments, usually via computer aided design and computer aided manufacturing 

(CAD-CAM). These aftermarket manufacturers (AM) attempt to replicate the 

design of pre-fabricated original equipment manufactured (OEM) abutments. 

However, aftermarket manufacturers must alter the abutment design so as not to 

infringe upon OEM patents. Reverse engineering means the AM components are 

designed with incomplete knowledge of the OEM specifications. This can affect 

the performance of an implant system, especially when precise tolerances are 

required to ensure proper functionality of the combined assembly. Little in vivo 

research is available that directly compares OEM and AM abutments.  

 

1.6.1 Micromotion 

Micromotion refers to the displacement of the abutment relative to the implant 

body in two-piece implants under load (Gratton et al., 2001). Initial micromotion 

depends on the fabrication accuracy of the IAI (Karl and Taylor, 2016). Long term, 

micromotion is primarily related to wear phenomena at the IAI (Karl and Taylor, 

2016). The stability of the connection between different implant parts is also 

influenced by factors such as component fit, machining accuracy, saliva 

contamination, and screw preload.  
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There are no guidelines on the best method to evaluate microgap formation and 

micromotion. Gaps have been measured using light microscopy (Grobecker-Karl 

and Karl, 2017), SEM (Gehrke and Pereira, 2014), and radiographs (Blum et al., 

2015), while others used rotational freedom (Alikhasi et al., 2013) and relative 

abutment displacement (Karl and Taylor, 2014). Micromotion during cyclic loading 

increased the size of the IAI and led to signs of wear and wear debris at the IAI, 

regardless of the connection design (Blum et al., 2015). Excess micromotion has 

been found to contribute to technical complications such as screw loosening and 

screw fracture (Kim et al., 2012). Screw loosening may lead to mechanical 

problems, such as component fracture. These complications can claim significant 

chairside time and costs. 

 

1.6.2 Fit of AM abutments 

Many abutment manufacturers guarantee the interchangeability of their products 

with original components, but there is insufficient scientific evidence to verify this 

claim. AM abutments can present with distinct morphological differences to the 

OEM abutments (Mattheos and Janda, 2012). An independent study using SEM 

analysis of the IAI gap compared OEM and AM zirconia abutments on Zimmer 

Biomet implants and found there was a statistically significant difference, with a 

larger IAI in the AM zirconia abutment (5.7 ± 1.9 µm (OEM), 11.8 ± 2.6 µm (AM)) 

(Baldassarri et al., 2012). Similar results have been reported when implants are 

restored with zirconia Procera (AM) abutments. The degree of vertical misfit at the 

IAI between original abutments and original implants was approximately 50% of 

that observed with non-original abutments produced for implants from two other 

manufacturers (De Morais Alves da Cunha et al., 2012). These morphological 

discrepancies might significantly affect the mechanical properties of the implant-

abutment assembly.  
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1.6.3 Biomechanics 

Major morphological differences can be detected between AM and OEM 

abutments with SEM, resulting in decreased contact and compromised 

engagement of the connection and anti-rotation elements (Mattheos et al., 2016). 	

Finite element analysis (FEA) shows this misfit results in much higher equivalent 

stress and strain in the AM abutments compared to the OEM abutments (Mattheos 

et al., 2016). This was just a pilot study with only a small number of samples. Risks 

need to be confirmed with more complex FEA, a larger number of samples, and an 

in vitro study of the connection behaviour under mechanical loading in artificial 

mouth conditions.  

 

An in vitro study investigating mechanical resistance around titanium OEM and 

AM abutments on small diameter implants found an increase in fracture resistance 

when implants were combined with AM abutments, compared to when they were 

restored with OEM abutments (Gigandet et al., 2014). They also found greater 

rotational misfit of the AM abutments than the OEM control. This study was 

flawed in that the AM abutments in one group were oversized and had to be 

forcibly manipulated for insertion into the implants, meaning they could no longer 

be removed and altering their subsequent handling. The non-original abutments 

differed in the design of the connecting surfaces, shape, dimensions, and material 

and had a higher rotational misfit. It was hypothesised that in a clinical 

environment these differences may result in unexpected failure modes and may 

have an adverse effect on clinical handling.  

 

Yilmaz et al., (2015) found significantly better results for the OEM product 

compared with AM abutments when comparing load to failure. The third-party 

abutments were more likely to experience screw fractures under non-occlusal 

loading. In vitro loading studies show the gap at the IAI increases as axial load is 

increased, but that at all stages the implants restored with an AM abutment had a 

larger gap than implants restored with original abutments (Berberi et al., 2016). 
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Customised zirconia abutments exhibit significantly more rotational freedom and 

horizontal misfit than OEM pre-fabricated titanium abutments (Alikhasi et al., 

2013). Aftermarket CAD/CAM Zirconia abutments demonstrate static fracture 

loads lower than those of their OEM counterparts (Jarman et al., 2017). 

 

Karl and Taylor, (2014) reported relative displacements between different implants 

and abutments in vitro. In contrast to other studies, they found significantly less 

micromotion in cemented AM abutments compared to OEM abutments, except in 

one brand (Osseospeed, Astra Tech, Sweden). This may indicate that some 

connections are easier for third parties to replicate.  

 

1.6.4 Abutment screws 

Meta-analysis on implant-related complications calculated a cumulative incidence 

of screw loosening or fracture of 7.3% after five years of clinical service (Pjetursson 

et al., 2004). Screw failure occurs in two stages. When exterior forces such as 

chewing are applied, the screw threads will slide and/or wear, causing a decrease 

in the preload of a screw. The decreased preload will then lead to the loss of torque 

on threads and reduce the direct contact between the screw and the implant.  

 

In vitro research shows cyclical loading leads to increased screw loosening in AM 

abutments compared to OEM abutments, when measured by reversal torque (Park 

et al., 2017; Kim et al., 2012). AM abutments also experience screw fracture and 

implant fracture, while no mechanical failures occurred in the OEM system (Kim 

et al., 2012).  

 

Zimmer Biomet abutments (Zimmer Biomet, Florida, USA) are supplied with a 

patented Gold-Tite® abutment screw, while Medentika (AM) abutments 

(Medentika, Hugelsheim, Germany) are supplied with a titanium screw. The 

material that the abutment screw is made from may influence the stability of the 

implant-abutment connection. Gold coated screws are capable of achieving a 
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greater preload than titanium screws (Haack et al., 1995; Byrne et al., 2006). A 

greater preload prevents screw loosening (McGlumphy et al., 1998). The OEM 

supplied screw is claimed to exert additional clamping force and maximise the 

abutment stability, leading to better outcomes. This is one of the key differences 

between the OEM and AM abutments.  

 

1.6.5 Leakage 

Internal research carried out by Zimmer Biomet and presented at a recent 

conference, found significantly better seal strength, resistance to fracture, and 

fatigue limit in the OEM abutment assemblies compared to the three different 

aftermarket abutments (Kofron et al., 2017). Baumgarten and Meltzer, (2013) 

presented work showing that aftermarket CAD/CAM abutments showed 

significantly more dye leakage during in vitro testing compared to original Zimmer 

Biomet components. Unpublished in vitro work done in parallel with our animal 

study has shown that there is significantly more leakage in Medentika abutments 

than original Zimmer Biomet abutments as measured with the GEPT test (Al-Jadaa 

et al., unpublished). Previous data has demonstrated that the average load required 

to break the seal in the third party Medentika abutments was 60% lower than the 

Zimmer Biomet abutments (Suttin and Towse, 2014). Only one study contradicts 

the findings about fit and leakage in AM abutments. An in vitro study comparing 

three types of original Straumann abutments and one castable third party 

abutment connected to Straumann fixtures showed no difference in microgap size 

or microleakage between the AM and the OEM groups (Rismanchian et al., 2012).  

 

1.6.6 In vivo testing 

Despite in vitro testing indicating that AM abutments have a poorer fit and are 

more prone to mechanical complications, clinical data has yet to confirm these 

findings. Very little work has been published relating in vitro findings to clinical 

outcomes. A retrospective study reviewing patients who had CAD-CAM 
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aftermarket abutments placed found a relatively high amount of abutment screw 

loosening and decementation of the crowns (Hsu et al., 2017). The 94 examined 

crowns had an average functioning time of 46.4 ± 12.4 months. Decementation was 

observed on 9.6% of crowns and screw loosening at 6.4% of implants. The authors 

report that pathological bone loss of more than 3 mm was not observed on the 

radiographs. The study did not include a control group restored with OEM 

abutments for comparison.  

 

1.6.7 Conclusion 

Reliable and stable implant-abutment connections are essential prerequisites for 

long-term success of implant-supported restorations. The marginal misfit present 

with aftermarket abutments may be important as it has been shown that vertical 

and horizontal discrepancies coupled with decreased contact of the mating 

surfaces of the implant and abutment increase the transmission of stresses to the 

restoration, implant, and bone. This could lead to complications such as screw 

loosening (Binon and McHugh, 1996), prosthetic fracture (Khraisat et al., 2002), 

and crestal bone loss (Alkan et al., 2004; Hecker and Eckert, 2003).  

 

There are some significant limitations in the studies published on third-party 

abutments. Most studies use different methodology and different implant systems, 

and so the results cannot be directly compared with each other. No experiment 

has simulated a clinical environment. Dynamic loading studies have implants only 

exposed to vertical loading, with no plaque or saliva. Most publications use gap 

sizes and fracture loads as outcome measures, of which the clinical relevance may 

be limited. In addition, the sample size used in most of the studies is small, possibly 

due to the costs involved in testing commercially available products.  

 

Market pressure and increasing price competition have led to the introduction and 

use of “compatible” aftermarket prosthetic components. Clinicians may be 

tempted to accept alternative solutions involving non-original abutments by 
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financial concerns, or be pushed by their dental laboratory. Most research available 

comparing aftermarket with original abutments focuses on biomechanical 

differences between the components, rather than microbial leakage, and very little 

clinical data is available. There is a trend for OEM abutments to perform better 

than AM abutments in vitro. But clear links between in vitro and clinical 

performance are missing.  

 

Clinicians should be wary about using untested and unproven components until 

long term data is available regarding their performance. This study aims to address 

some of the gaps in the literature, with the aim of investigating microleakage at 

the IAI between AM and OEM abutments, and assessing for a relationship to 

osseointegration and bone loss. We have made no effort to investigate 

micromovement or quantify the fidelity of fit of the OEM and AM components, 

instead focusing on the biological complications of the IAI.  

 

 

1.7 EVALUATION OF OUTCOMES 

The primary objectives of implant therapy are to achieve a functional and aesthetic 

outcome with a good long term stability.   

 

1.7.1 Survival 

Implant survival is highly predictable. Several clinical papers reporting on 10-year 

clinical outcomes with contemporary modern surface-modified (rough) implants 

revealed an implant survival rate of more than 95% (Derks et al., 2015). Similar 

results were reported by a few studies with up to 23 years of follow up (Chappuis 

et al., 2013; Vandeweghe et al., 2016). Implant failure can be classified as primary 

or secondary (Chrcanovic et al., 2014). Primary implant failure occurs early, when 

the implant fails to establish osseointegration, whereas secondary failure occurs 

when osseointegration is unable to be maintained and a breakdown process results 
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(Al-Sabbagh and Bhavsar, 2015). Multiple causes of implant failure have been put 

forward, including patient-related factors, operator-related factors, and implant-

related factors.     

 

1.7.2 Osseointegration 

Osseointegration is defined as direct contact between living, Haversian bone and 

implant (Brånemark et al., 1983), and it represents direct bone apposition on the 

surface of the titanium implant to provide a rigid fixation. Osseointegration is a 

dynamic process which involves an initial mechanical interlocking between bone 

and implant (primary implant stability), and later, biological fixation through 

continuous bone apposition and remodeling at the implant (secondary implant 

stability) (Berglundh et al., 2003).  

 

The concept of osseointegration can be defined clinically, anatomically, 

histologically, and ultrastructually (Stanford and Keller, 1991). Osseointegration 

can be difficult to evaluate without invasive measurements. Invasive techniques 

include histomorphometric analysis, removal torque values, and micro-computer 

CT (µCT). Examination in human patients via non-invasive methods includes 

implant mobility, radiographic measurement of crestal bone levels, and resonance 

frequency analysis (Bosshardt et al., 2017).  

 

Histomorphometric analysis is widely performed and reported on (Kellesarian et 

al., 2017), and is useful in comparing different implant modifications. 

Histomorphometric analysis involves the microscopic examination of tissue 

sections and the quantifiable measuring of organic structures and their elements. 

In experimental implantology, this quantitative assessment of the bone is routinely 

achieved by two techniques: measuring the amount of bone along the implant 

surface (%BIC) and measuring the ratio of mineralised to non-mineralised tissue 

in a defined area adjacent to the implant (bone density). Histologic sections are 

made following the plastic embedding of the specimen, with the implant sliced 
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into sections and then ground down to the desired thickness. The method offers 

high spatial resolution and high image contrast, (Muller et al., 1998) but is also 

highly destructive, expensive, and time consuming (Gabler et al., 2015). Only a 

limited number of sections are possible from a single implant, and only one plane 

is able to be observed (McMillan et al., 1999). A great deal of potential information 

may be lost during the processing, which risks introducing error and bias into the 

histomorphometric results.  

 

Studies must define an appropriate sample of measurement. %BIC and bone 

density values are variously reported in the literature along the entire length of the 

implant, within the cortical passage, or the three-best-consecutive threads (Costa 

De Almeida et al., 2005; Wennerberg et al., 1996; Giavaresi et al., 2003; Chappard 

et al., 1999). Data obtained via any of these methods is valid, but their comparison 

and interpretation requires care, especially if drawing conclusions between 

different studies. “Best three” is widely used, as theoretically to represent the 

situation in the cortical passage (Wennerberg et al., 1998). Studies have shown that 

best-three can overestimate %BIC and bone density (Han et al., 1998) or be 

representative of the total thread (Kim et al., 2010). Any comparison between 

studies must inevitably include a consideration as to whether the histological 

preparation and measurement techniques are comparable (Leichter et al., 1998; 

McMillan et al., 1999; Masuda et al., 1998). 

 

Thickness of the prepared histology slides can impact on the values found for %BIC 

and bone density. Johansson and Morberg (1995) found that thicker sections 

overestimated BIC by nearly 30% compared to thin sections. The authors 

concluded that sections greater than 30 µm may result in an overestimation of the 

“true” bony contact.  

 

1.7.3 Marginal Bone Loss 

Criteria for implant success lies not only with the establishment of 
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osseointegration, but also with the development of acceptable peri-implant hard 

and soft tissue margins. The marginal bone level is a widely utilised parameter for 

the assessment of dental implant success (Laurell and Lundgren, 2011; 

Papaspyridakos et al., 2012; Galindo-Moreno et al., 2014; Engelhardt et al., 2015). 

The position of the soft tissue margin at the implant-supported crown directly 

depends on the level of the supporting bone (Tarnow et al., 2000; Bengazi et al., 

1996). Stability of crestal bone plays a relevant role in the presence or absence of 

interdental papilla, and is important for long term aesthetic outcomes (Hermann 

et al., 2007).  

 

Traditionally, a radiographic marginal bone loss of 1.5 mm during the first year 

(Albrektsson and Isidor, 1994) followed by an annual bone loss of ≤0.2 mm 

thereafter has been accepted as a success criterion for dental implants (Albrektsson 

et al., 1986). Long-term clinical studies confirm that crestal bone loss occurs during 

the first year in function due to bone remodelling, with only small changes 

detected in the subsequent years (Kim et al., 2008; Laurell and Lundgren, 2011; 

Jimbo and Albrektsson, 2015).  

The exact cause of crestal bone loss is undetermined, but it is likely to be due to a 

combination of factors.  It is mainly accepted that crestal bone loss at dental 

implants during the first year of loading is an inevitable phenomenon and is 

generally looked upon as an adaptive response to surgical trauma and loading 

(Adell et al., 1981). Subsequent bone loss is seen as a biological complication of 

bacterial aetiology, known more commonly as peri-implantitis (Derks et al., 2016). 

There are prominent voices in the implant community who disagree with this, and 

who believe that later marginal bone loss is due to a foreign body reaction with the 

titanium shifting the osteoblast-osteoclast balance with resulting bone resorption 

(Albrektsson et al., 2014; Albrektsson et al., 2016; Albrektsson et al., 2017). Implant 

bone loss is an extensive area of research, and this work will only focus briefly on 

discussing early bone loss around implants, rather than peri-implantitis.  
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Early implant bone loss (EIBL) is defined as the crestal bone loss occurring after 

installation of the abutment to one year after loading (Tatarakis et al., 2012). Meta-

analysis of straightforward implant placement shows between -0.24 mm to -0.75 

mm of radiographic bone loss five years after placement (Laurell and Lundgren, 

2011). This phenomenon has been suggested to be associated with both biologic 

and biomechanical factors.  

 

Various hypotheses for early crestal bone changes include biological factors such 

as surgical trauma from osteotomy preparation (Esposito et al., 1998), development 

of the biological width (Oh et al., 2002), and presence of an implant-abutment 

interface (Hermann et al., 1997; Hermann et al., 2000). Biomechanical factors that 

may contribute to early bone loss include occlusal overload (Quirynen et al., 1992) 

and crestal stress (Heckmann et al., 2006). Clinically, there are also a number of 

modifiable factors which can influence early bone loss including wound healing, 

plaque control, periodontal stability, occlusal stability, surgical technique, implant 

position relative to teeth and other implants, and the design of the suprastructure 

(see review by Tatarakis et al., 2012).  

 

Bone loss does not appear to be dependent on timing of the abutment placement 

or timing of loading (Piattelli et al., 2003; Siadat et al., 2012). Meta-analysis 

comparing the submerged and transmucosal implant protocols with respect to 

changes in bone loss found no difference between the two techniques (Amri, 2016; 

Paul et al., 2017). The position of the implant shoulder relative to the bone crest 

has been extensively investigated in animal and clinical trials. A systematic review 

combining clinical and animal studies found a weighted mean difference for bone 

loss with the IAI placed either at or below the bone crest amounted to -0.479 mm, 

favouring a subcrestal position of the implant neck (p<0.001) (Schwarz et al., 2013). 

As this research has been focused on animal models, it remains unclear whether 

subcrestal positioning of two-piece implants should be advocated in patients. A 

Cochrane review into this topic is currently underway (Khouly et al., 2017), and will 
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provide further guidance in this matter. Our study was not designed to assess the 

effect of the crestal positioning of the IAI, but we recognised that it could be a 

contributing factor to inflammation and bone loss. The decision was made to 

standardise placement of the IAI at the equicrestal level for all experimental groups 

in this study. Implants with both test (AM) and control (OEM) abutments have 

been placed with the submerged and transmucosal techniques, with the 

hypothesis that the technique will not affect leakage and bone loss.  

Radiographs are a common tool used to evaluate changes in marginal bone height 

after placement and during implant maintenance programmes. The most 

commonly recommended technique utilises intra-oral periapical radiographs, but 

can also be achieved with external panoramic radiographs or cone-beam CTs.   

 

Intra-oral radiographs using a paralleling technique are more accurate than extra-

oral techniques – including panoramic, scanographic and tomographic images – 

when measuring crestal bone levels (De Smet et al., 2002). Periapical radiographs 

have an accuracy of 0.1 mm (Sivasriyanond and Manson-Hing, (1978). The use of a 

paralleling device is important as anatomy can be significantly distorted by the 

inclination of the x-ray tube in relation to the long axis of the implant 

(Papavassiliou et al., 2010). In implant studies, distortion may be accounted for by 

using the known length of the implant as a reference point to partially compensate 

for any geometric foreshortening or elongation.  

 

Crestal bone loss can be expressed in millimetres of bone loss or as a percentage of 

overall implant length. Periapical radiographs represent a generally accepted 

method to assess the long-term evaluation of interproximal crestal bone changes 

of osseointegrated implants; however, the sensitivity for detecting small changes 

in bone level is low. Measurement error in assessment of marginal bone loss in 

periapical radiographs ranges from 0.13mm to 0.3mm (Gröndahl et al., 1998) and 

so caution should also be taken when interpreting changes smaller than 1 mm.  

 



 48 

Radiographic images will underestimate the real bone loss, as compared to 

histomorphometric analysis (Caulier et al., 1997; Stokholm et al., 2016). 

Histomorphometric analysis can be carried out on implants by measuring from a 

defined point on the implant to first bone contact. This measure is widely used in 

the literature, but care must be taken when comparing between studies as the 

reference points on the implants are defined differently. These can include the top 

of the abutment (Hermann et al., 2001) or the implant shoulder (Mehl et al., 2016). 

If different reference points are chosen, then results cannot be directly compared 

between studies. We chose the implant shoulder as the reference point as it is 

easily identified on both histological slides and radiographs. This allows us to 

compare our values for marginal bone on histology slides and radiographs to assess 

the relationship between the values.  

 

 

1.8 ANIMAL MODELS AND IMPLANTS  

1.8.1 Need for an animal model 

Translating experimental knowledge to the clinical setting is the goal of any 

biomedical research. Animal studies allow for mechanistic models to be 

established to explain causality of observations and treatment outcomes which 

cannot always be accomplished using in vitro methods (Kantarci et al., 2015). 

Ultimately, animal systems are required for testing the safety and efficacy of 

medicines, biomaterials, or surgical techniques before transfer to humans. Animal 

models also allow invasive measures to be carried out that would be impossible to 

ethically perform in human subjects.   

 

Animal testing is performed in a range of species, from laboratory mice to larger 

animals. Compared with smaller species, the anatomy of larger animals bears a 

closer resemblance to human dento-alveolar architecture. In a systematic review 

published in 2012, rabbits (39.9%) and dogs (34.7%) were the most popular animals 



 49 

used in studies assessing implant integration, with sheep the animal of choice in 

only 3% of studies (Stadlinger et al., 2012).  

 

1.8.2 Rabbit Model 

This is a small animal model. Implants can be supported 3 to 4 mm into cancellous 

bone in the femur (Wancket, 2015). Rabbits undergo rapid cortical remodelling 

which is less representative of the healing response in adult humans. There is no 

intra-oral model for dental implant placement in the rabbit and so it is not suitable 

for drawing clinical parallels to human outcomes. It is not possible to assess the 

effect of loading on dental implants in the rabbit model. Loading is known to 

influence implant healing through bone remodelling and it can only be performed 

in large animals (Duyck et al., 2007).  

 

1.8.3 Pig Model 

Pigs allow for both extra- and intra-oral dental implant approaches. In a number 

of parameters such as bone mineral density, anatomy, morphology, remodelling 

rate and healing, pig bone is closely approximated to human (Pearce et al., 2007) 

which makes it a suitable species for dental implant research. However there are 

significant disadvantages including a high growth rate, excessive body weight, and 

a noisy and aggressive demeanour, which leads to handling difficulties compared 

to other research species (Wancket, 2015).  

 

1.8.4 Dog Model 

A significant portion of in vivo experiments published in implant literature utilises 

a canine model (Pearce et al., 2007). Bone composition and physiology in this 

model have shown similarity to human subjects with the two species having a 

similar bone weight, density, and composition (Aerssens et al., 1998). Dogs are 

easier to handle and house than other large animal species.  
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There are ethical concerns surrounding the use of the canine model, as public 

opinion increasingly demands restriction in the use of companion animals (such 

as dogs or cats) for research. An additional reason for the decrease in the use of 

dogs for in vivo research is the high cost of these experimental animals.  

 

1.8.5 Non-human Primate Model 

Numerous species of non-human primates (NHP) have been involved in 

periodontal research, including macaques, baboons, squirrel monkeys, and 

chimpanzees (Pellegrini et al., 2009). Of all the animal models, NHPs possess the 

anatomic and biologic features that most closely resemble those of humans, 

however their broad use in implant research is not widespread due to the expense, 

demanding maintenance, and regulatory requirements surrounding their use 

(Schwarz et al., 2015). Due to the specific anatomic characteristics of the NHP 

mandible, the insertion of reduced diameter dental implants (2.8mm ± 0.2mm) is 

required. A significant shared genetic homology, comparable osteoid remodelling, 

and similar bone biomechanics and loading (Wancket, 2015) make them the gold 

standard for dental implant studies.  

  

1.8.6 Sheep Implant Model  

Small ruminants like sheep have a comparable body weight, bone size, and bone-

healing potential to humans (Wancket, 2015). Sheep bone shows a higher density 

and subsequently greater strength than human bone (Pearce et al., 2007). Timing 

of the intervention is important as sheep undergo seasonal bone loss (Wancket, 

2015). If a study occurs during winter (when bone formation is depressed), control 

animals may spontaneously lose and regain bone.  

 

Sheep or pigs are domesticated animals, and as such are more readily accepted by 

the public to be used for research than perceived “companion animals” 

Additionally, sheep (Ovis aries) are available in great numbers, and are widely used 
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for agricultural research, thus driving down the cost and housing of these animals 

for scientific use in New Zealand (Duncan, 2005).  

 

1.8.7 Overall Comparison 

No species fulfils all the requirements of an ideal model. While non-human 

primates are often considered as the most appropriate model for human bone, 

there are clear ethical implications in using this species for medical research as well 

as cost and handling difficulties. Sheep have an acceptable approximation for 

human bone and have the added benefit of ease of handling, easy availability, cost 

effectiveness, and lack of an emotive connection as companion animals (Duncan, 

2005).   

 

Table 1.2: Comparison of bone attributes between animal and human bone 
(adapted from Pearce et al., 2007) 
 

 Canine Sheep Pig Rabbit 

Macrostructure ++ +++ ++ + 

Microstructure ++ + ++ + 

Bone Composition +++ ++ +++ ++ 

Bone Remodelling ++ ++ +++ + 

Similarity: +++ > ++ > + 

 

Invermay Agriculture Research Centre and the University of Otago have 

experience of collaboration with regards to sheep surgery in orthopaedic and 

dental research. Invermay provides a well-equipped surgical theatre, as well as 

facilities for postoperative care, housing, specimen collection and disposal. 

Researchers from the University of Otago have accumulated expertise in 

periodontal and implant research in sheep animal model since initial work began 

in 1992.  
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1.9 SUMMARY 

Prevention of microbial leakage at the IAI is a major challenge in the construction 

of modern two-piece implant systems, but necessary to minimise inflammatory 

reactions, and maximise bone stability at the implant neck. Bacterial leakage 

occurs at the IAI, irrespective of the size or the type of connection. Oral 

microorganisms can colonise the IAI, possibly resulting in peri-implant tissue 

inflammation. In vitro models have been proposed to study leakage phenomena, 

but this does not provide a correlation to disease initiation and progression. We 

need investigations in animal and human models to evaluate any correlation 

between microbial leakage at the IAI and the histological outcomes of early 

implant healing. Many studies have compared different implant-abutment 

connections between systems, but we were unable to identify any previous in vivo 

research comparing aftermarket and original abutments. Previous in vitro work 

has shown that aftermarket implant abutments may have a different fit and be 

more prone to microbial colonisation, than abutments produced by the original 

equipment manufacturer. 

 

Therefore, this study was designed to compare microbial colonisation at the IAI 

between OEM and AM abutments, and assess the effect of leakage on implant 

survival, histological osseointegration, and histological and radiographic bone loss. 

We have made no effort to investigate micromovement or quantify the fidelity of 

fit of the OEM and AM components, instead focusing on the biological 

complications of the IAI. We hypothesised that there would be no difference in 

outcomes between the OEM and the AM abutments, and that the timing of 

abutment placement would have no effect on implant parameters.   
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Chapter 2: Materials and Methods 

 

2.1 ANIMALS, ANAESTHESIA, AND POST-OPERATIVE MEDICATIONS 

This work was performed in accordance with the New Zealand Animal Welfare Act 

(1999) and was approved by the University of Otago Committee on Ethics in the 

Care and Use of Laboratory Animals (AEC #77-41). Ten mature Romney-cross ewes, 

aged three to four years, were purchased from the same flock. Animals were 

excluded if they were underweight, pregnant, with lamb at foot, or had a diagnosis 

of footrot or broken mouth periodontitis. Before being admitted for surgery, the 

animals were put into quarantine for clinical observation. At all times during the 

experimental period, the research animals were under the supervision of the 

Department of Laboratory Animal Sciences (DLAS), University of Otago School of 

Medicine. 

 

The sheep arrived on site 48 hours before surgery and were starved for 24 hours 

prior to the administration of general anaesthesia. Antibiotics were administered 

(Amphoprim SC) and general anaesthesia was induced with Thiopentone 20mg/kg 

IV. The sheep were intubated orally and anaesthesia was maintained by Halothane 

(2.5%) and Oxygen (2L/min). The surgical protocols followed those previously 

established at the University of Otago for the sheep mandibular model (Duncan 

2005; Fitzgibbon 2008). The peri-oral area was shorn and disinfected with 

Betadine, and the body draped, isolating the surgical area. Standard aseptic 

techniques and sterile instruments were used throughout all procedures. 

 

Each sheep underwent three surgical procedures, plus the final euthanasia surgery. 

At each step, the sheep were housed at the research facility for three days after 

each surgery and after a suitable recovery period, sheep were returned to the farm. 
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Postoperative antibiotics and anti-inflammatory agents were administered daily, 

consisting of Carprofen 4 mg/kg subcutaneous and Strepcin 5 ml/kg 

(dihydrostreptomycin sulphate & procaine penicillin G) intramuscularly. 

Chlorhexidine gluconate (10cc 0.2% aq) antiseptic solution was applied daily to the 

intra-oral surgical sites by 20 ml syringe, starting the day following surgery.  

 

2.2 IMPLANT SYSTEM 

2.2.1 Implants 

The dental implants used in this study were platform-switched, ø4/3 mm x 10 mm 

Zimmer Biomet T3 with DCD surface, tapered internal connection, titanium 

implants that are commercially available (Zimmer Biomet, Florida, USA). The 

average mean surface roughness value was 1.4 um. Each implant had an Osseotite™ 

surface collar, with fine micro features achieved through dual acid-etching (DAE). 

The implant body had a hybrid surface and achieved coarse roughness via 

resorbable calcium phosphate media blast with superimposed fine micron features 

by DAE. Discrete Crystalline Deposition (DCD) of calcium phosphate provided 

further nano-scale features. All drills and drivers were used as per normal surgical 

protocols and following the manufacturers recommendations. A total of 60 

implants were placed.  

 

2.2.2 Abutments 

Surgical abutments were supplied by Zimmer Biomet. Both abutments had a 3.4 

mm seating surface to ensure the mismatch of the abutment and implant. 

Abutments were modified to be the same height, as there is some evidence to 

suggest that abutment height may have an effect on marginal bone loss (Galindo-

Moreno et al., 2015). All implant components arrived in sterile packages.  
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Figure 2.1: Summary of implants and abutments used in the study 

 

2.3 SURGERY AND EXPERIMENTAL PROTOCOL 

2.3.1 Animal/site allocation and study group design 

Each sheep received all six interventions, with the position of the treatment 

modality assigned according to a Latin Square randomisation table.  

Zimmer Biomet Titanium implant

• T3 with DCD surface

• 4/3 mm seating surface

• 10 mm length

• Platform switched

• Tapered implant with internal connection

• Commercially available

Original Equipment Manufacturer (OEM)

• Zimmer Biomet IMAP34G Gingihue certain abutment

• 3.4 mmD seating surface

• 3.6 mmD emergence profile

• 4 mmH collar height

• 7 mmH post height (modified to be 5mm over-abutment height)

• Flat-on-flat horizontal abutment connection

Aftermarket Manufacturer (AM)

• Medentika H100-3 straight abutment

• 3.4 mmD seating surface

• 3.0 mmH collar height (modified to be 5mmH over abutment 
height)

• Flat-on-flat horizontal abutment connection
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Table 2.1: Description of interventions carried out for each experimental group 

 

 

 

In summary: 

- A and B were buried and restored at 2 months (2M) 

- C, D, E, and F were immediately restored 

- A, C, and D were Medentika (AM) abutments  

- B, E, and F were Zimmer Biomet (OEM) abutments 

- E and F abutments were unscrewed and underwent microbial sampling at 

2M 

- D and F abutments were undisturbed at 2M 

 

 

  

GROUP  INTERVENTION 

A Test 
Implant initially buried with cover screw 

Uncovered at third surgery and received Medentika abutment 

B Control 

Implant initially buried with cover screw 

Uncovered at third surgery and received Zimmer Biomet abutment 

C Test 

Medentika abutment inserted at time of implant surgery 

Abutment removed at the third surgery for microbial sampling and 

then replaced.  

D Test 
Medentika abutment inserted at time of implant surgery  

Abutment undisturbed at third surgery  

E Control 

Zimmer Biomet abutment inserted at time of implant surgery 

Abutment removed at the third surgery for microbial sampling and 

then replaced.  

F Control 
Zimmer Biomet abutment inserted at time of implant surgery 

Abutment undisturbed at third surgery  
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Table 2.2: Latin square showing location and distribution of intervention per 

experimental animal 

 

Sheep ID 
Left 

Anterior 

Left 

Middle 

Left 

Posterior 

Right 

Anterior 

Right 

Middle 

Right 

Posterior 

379 A B C D E F 

402 F A B C D E 

403 E F A B C D 

401 D E F A B C 

408 C D E F A B 

398 B C D E F A 

399 A B C D E F 

407 F A B C D E 

405 E F A B C D 

406 D E F A B C 

 

Each sheep received one of each of the 6 restorative protocols (see Table 2.1). See 

Appendix Figure 6.2 for an illustration of the study design. 

 

 

 
Figure 2.2: Experimental timeline 

Nov 2014
Extraction of 
mandibular 
premolars

(-2 months)

Jan 2015
Insertion of 

implants

(baseline)

March 2015
Uncover buried 

implants

(2 months)

May 2015
Endpoint - sheep 

sacrifice

(4 months)

2 months 2 months 2 months 
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2.3.2 Surgery 1 – Tooth Extraction Surgery 

Each sheep had six mandibular premolar teeth extracted (three each side) using a 

minimally traumatising approach. A flap was raised around the mandibular 

premolars and teeth were loosened with periotomes and dental elevators. If 

necessary, premolars were sectioned with a tungsten carbide tapered fissure bur 

and fully removed in pieces. Incisions were closed with Vicryl Rapide 3/0 sutures 

(Ethicon INC, Sommerville, New Jersey, USA). Healing time following dental 

extractions was set as two months. 

 

Figure 2.3: Extraction protocol A) Lingual and buccal flaps elevated following 

delivery of local anaesthetic. B) Teeth elevated with combination of elevators and 

periotomes. C) Forceps delivery. D) First, second, and third premolars.  

 

2.3.3 Surgery 2 – Implant placement (Baseline) 

Sheep were anaesthetised as per previous section, and surgically draped with the 

operators scrubbed and a sterile field maintained. Jaws were supported throughout 

surgery with a bite block.  
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Bacterial swabs were taken from the mesial of the first mandibular molar on the 

left-hand side, and the central incisor of the left-hand side. Swabbing was carried 

out as per the Institut für Angewandte Immunologie (IFAI) protocol (sterile Roeko 

#30 paper point held in sulcus for ten seconds per site). These samples were then 

pooled.  

 

Following microbial sampling, the mouth was rinsed with 0.2% Chlorhexidine. 

Local anaesthetic (2.2 ml Septocaine 2%) was administered at the operative site for 

analgesia and haemostasis control. A flap was raised in the region where the 

mandibular premolar teeth were extracted and osteotomies were created. All 

osteotomy preparation was carried out according to Zimmer Biomet surgical 

guidelines for crestal placement and No-Touch™ Delivery. Osteotomy preparation 

commenced with a 2 mm twist drill and the angulation of the three sites was 

checked with direction indicators. Tapered osteotomy preparation continued with 

the 10 x 3.25 mm Quad Shaping Drill (QSD3210) followed by the 10 x 4.0 mm Quad 

Shaping Drill (QSD410). The osteotomy sites were flushed with sterile saline. Three 

Zimmer Biomet Ø4/3mm	x 10mm T3 with DCD implants were inserted using a 

surgical motor to approximately 80% of implant length at 20 RPM/50 Ncm and 

then hand torqued until the implant was at a crestal position. The implant platform 

was positioned at the alveolar crest.  

 

Prior to abutment or screw placement, a bacterial swab of the interior of the 

implant was carried out as per the IFAI protocol.  

Figure 2.4: A) Microbial sampling with a paper point of the teeth and B) internal 

implant surface 
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Figure 2.5: Osteotomy preparation sequence for Zimmer Biomet Ø4/3 mm x 10 

mm implants 

 

After implant placement, it was revealed which restorative protocol the implant 

was to receive. Implants specified as being groups A and B had a Certain™ cover 

screw placed at 10 Ncm. Groups C and D received a Medentika (AM) abutment 

with Medentika screw torqued to 20 Ncm. Groups E and F received a Zimmer 

Biomet (OEM) abutment with Gold-tite™ screw torqued to 20 Ncm.  

 

A periapical radiograph was taken to confirm implant placement, and then the 

abutments were sealed with polytetrafluoroethylene (PTFE) plumbers tape (Domit 

AG, Oberhasli, Switzerland) and Cavit G (3M ESPE AG, Seefeld, Germany). The 

surgical flap was closed with 3/0 Vicryl Rapide and 5 ml Marcaine 0.5% (Pfizer INC, 

New York City, NY, USA)  was infiltrated around the operative site to provide long 

acting analgesia.  

 

The sheep was then turned over and the same procedure repeated on the right-

hand side.  
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Figure 2.6: Representative example of implant placement protocol. A) Healed 
ridge following previous extractions of pre-molar teeth. B) Lingual and buccal 
flaps elevated with 3 initial osteotomy sites prepped with 2mm twist drill. C) 
Osteotomy preparation with 3.25mm and 4mm Quad Shaping Drill. D) Final 
osteotomy preparation. E) Direction indicators. F) Motor driven implant 
placement to 80% depth. G) Implants hand-torqued to crestal position. H) 
Abutments and cover screws placed as dictated by experimental group. I) 
Closure of flap with resorbable sutures.  
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2.3.4 Surgery 3 – Abutment Placement and Microbial Sampling (2M) 

General anaesthesia with oral intubation was carried out as per previous section. 

Prior to a 2% Chlorhexidine wash, microbial sampling of the first molar and one 

anterior tooth was done as per the IFAI protocol.  

The area to be operated on received local anaesthetic (2.2 ml Scandonest 2%) and 

repeat radiographs were carried as previously detailed. Any implants that were 

excessively mobile were explanted and stored in formalin.  

Abutments from Group C and E were removed with the surgical implant motor in 

reverse. Microbial sampling of the internal of the implant and the seating surface 

of the abutment was carried out with due care being taken to avoid contamination 

of these surfaces. The original abutment was replaced on the same implant at 20 

Ncm.  

The buried implants (Groups A and B) were surgically exposed via a crestal 

incision. The cover screw was removed and microbial sampling was carried out on 

the screw threads and the internal implant surface. A Medentika abutment was 

placed on the Group A implant at 20 NCm and Zimmer Biomet abutment placed 

on the group B implant at 20 Ncm. The flap was closed with 3/0 Vicryl Rapide. 

Groups D and F were left undisturbed at this time point.  

All abutments were sealed with PTFE tape and Cavit G and a final periapical 

radiograph was taken. 

 

 

 
 
 
 
 
 

Figure 2.7: Representative example of surgical protocol at 2 months A) Pre-

operative situation with one restored implant (posterior site) and two buried 

implants (not visible). B) Mid-crestal incision to expose buried implants, restored 

with the appropriate abutment. C) Closure of the incision with resorbable sutures 

and screw access sealed with Cavit. 
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2.3.5 Surgery 4 – Euthanasia and histological process (4M) 

Eight weeks following the abutment surgery (16 weeks following implant 

placement), the animals were sacrificed under general anaesthesia with an 

overdose of intravenous Thiopentone (20 mg/kg IV) administered through the 

jugular vein. Under inhalational general anaesthesia, the sheep was placed in a 

supine position with the neck overextended. The strap muscles of the neck were 

bilaterally dissected with blunt dissection, exposing the common carotid arteries. 

These were cannulated with an eighteen gauge IV cannula and ligated. The sheep’s 

head was perfused through the carotid arteries with 1L of heparinised saline, 

followed by 1L of fresh, chilled 10% neutral buffered formalin (NBF) (BioLab Ltd., 

Auckland, New Zealand) under pressure. The jugular veins were then transected.  

 

The tissue specimens in the mandible were retrieved en bloc with a hand saw and 

placed into a sealed container of 10% NBF. The mandible was sectioned into 

individual implant and failed sites using a manual coping saw (Spear and Jackson, 

England), with a radiograph used for orientation.  

 

Figure 2.8: A) En bloc mandibular specimens orientated on a radiographic film. B) 
Radiographs of specimens at reproduced at 1:1 scale. 
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Specimens were processed for non-demineralised embedding in methacrylate 

resin. All samples were processed as per the protocol described by Duncan (2005). 

Briefly, specimens were dehydrated in ascending concentrations of alcohol, cleared 

in xylol and embedded in methylmethacrylate. Embedded blocks were sectioned 

using an M13 diamond wheel on a Struers Accutom-50 precision cut-off saw 

(Intellection Pty Ltd., Brisbane, Qld, Australia) and glued to plastic slides using 

cyanoacrylate glue. For each specimen, two buccal–lingual sections representing 

the central implant were selected. They were then further ground and polished 

using a rotating grinding machine (Tegra-Pol, Struers, Ballerup, Denmark) and 

Silicon Carbide Paper (grit size #180 to #4000) (Struers, Ballerup, Denmark). The 

final thickness of the sections was 100 µm ± 10 µm. After superficial etching and 

decalcification with 20% ethanol and 1% formic acid in an ultrasonic bath, sections 

were surface stained with one part MacNeal’s tetrachrome (methylene blue, azur 

II and methyl violet) and two parts toluidine blue. 

 

Figure 2.9: Histological process A) Each implant yielded 5 specimens, the two 

most central sections were chosen for analysis. B) Embedded individual implant 

specimen in the Accutom-50 ready for further sectioning. C) Final specimen 

ground to 100µm and stained with one part MacNeal’s tetrachrome and two parts 

toluidine blue. 
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2.4 MEASUREMENTS AND ANALYSIS 

2.4.1 Histomorphometric Analysis 

Histomorphometric analysis was carried out on two representative (most central) 

sections per site.  

Images were digitised at 10x magnification via a Diagnostic Instruments SPOT RT 

Colour Camera (SciTech Pty Ltd, Australia) fitted to an Olympus Vanox T 

binocular microscope (Olympus, Japan) and captured as TIF files using Spot 

Advanced Version 3.5.9 on a Powermac G4 personal computer (Apple Computers, 

USA). Images were digitised at 1x magnification using an Epson Perfection V700 

photo scanner (Seiko Espon Corporation, Nagano, Japan) at 1200 DPI.  

 

The BIC at each thread within the cortical passage was measured from calibrated 

images using ImageJ 1.50i software (NIH, USA). BIC was expressed as a percentage 

of the total perimeter of each thread. Bone density (BD) was calculated as the area 

occupied by bone as a percentage of the total area enclosed within the threads in 

the cortical passage buccally and lingually. Additional measurements were taken 

to quantify the linear distance from the shoulder of the implant to the first bone 

contact and height of the soft tissue.  

 

The histomorphometric analysis comprised: (i) measurements of the BIC and BD 

of all threads along the buccal and lingual implant surfaces (ii) measurements of 

BIC and BC of all the threads within the cortical passage (first to last bone contact), 

and (iii) three-best-consecutive threads on the buccal and lingual implant surfaces. 

Mean values for each implant surface were expressed.  

 

A single investigator performed all assessments. All sections were coded to attempt 

blinding to which group the implants belonged. Measurements of a random 

selection of 10 sections (determined using a random number generator by a person 

independent of the research) was repeated after a seven-day interval, to calculate 

intra-examiner error.  
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Figure 2.10: Examples of histology measurements. A) First bone-to-implant 

contact and height of soft tissue as measured at 90* from standardised reference 

point (implant shoulder). B) Yellow line represents portion of thread used for 

calculation of bone-to-implant contact. C) Within thread bone density measured 

as a ratio of total area (yellow lines) and non-mineralised bone (red outlines). 
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2.4.2 Radiographic Analysis 

Intraoral periapical radiographs were taken at three time points throughout the 

study using the paralleling technique and a PA film holder (Densply-Rinn 

Corporation, Pennsylvania, USA). Radiographs were taken prior to implant 

placement, after implant placement (0M), at abutment surgery (2M) and at the 

sacrifice surgery (4M). Radiographic films of speed group F (KodakÒ Insight 

Dental Film, Eastman Kodak Company, Rochester, USA) with an exposure time of 

0.20 seconds. Films were developed in theatre using an automated x-ray developer 

(Peri-ProÒ III, Air Techniques Inc, NY, USA).  

 

Figure 2.11: A) Standardised radiographic settings. B) Film holder in situ with x-

ray arm lined up in paralleling technique  

 

The films were digitised (Epson Perfection V700 scanner, Seijo Epson Corporation, 

Nagana, Japan) at 600ppi. These images were imported into Powerpoint 

(Microsoft, USA). Two researchers (FR and PS) placed markers on the images 

approximating the bone level. Marginal bone height was measured from coronal 

implant shoulder to first bone-implant contact on the mesial and distal surfaces, 

at the three time points (0M, 2M, 4M), using ImageJ 1.50i software (NIH, USA). 

Changes in marginal bone levels for each fixture, both mesially and distally, were 

determined in consecutive radiographs of the sequential stages. Distances were 

calibrated by using the known measurement of the length of the implant (10 mm) 
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to partially compensate for any distortion due to lack of individualised 

radiographic stents. The radiographic images were coded to attempt blinding, but 

the different abutment shapes made it apparent which general group the implant 

belonged to.  

Figure 2.12: Sequential radiographs at 0M, 2M, and 4M with reference line (blue) 

and bone levels marked (arrows).  

 

 

2.4.4 Microbial Analysis  

Sterile #30 Roeko paper points (Coltene, Switzerland) were used to sample the 

sulcus, implants, and abutments. A careful relative isolation was performed with 

the help of an assistant, using aspiration and retraction to minimise saliva 

contamination. To collect the samples of the implant connection, the abutments 

were carefully removed, avoiding contamination as much as possible. Immediately 

after sampling, paper points were put in 100 µl of nucleic acid-preserving buffer 

(4M guanidinium thiocyanate and 2-mercaptoethanol) in a tight-sealing screw-cap 

tubes and stored in a fridge at 4° Celsius. 

 

Figure 2.13: Paper point transferred to Eppendorf tube with buffer solution 
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Microbial DNA analysis was carried out by the Institut für Angewandte 

Immunologie IAI AG (Zurich, Switzerland). The IAI PadoTest4.5 uses synthetic 

chemiluminescence-tagged DNA probes, complementary to the ribosomal RNAs 

of Aggregatibacter actinomycetemcomitans (Aa), Tanerella forsythia (Tf), 

Porphyromonas gingivalis (Pg) and Treponema denticola (Td). After hybridisation 

with the probe, the samples were compared to the standard, and bacterial numbers 

were computed by assuming that ten thousand ribosomal RNA copies are 

equivalent to one bacterium. For the determination of total bacterial load (TBL), a 

mix of the four standards was used. The bound label was directly counted in an 

automatic detector and blots were quantified by chemiluminescence imaging with 

a 16-bit camera. Detection limits ranged from 103 to 105 for the applicable bacteria.  

 

The response variables of the study were percentage of positive sites (PPS) and 

absolute bacterial load (BL) for the four analysed pathogens, as well as TBL. 

 

2.5 STATISTICS 

Statistical analysis was carried out by an independent Biostatistician (Mr Andrew 

Grey, University of Otago), who was blinded to the experimental groups. Mean 

values, standard deviations, and medians were calculated for all variables with the 

implant as the unit of analysis. Clustering was incorporated at the sheep level. The 

differences between the test and control groups were analysed using a mixed 

model analysis. Linear mixed models were used to look for between group 

differences in the changes of the continuous outcomes at two months and four 

months with a random sheep effect used to accommodate the repeated 

measures.  Post-hoc tests comparing groups at each time were only investigated 

where the overall test was statistically significant and no adjustments for multiple 

comparisons were made beyond this.  Mixed logistic regression models were 

similarly used for the binary outcomes (such as failure). Correlation between 

abutment type and microbial leakage was examined using Spearman’s Rho. 
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Analysis was conducted using Stata 14.1 and two-sided p<0.05 was considered 

statistically significant.  

 

Ten sheep were chosen as the sample size based on previously published work 

which has found statistically significant and clinically relevant results using this 

group size in the ovine model. Previous work by our research group (Duncan et al. 

2005, 2006, 2008, 2010, 2012, 2014; Siddiqi et al. 2013, Liu et al. 2013, Phillip et al. 

2013) has shown that eight sheep is the minimum number required to demonstrate 

statistically significant results following histological analysis where the level of 

significance is set at P< 0.05. 
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Chapter 3: Results 

 

All ten animals recovered well with uneventful healing. The sheep lost a small 

amount of weight over the course of the study, consistent with normal weight 

patterns of sheep moving into winter.  

 

3.1 IMPLANT SURVIVAL 

The number of sheep used in this study reflected the power analysis performed for 

a sheep model based on previous ovine implant studies, which indicated that a 

minimum number of ten sheep were needed to generate statistical significance, 

based on the assumption of an 80-90% success rate (Duncan 2005).  

 

During the course of this experiment, 17 implants (28%) failed to integrate, being 

non-present or mobile at two months (2M). A further five implants were likewise 

removed at four months (4M). At 2M, significantly more implants were lost in the 

AM group (36.7%) compared to the OEM group (20%) (p=0.01). Overall, 73% of 

control and 53% of test implants survived, however this difference failed to reach 

statistical significance (p=0.17) (Figure 3.1). All implants that were included for 

histological preparation and analysis were non-mobile, but surrounding soft 

tissues showed clinical signs of inflammation. The failure rate of the implants 

(combined 36.6%) was higher than anticipated, and this complicated the statistical 

analysis due to a lack of power.  

 

When comparing between the six groups, only D (immediate aftermarket) vs E 

(immediate Biomet) showed any statistical significance for survival at 4M, with 

6/10 implants lost in group D compared to 3/10 in group E (p=0.04) (Figure 3.2).  
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Figure 3.1: Comparison of implant survival at 2M and 4M with OEM and AM 

groups clustered.  

† p=0.01 

 

 
Figure 3.2: Percentage of implants present at 2M and 4M. Statistically significant 

difference in survival between Group D AM and Group E OEM at 4M.  

† p=0.04 
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There was a statistically significant difference in implant survival based on the 

position that the implant was assigned (p=0.006). The anterior site was more likely 

to fail compared to both the middle and the posterior sites (OR for failure for mid 

versus anterior 0.05, 95% CI 0.00–0.50, p=0.012; OR for posterior versus anterior 

0.01, 95% CI 0.00–0.14, p=0.002) however the posterior and middle sites did not 

differ statistically for survival (p=0.077). Due to random chance, the AM abutments 

are slightly overrepresented in the anterior position (n=11) compared to the OEM 

abutments (n=9), and this may be one factor that accounts for the higher failure 

rate in this experimental group.   

 

Table 3.1: Implant failures by location and group. 

 

† p<0.05 

 

Implants were placed by two surgeons of varying experience; WD (experienced) 

and FR (novice). Analysis was done to see if the effect of surgeon had any impact 

on survival at 4M. The novice surgeon did have a higher failure rate (44%) versus 

the experienced surgeon (33%) but this difference was not statistically significant 

when adjusted for location and group (p=0.239, unadjusted p=0.466) 

 

There was a trend for failed implants to be clustered per sheep (Figure 3.3). Two 

sheep were noted to have mobile premolar teeth at the time of extraction, which 

may indicate an existing susceptibility for periodontal disease. Another had very 

dense bone, as noted at the time of implant placement, and this may have caused 

excessive surgical trauma to this site. 

 

 A B C D E F TOTAL 

ANTERIOR 3/4 1/3 2/3 4/4 1/3 3/3 14† 

MIDDLE 2/3 1/4 0/3 2/3 1/4 0/4 6 

POSTERIOR 0/3 1/3 1/4 0/3 0/3 0/4 2 
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Figure 3.3: Implant survival clustered by sheep 

 

 

Figure 3.4: Relationship between total bacterial load on the natural teeth at 

baseline and the number of implant failures.   
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Linear regression analysis was done to determine if there was a relationship 

between the quantity of bacteria present on the natural teeth at the time of implant 

placement, and the number of implant failures per sheep (Figure 3.4). There was 

no apparent relationship (R2= 0.100, p=0.372). The same test was run using the 

bacterial load on natural teeth at 2M with a similar non-relationship seen (R2= 

0.006, p=0.828). We can surmise that the quantity of natural bacteria present at 

either the time of implant placement or implant exposure does not have an impact 

on implant survival.    

 

 

3.2 HISTOMORPHOMETRIC ANALYSIS 

At the light microscope level, all implants showed substantial crestal bone loss 

with histological analysis of the surviving implants showing cortical bone in direct 

contact with the implant surface. The bone surrounding the implant threads was 

arranged in a regular manner with Haversian systems commonly seen. The bone 

lamellae were found orientated either perpendicular or parallel to the implant 

surface. In addition to normal bone, bone marrow tissue and uncalcified osteoid 

matrix were occasionally found in contact with the implant surface. The apices of 

most implants were located in the marrow space of the mandible, and in many 

cases there was an apical extension of bone into the marrow space – perhaps 

evidence of the osseoconductive nature of the Zimmer Biomet T3 DCD™ surface.  

 

3.2.1 Bone to implant contact 

BIC was calculated in three different ways. BIC (cortical) measured the percentage 

of mineralised bone in contact with the implant threads from the first bone contact 

to the beginning of the bone marrow and so encompasses the area encased within 

the bony channel. There was a narrow range of mean BIC within the cortical 

passage recorded (75.35 – 81.56%) with no significant differences between the 

groups. There was a higher percentage of BIC in the OEM group (79.20 ± 7.63) 
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compared to the AM group (76.92 ± 13.20) but this difference was not statistically 

significant (p=0.88) (Table 3.2).  

 

BIC was also measured from the implant shoulder to the beginning of the bone 

marrow (total thread length) and is naturally lower as areas of bone loss have a BIC 

recorded as zero. The OEM group had 4% more BIC than the AM group but this 

was not statistically significant (p=0.68).   

 

Results have also been calculated using the three-best-consecutive threads. The B3 

values are significantly higher than their respective values when taking a more 

complete sample (p<0.001 for total BIC and p=0.001 for cortical BIC) (Table 3.3).  

 

Table 3.2: %BIC after four months for all groups (mean ± SD) 

 

 

Table 3.3: Comparison of overall means for BIC cortical, BIC total, best-

consecutive-three BIC cortical, and best-consecutive-three BIC total  

 

 A B C D E F OEM AM 

BIC 
(CORTICAL) 

78.06 ± 
8.46 

81.56 ± 
8.55 

76.07 ± 
17.29 

75.62 ± 
10.81 

75.35 ± 
8.14 

80.70 ± 
4.39 

79.39 ± 
7.63 

76.58 ± 
12.77 

BIC 
(TOTAL) 

47.49 ± 
26.47 

64.96 ± 
16.72 

54.63 ± 
19.76 

52.57 ± 
22.96 

52.16 ± 
14.21 

49.84 ± 
28.89 

54.99 ± 
20.90 

51.88 ± 
21.41 

BEST OF 3 
(CORTICAL) 

71.34 ± 
35.42 

89.29 ± 
6.53 

88.40 ± 
8.63 

88.33 ± 
2.76 

87.66±
6.39 

80.35 ± 
13.41 

85.85 ± 
9.62 

83.05 ± 
20.80 

BEST OF 3 
(TOTAL) 

69.66 ± 
35.74 

88.11 ± 
7.96 

87.22 ± 
7.92 

84.88 ± 
9.56 

85.57 ± 
5.69 

75.32 ± 
19.99 

83.12 ± 
13.19 

81.15 ± 
21.19 

 
BIC 

(CORTICAL) 

B3 BIC 

(CORTICAL) 

BIC 

(TOTAL) 

B3 BIC 

(TOTAL) 

MEAN ± SD 78.21 ± 10.06 84.67 ± 15.16 53.68 ± 20.89 82.28 ± 16.78 

PAIRED T-TEST P=0.016 P< 0.001 
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Figure 3.5: Comparison of BIC (cortical) and BIC (total) between groups 

 

The mean difference in values between %BIC calculated from the total thread 

length or from within the cortical passage only was also significantly different 

(p<0.001) (Table 3.3).  This reflects the low %BIC in the cervical third, with zeros 

recorded in multiple sites due to marginal bone loss in this area (Figure 3.6).  

 

 

Figure 3.6: Comparison of %BIC (total) stratified into implant thirds 
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3.2.2 Bone Density 

Within thread bone density (percentage of thread occupied by mineralised bone) 

was measured within the bony channel. Logistical regression analysis revealed 

there was a tendency for an overall difference between groups (p=0.07) however 

the higher density seen in the OEM group (73.12 ± 9.38) compared to the AM group 

(69.89 ± 12.66) was not statistically significant (Table 3.4). Density was also 

calculated using the three-best-consecutive threads. Higher mean values were 

recorded for the best-of-three analysis but – like the cortical passage density results 

– this just failed to reach statistical significance (p=0.06).  

 

Table 3.4: Within thread bone density values (mean ± SD) 

 A B C D E F OEM AM 

DENSITY 
(CORTICAL) 

75.81 ± 
10.66 

73.93 ± 
8.27 

66.37 ± 
14.56 

67.50 ± 
11.18 

73.13 ± 
10.15 

72.30 ± 
10.84 

73.12 ± 
9.38 

69.60 ± 
12.61 

BEST OF 3 
(CORTICAL) 

60.81 ± 
27.35 

79.34 ± 
6.47 

76.50 ± 
8.77 

79.06 ± 
6.17 

81.84 ± 
6.46 

71.10 ± 
14.19 

77.94 ± 
10.06 

72.24 ± 
17.39 

 

Similar to the BIC dataset, bone density when reported as a best-of-three 

measurement was statistically higher than the mean bone density calculated from 

the threads within the cortical passage (p=0.007 Wilcoxon Signed Rank test), 

indicating that best-of-three will have a tendency to overestimate bone density. 

The lower values seen in group A were driven by one outlier.   

 

There was a trend for increasing bone density at more apical threads (Figure 3.7). 

The OEM appeared to have better bone density at every time point, but there was 

no overall statistical significance between groups when explored with quantile 

regression modelling (cervical p=0.391; middle p = 0.051; posterior p= 0.294).  
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Figure 3.7: Comparison of bone density in aftermarket and original abutments, 

stratified by implant thirds.  

 

3.2.3 Marginal bone level 

Less bone loss (3.56 mm vs. 3.66 mm) was seen in the OEM group compared to the 

AM group, but this failed to reach statistical significance (p=0.30) (Table 3.5). 

There is an apparent difference in the bone loss between the AM delayed (A) and 

OEM delayed (B) groups, with the AM delayed group having 1.4 mm more bone 

loss than the OEM group, but there were not enough samples to base statistical 

analysis upon.   

 

Table 3.5: Histological bone loss (mm) measured from the implant shoulder (mean 

± SD) 

 A B C D E F OEM AM 

BONE LOSS 
(BUCCAL) 

4.39± 
2.32 

2.99± 
2.06 

3.35± 
2.16 

3.80± 
2.40 

3.73± 
1.71 

4.21± 
2.83 

3.68± 
2.18 

3.79± 
2.16 

BONE LOSS 
(LINGUAL) 

4.07± 
2.48 

2.62± 
1.42 

3.20± 
1.80 

3.46± 
1.93 

3.45± 
1.67 

4.26± 
2.81 

3.44± 
2.05 

3.54± 
1.96 

BONE LOSS 
(TOTAL) 

4.23± 
2.39 

2.80± 
1.69 

3.28± 
1.97 

3.63± 
2.14 

3.59± 
1.65 

4.28± 
2.82 

3.56± 
2.09 

3.66± 
2.04 
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Figure 3.8: Histological marginal bone loss measured in combined OEM and AM 

groups and for timing of abutment placement  

 

3.2.4 Height of Soft Tissue 

There were no statistically significant differences between the height of the soft 

tissue around the implants when the buccal and lingual values are combined 

(p=0.30) (Table 3.6). However, on the buccal there is a greater height of soft tissue 

in the Biomet group (1.46 ± 1.05 mm) compared to the Medentika group (1.12 ± 1.07 

mm) which is almost statistically significant (p=0.06). This indicates that there 

may be a tendency for more soft tissue lost around the aftermarket abutments. The 

submerged group (A+B) had a higher value for height of ST (1.66 mm vs. 1.17 mm) 

compared to the transmucosal groups (C+D+E+F) on the buccal but this was not 
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statistically significant (p=0.55).  

 

Table 3.6: Histological measurements of the height of the soft tissue (mm) relative 

to the implant shoulder (mean ± SD) 

 A B C D E F OEM AM 

SOFT TISSUE 
(BUCCAL) 

1.35± 
1.26 

1.88± 
0.89 

1.09± 
1.09 

0.90± 
1.05 

1.07± 
0.89 

1.52± 
1.33 

1.47± 
1.05 

1.12± 
1.07 

SOFT TISSUE 
(LINGUAL) 

2.02± 
1.70 

2.42± 
0.88 

1.35± 
0.53 

1.61± 
0.70 

1.92± 
1.81 

2.51± 
1.94 

2.26± 
1.60 

1.62± 
1.04 

SOFT TISSUE 
(TOTAL) 

1.73± 
1.54 

2.07± 
0.74 

1.22± 
0.64 

1.25± 
0.75 

1.49± 
1.25 

1.93± 
1.25 

1.81± 
1.09 

1.39± 
0.98 

 

 

 
Figure 3.9: Height of soft tissue (combined buccal + lingual) comparing between 

experimental groups, and overall AM vs OEM.   
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3.3 RADIOGRAPHIC DATA 

The mean of the mesial and distal of each implant have been compared at 2M and 

4M in a single model, while adjusting for baseline values. Baseline values were 

taken from the radiographs at 0M and measured implant shoulder to first bone 

contact. There were no statistically significant differences for timing of abutment 

placement (overall mesial p=0.132 and distal p=0.757) or for implant position 

(overall mesial p=0.632 and distal p=0.197) (Table 3.7).  

 

For the mesial site, there is evidence that the groups change differently over time 

(overall p=0.03) but there are only statistically significant differences for lower 

values between the delayed OEM group vs the immediate AM group at 2M 

(p=0.04). The AM group had 0.29 mm more bone loss on the mesial at 4M than 

the OEM group, but this failed to reach statistical significance (p=0.10). There was 

no evidence for an effect for distal by OEM (overall p=0.42) 

 

 

Table 3.7: Radiographic bone loss (mm) at 2M and 4M, adjusted for baseline values 

(mean ± SD) 

  A B C D E F OEM AM 

2M
 

BONE LOSS 
(MESIAL) 

3.34± 
1.47 

2.56± 
2.34A 

3.67± 
2.68A 

4.24± 
2.45 

3.14± 
1.43 

3.14± 
2.45 

2.95± 
2.07 

3.79± 
2.25 

BONE LOSS 
(DISTAL) 

4.30± 
2.37 

2.44± 
2.25 

3.26± 
2.95 

4.08± 
2.90 

2.94± 
1.67 

2.79± 
1.82 

2.72± 
1.85 

3.84± 
2.69 

4M
 

BONE LOSS 
(MESIAL) 

3.17± 
0.89 

2.44± 
1.14B 

3.72± 
1.49B 

3.33± 
2.40 

3.62± 
1.60 

3.33± 
2.54 

3.15± 
1.83 

3.44± 
1.59 

BONE LOSS 
(DISTAL) 

4.13± 
2.41 

2.30± 
1.04 

3.13± 
1.60 

3.16± 
2.48 

3.18± 
1.61 

2.96± 
2.24 

2.83± 
1.66 

3.43± 
2.04 

Letters indicate p<0.05 

The same letter indicates the difference between those values was statistically significant.  
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Figure 3.10: Radiographic bone loss at 2M and 4M between aftermarket and 

original groups.  

 

3.4 MICROBIAL ANALYSIS 

All the sheep had periodontopathic bacteria present naturally in their mouths, 

with the total bacterial load being comparable at different time points (Figure 3.11).  

Figure 3.11: Box-and-whisker graph of total bacterial load on natural teeth  
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Few named pathogens were detected on the implant structures. No named species 

were detected on the removed cover screws at 2M, and only 50% of the cover 

screws had any detectable bacteria (TBL) (Table 3.8). Td was the most frequently 

detected species. Aa was not found on any structure at any time point, although it 

was present in the samples from the sheep mouth.  

 

Table 3.8: Percentage of positive sites (PPS) at each structure at 2M and 4M 

combined 

 

 

Td was present at baseline in 26.7% of implants but by the end of the study period 

only 6.6% still had detectable Td (n=5), only one of which didn't have any Td 

present in the baseline implant sample.  

Pg was not present at baseline in any of the implant samples but was detected at 

2M on one Group E implant and abutment (0.96x106 and 0.42x106 respectively). At 

4M, two samples from Group C had Pg detected (0.37x106 and 0.04 x106).  

Tf was present in very low quantities at baseline (mean 0.06x106 across all groups). 

It was only found in subsequent very low numbers at 4M in groups C (0.04 x106) 

and B (0.08 x106) and 4M Group B (0.03 x106). 

 

Quantile regression analysis was attempted for each of the microbial variables, but 

there were too few events to analyse with methods necessary to accommodate for 

clustering within animals.  

 

  

 % IMPLANTS % ABUTMENTS % SCREWS 

AA 0 0 0 
PG 2.9 3.7 0 
TD 8.8 7.4 0 
BF 4.4 3.7 0 
TBL 86.8 83.3 50 
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Table 3.9: TBL on implants and abutments at two months and four months for 

combinations of experimental groups (mean ± SD)  

 

TBL (x106) OEM AM 
TRANS 

MUCOSAL 

SUB 

MERGED 

2M ABUTMENT 5.27 ± 5.08 9.05 ± 10.83 7.03 ± 8.18 n/a 

4M ABUTMENT 5.15 ± 5.90 8.05 ± 11.74 5.89 ± 8.63 7.60 ± 9.79 

2M IMPLANT 15.01 ± 13.67 11.30 ± 8.96 17.76 ± 11.79 8.14 ± 9.49 

4M IMPLANT 10.84 ± 14.00 10.48 ± 15.56 12.49 ± 14.46 6.79 ± 14.31 

 

 

There was no apparent difference in either the presence or absence of bacteria at 

the IAI, or in the quantity of bacteria detected between the tested groups. Overall, 

very little leakage and bacterial colonisation was detected at the IAI. 

 

Figure 3.12 shows the total bacterial load (TBL) at 4M on the implants and 

abutments in all groups, with the combined OEM and AM groups also shown. The 

median was comparable between the OEM and AM group in both structures, with 

outliers driving the mean higher than the median.  

 

While it appeared that there was a greater bacterial load present on the implants 

compared to the abutments, this just failed to reach statistical significance 

(p=0.054) (Table 3.9). Group C (transmucosal Medentika) implants had the 

greatest spread of TBL detected among the samples, with a higher median and 

mean relative to the other groups. There was a trend for a lower bacterial load at 

the four months but the large spread in standard deviation means this is not 

statistically significant (p<0.05).  
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Figure 3.12: Distribution of TBL at 4M in all groups with Mean plotted (purple diamond) 
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Figure 3.13: Mean bacterial load stratified by species on each structure at three time points 
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Figure 3.14: Comparison of bacterial load (mean) present at baseline, 2M, and 4M on implants and abutments in the 

submerged and transmucosal groups. 
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Table 3.10 Percentage of positive sites for each bacterial species on implants and abutments at 4M.  

 

 

 

 

 

 

 

 

 

 IMPLANT ABUTMENT 
 AA BF PG TD TOTAL AA BF PG TD TOTAL 

AFTERMARKET 0 6.25 6.25 6.25 87.50 0 0 0 11.76 82.35 
OEM 0 4.55 0 9.09 86.36 0 0 0 0 81.82 

p-value 0.192 
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Figure 3.15:  Scatter plot of TBL on the abutment and the implant at 4M.  

 

There is a weak linear relationship (R=0.3o) for increasing bacterial load on the 

abutment as it increases at the implant in the Biomet groups. An inverse 

relationship seems to be true for the aftermarket group; with an increase in 

bacterial colonisation at the IAI implant surface there was a trend for decreasing 

bacterial load in the corresponding abutment. However, this linear trend line only 

weakly corresponded to the data (R=0.08) and seems to be driven by two outlying 

variables.  
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3.6 TIMING OF ABUTMENT PLACEMENT 

Statistical analysis was carried out to determine the effect of placement of the 

abutment either at the time of implant placement (transmucosal) or delayed two 

months after implant placement (submerged). There was no statistical difference 

between any of the histological (Table 3.11) or radiographic (Table 3.12) variables 

when comparing immediate vs delayed protocols. We can conclude that the timing 

of the abutment placement has no effect on the implant parameters or microbial 

leakage.  

 

Table 3.11 Comparison of histological outcomes between submerged and 

transmucosal protocols (mean ± SD).  

 

 
SURVIVAL 

(%) 
%BIC 

(CORTICAL) 
%BIC 

(TOTAL) 
%BONE 

DENSITY 
MBL 
(mm) 

SOFT TISSUE 
(mm) 

SUBMERGED 60 80.10 ± 
8.31 

57.69 ± 
22.10 

74.71 ± 
8.92 

3.40 ± 
2.05 

1.93 ± 
1.09 

TRANS 
MUCOSAL 65 77.34 ± 

10.81 
51.84 ± 
20.49 

70.22 ± 
11.50 

3.70 ± 
2.07 

1.50 ± 
1.03 

P-VALUE 0.76 0.88 0.99 0.07 0.30 0.30 

 

 

Table 3.12 Comparison of non-histological outcomes between submerged and 

transmucosal protocols (mean ± SD) 

 

 TBL ABUTMENT 
4M (x106) 

TBL IMPLANT  
4M (x106) 

MBL XRAY 
(MESIAL) AT 4M 

MBL XRAY 
(DISTAL) AT 4M 

SUBMERGED 7.60 ± 9.79 6.79 ± 14.31 2.75 ± 1.07 3.06 ± 1.89 

TRANS 
MUCOSAL 5.89 ± 8.63 12.49 ± 14.46 3.51 ± 1.90 3.11 ± 1.84 

P-VALUE >0.05 >0.05 0.50 0.42 
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3.7 COMPARISON OF BACTERIAL COLONISATION AND OUTCOMES 

An attempt was made to correlate the bacterial leakage and colonisation seen at 

4M with histological outcomes. Linear regression analysis showed there was no 

relationship between increasing bacterial load at the IAI leading to worse 

outcomes for marginal bone loss, bone-to-implant contact, and bone density. In 

fact, it appears that these outcomes are independent of bacterial leakage. 

 

 
Figure 3.16: Scatter plot showing relationship between microbial load and bone-

to-implant contact at 4M. 
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Figure 3.17: Scatter plot showing relationship between microbial load and 

marginal bone loss at 4M. 

 

 
Figure 3.18: Scatter plot showing relationship between microbial load and within-

thread bone density at 4M. 
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3.8 COMPARISON BETWEEN HISTOLOGY AND RADIOGRAPHS 

When the histological contact to first bone was plotted against the radiographical 

distance, it was found there was generally a good linear relationship between the 

two values. However, there was one significant outlier in the Zimmer Biomet group 

which had 8.10 mm of bone loss measured on the histological slides, but was only 

recorded on the radiographs as having 1.22 mm bone loss (yellow arrows). 

Retrospectively assessing the radiograph in question revealed that the bone level 

was more apical than measured (Figure 3.20). In this case, we can conclude that 

there has been error in assessing and measuring the radiographic bone loss.  

 

Figure 3.19 Relationship between marginal bone loss as measured on radiographs 

(mesial and distal) and histology (buccal and lingual) 
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Figure 3.20: Comparison of histology slide and radiograph for outlier (M). Yellow 

arrows show where the bone level measurements were taken. A second look reveals 

the error, as bone loss was actually more extensive.  

 

Figure: 3.21 Relationship between marginal bone loss as measured on radiographs 

(mesial and distal) and histology (buccal and lingual) with the outlier 

(mismeasurement) eliminated.  
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Further statistical analysis was conducted with the mismeasurement excluded. The 

distance from the implant shoulder to the most coronal bone in direct contact with 

the implant, as evaluated histologically, was on average 3.48 ± 1.93 mm, whereas 

on periapical radiographs, the marginal bone level was 3.31 ± 1.64 mm. This 

difference was not statistically significant (p=0.18). A strong positive linear 

correlation (OEM R2=0.86; AM R2=0.83, p< 0.001) between the two bone level 

measurements was observed, with radiographs leading to a slight underestimation 

of the “true” histological bone level (Figure 3.21). 

 

3.9 INTRA-EXAMINER VARIABILITY 

Histological measurements including BIC, bone density, marginal bone levels, and 

soft tissue levels were repeated to test intra-examiner variability. 16 slides were re-

measured, or 21.5%. The ICC scores are represented in Table 3.13 and show a high 

degree of reliability for duplicate measures.  

 

Table 3.13: ICC scores for repeated intra-examiner histological data  

 
% BIC 

(TOTAL) 

% BIC 

(CORTICAL) 

% BONE 

DENSITY 

BONE 

LEVEL 

SOFT 

TISSUE 

ORIGINAL 

(MEAN±SD) 
49.70 ± 13.46 75.69 ± 10.47 71.26 ± 10.87 3.73 ± 1.44 1.30 ± 0.66 

REPEAT 

(MEAN±SD) 
49.65 ± 13.09 77.18 ± 9.86 71.08 ± 10.92 3.91 ± 1.31 1.47 ± 0.63 

N 16 16 16 16 16 

ICC SCORE .988 .960 .992 .928 .910 

 

3.9.1 Calibration 

An experienced senior researcher (WD) repeated a random sample of histological 

measurements for comparison against the author (FR). Twenty four threads were 

selected by random number generator for blinded analysis of %BIC. There was a 

high degree of consistency and reproducibility between the two examiners (ICC = 
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0.983) (Table 3.14). 

 

Table 3.14: Repeated scores for bone-to-implant contact in random threads with 

ICC score 

SLIDE THREAD FR WD 

3755Y 1B 0.0 0.0 

7369Y 4B 61.2 76.9 

2907Y 5B 93.4 100.0 

9336Y 5B 26.3 35.0 

9393Y 5B 69.8 72.2 

9393Y 6B 58.8 64.0 

8689Y 8B 100.0 97.4 

2907Y 10B 100.0 84.9 

2907Y 2L 0.0 0.0 

9393Y 9L 100.0 100.0 

7369Y 10L 0.0 0.0 

8689Y 10L 82.5 75.0 

3755Z 1B 0.0 0.00 

3755Z 6B 81.0 85.1 

3755Z 1L 0.0 0.0 

7369Z 8B 60.9 64.5 

8689Z 6B 65.4 68.8 

8689Z 8B 78.4 68.8 

8689Z 5L 35.6 52.0 

9336Z 2B 0.0 0.0 

9393Z 6B 49.9 51.8 

9393Z 3L 0.0 0.0 

9393Z 4L 76.8 75.7 

  ICC = 0.983 
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3.9.2 Inter-examiner variability of Radiographic Measurements 
Measurements of radiographic crestal bone levels were assessed independently by 

two examiners (FR and PS). The intra-class correlation was 0.957 (CI: 0.946-0.966). 

The examiners disagreed on the bone level at 14.5% of sites, with a mean difference 

between the two measurements of 0.45 mm.  
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Figure 3.22 Representative sectioned implants (A-F) showing bone 

apposition for each group at x1 magnification. Marginal bone loss is evident 

on specimens, sometimes assuming a “saucerisation” shaped defect.  
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Chapter 4: Discussion 

 

The objectives of this study were to investigate implants placed using a submerged 

or transmucosal surgical protocol restored with original (OEM) or aftermarket 

(AM) abutments in the posterior mandible in a sheep model, and to assess whether 

there was a relationship between bacterial leakage and colonisation at the implant 

abutment interface (IAI) to histomorphometric and radiographic outcomes.   

 

The present study demonstrated a cumulative implant survival rate of 63.4%. A 

higher failure rate was seen in the Medentika (AM) group but this failed to reach 

statistical significance (p=0.17). Survival rates in other implant studies utilising the 

sheep mandible have ranged from 25% t0 100% at three months (Kim, 2007; 

Duncan, 2005; Siddiqi, 2014; Fitzgibbon, 2008; Campbell and Duncan, 2013; 

Duncan et al., 2015). This includes a variety of implant designs and surfaces, with 

a mix of submerged and transmucosal protocols. The least successful results were 

recorded in a study that placed implants immediately post-extraction with 

grafting. This study recorded a survival rate of 22.7% at six months with no 

implants achieving acceptable osseointegration (Vlaminck et al., 2008).  

 

Overall, one must interpret our data with caution due to the loss of statistical 

power resulting from the small sample size. Previous work by Hass et al. (1998, 

2002), and by our research group (Duncan et al. 2005, 2006, 2008, 2010, 2012, 2014; 

Siddiqi et al. 2013, Liu et al. 2013, Phillip et al. 2013) has shown that eight sheep is 

the minimum number required to demonstrate statistically significant results 

where the level of significance is set at P< 0.05. The use of ten sheep was based on 

the average success rate of dental implant therapy in this animal model (80 to 

90%), allowing for one or more implants to be lost whilst still permitting statistical 

comparison. It is the recommendation of this author that future implant studies in 
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the sheep mandible model allow for a higher rate of implant failure when 

calculating the sample size, to ensure the study is adequately powered to make 

conclusions based on statistical analysis.  

 

Comparison of measurements between the six treatment groups showed no 

significant difference for any parameters, and no relationship was found between 

bacterial leakage and outcomes.  While no other pre-clinical animal studies could 

be found that specifically investigated the outcomes of OEM and AM abutments, 

a retrospective case series of patients receiving a third-party CAD-CAM abutments 

found good clinical outcomes, with no implants showing marginal bone loss 

greater than 2 mm over the two-to-six year recall interval (KW Hsu et al., 2017). 

There was no control in this study and results are not able to be compared to 

success rates with implants restored using OEM abutments.  

 

When comparing the results of an implant study, several variables should be 

considered and if possible kept constant. These variables include the animal 

model, operative technique, implant design, anatomic site, and masticatory forces 

on the implant. One or more of these factors may provide a possible explanation 

for the higher than expected failure rate in this study.  

 

 

4.1 DISCUSSION OF MATERIALS AND METHODS 

4.1.1 Animal model 

This was, according to our knowledge, the first study to compare original and 

aftermarket abutments for microbial leakage and histological outcomes in an 

animal model. Animal models have been used in the study of dental implant 

healing by many research groups (Stadlinger et al., 2012) and generally�show a 

good relationship to outcomes in human clinical practice (George et al., 2011). 

Animal models serve as an essential link between a clinical hypothesis and human 
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patients (Kantarci et al., 2015). Analysis of the effectiveness of this surgical 

intervention requires harvesting of hard and soft tissues for histological and 

histomorphometric examination of healing that is generally difficult or impossible 

to perform ethically in human subjects.  

 

In our study, the two sheep which had mobile premolars at the time of extraction, 

also exhibited a higher than average failure rate, with 75% of implants being lost. 

This clustering effect has been noted in other sheep mandible studies, but the 

cause was undetermined (Duncan, 2005). While our experimental protocol did call 

for the exclusion of animals with broken mouth periodontitis, it is perhaps 

worthwhile to consider modifying future criteria to also exclude animals with 

mobile premolar teeth, as there is preliminary evidence from this study that this 

may be a risk factor for implant loss in this model.  

  

The intra-oral sheep model itself has some drawbacks and limitations, similar to 

any pre-clinical model. Outcomes may have been influenced by ruminating sheep 

exerting a significant amount of lateral force on the fixtures (Kluemper et al., 1995). 

The mandibular structures are constantly exposed to strong compressive and 

shearing forces and continuous muscular activity (May, 1977). Sheep were fed 

normal high fibre foods after surgery which would expose the transmucosal 

abutments to constant occlusal forces and micromovement. Additionally, the 

sheep used in this study are not inbred laboratory animals, and as such we expect 

to see a greater variability in their responses. Efforts were made to include sheep 

of a similar age, as remodelling and healing is age dependent (Atkinson et al., 1982) 

and this might influence outcomes. While chlorhexidine rinses were done in the 

days following surgery, no oral care was carried out once the sheep were recovered 

and returned to pasture. The literature does indicate that poor oral hygiene is a 

risk factor for bone loss and implant failure (Lindquist et al., 1988; Kourtis et al., 

2004). An avenue of future research could include developing an acceptable and 

manageable oral hygiene routine for sheep.  
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The animal model used in the present study has been developed at our institution, 

but has not been widely used in other research centres. Sheep are becoming a more 

common animal model in orthopaedic research (Pearce et al., 2007). However they 

are only used in 3% of published dental implant studies, dominated by the extra-

oral model (Stadlinger et al., 2012; Vignoletti and Abrahamsson, 2012). A study 

published in 2016 which analysed the risk of bias in animal RCTs in implant 

dentistry didn't have any sheep studies in the 161 papers included for analysis 

(Faggion et al., 2016). Sheep have naturally occurring periodontal bacteria and 

periodontal disease (Duncan et al., 2003), and this model could prove viable for 

future experimentation on peri-implant disease. Recent review articles failed to 

mention sheep as an option for studies on regeneration (Kantarci et al., 2015) or 

peri-implant mucositis or implantitis (Schwarz et al., 2015). While the sheep model 

has some drawbacks, it is important that more research is published using this 

model to increase awareness of the applications, especially regarding leakage and 

bacterial colonisation. 

 

Recommendations for future animal studies based on this research include: 

1. Account for the higher failure rate in the initial sample size calculations 

2. Exclude animals with mobile posterior teeth when the extractions are 

performed 

3. Develop a workable oral hygiene routine for sheep 

 

4.1.2 Operative technique 

While attempts were made to control the surgical and operative variables during 

this experiment, several may have adversely affected implant survival. These 

include operator experience, overheating during osteotomy preparation, and the 

randomised anatomical site.  

 

During this investigation, two surgeons of vastly differing experience with regards 

to implant surgery and familiarity with the sheep mandible model were involved 
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in implant placement. This is reflected in different failure rates, with the novice 

having a 44% failure rate, compared to the experienced surgeon of 33%. However, 

this difference was not statistically significant (p = 0.29). This may be due to the 

clustering of failures seen within sheep.  Studies show that clinicians in a training 

programme can place implants successfully and the year of training appears to 

have no influence in success rates (Melo et al., 2006; Smith et al., 2009; DeWitt, 

2011; Zupnik et al., 2011). The higher failure rate seen in the novice surgeon is 

consistent with published literature which highlights that inexperienced operators 

have a higher rate of early failure (Lambert et al., 1997; Zoghbi et al., 2011) and are 

less accurate in positioning implants (Cushen and Turkyilmaz, 2013). As for all new 

procedures, a learning curve is expected to be present, and it has been indicated 

that the placement of up to 50 implants is required to reach a high standard of 

clinical proficiency (Lambert et al., 1997).  

 

Many factors can be responsible for early implant failure, with thermal 

osteonecrosis due to surgical trauma being one of the most significant (Esposito et 

al., 1998). Overheating the bone during preparation of the implant osteotomy site 

can lead to necrosis of the bone tissue surrounding the dental implant (Eriksson et 

al., 1984). It has been determined that the width of the necrotic bone around an 

implant is directly proportional to the amount of heat generated (Weinlaender, 

1991). Bone has a low thermal conductivity, which means heat that is generated 

during osteotomy preparation is not quickly dissipated (Karmani, 2006). A 

landmark study by Eriksson & Albrektsson (1983) determined the threshold to 

which bone became sensitive to overheating was 47°C. Many factors can contribute 

to heat generation during drilling  including irrigation, drill design, bone density, 

and operator technique (Tehemar, 2000; Augustin et al., 2012).  

 

Bone density as studied in the implant literature often includes a classification by 

Lekholm & Zarb (1985) that was introduced more than 30 years ago and is still 

widely used. It classifies the ridge based on the amount of cortical and cancellous 
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bone at the implant site and organises it into four categories, with type 1 being the 

most dense. The density is mostly based on the perception of the clinician at the 

time of preparation of the surgical bed, which is a highly subjective way to quantify 

the bone density. The sheep mandible consists of a dense type 1 cortical bone, 

significant because cortical thickness is a major determinant of peak temperatures 

measured when drilling (Eriksson and Albrektsson, 1983). It has been shown that 

the hardness of cortical bone correlates to bone mineral density and higher the 

density, the higher the bone temperature (Karaca et al., 2011). While this dense 

bone in the sheep model may have led to a higher rate of failure, a systematic 

review of human studies published in 2009 found no studies that directly related 

bone density to implant survival or success (Martin et al., 2009) This is supported 

by research showing that while there are differing implant survival rates based on 

the type of bone (Types I (97.6%), II (96.2%), III (96.5%), and IV (88.8%)), this 

difference was not statistically significant (Goiato et al., 2014).  

 

Insertion torque may have an effect on heat generated during implant placement, 

with higher insertion torques generating more heat at the level of the crest 

(Marković et al., 2013). In our study, insertion torque could range from 25 to 100 

Ncm, with most implants achieving an insertion torque of over 50 Ncm. Reuse of 

drills can lead to an increase in heat generation, with worn drills showing greater 

temperature elevations which were maintained for longer (Matthews and Hirsch, 

1972). It appears that when an initial drill has been used more than 50 times, it 

leads to significantly higher temperatures during drilling than when used less than 

50 times (Koo et al., 2015). This is disputed by Allsobrook et al. (2011) who found 

that re-use of drills up to 50 times did not lead to pathological heat generation. In 

Koo’s study (2015), the repeated sterilisation of osteotomy drills did increase the 

corrosion and deformation of the drills but this had no effect on temperature 

increases. The repeated use of a drill may accelerate drill wear and lower the 

cutting efficiency; this in turn may produce more frictional heat, especially in 

dense bone.  
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Drilling without irrigation also shows significant thermal increases compared to 

drilling with irrigation (Koo et al., 2015). We attempted to minimise surgical 

trauma by carrying out all bony preparation with chilled irrigation to decrease 

mechanical and thermal trauma to the osteotomy site. Unfortunately, screw taps 

were unable to be utilised during osteotomy preparation, and osteotomy 

preparation drills were repeatedly autoclaved and reused per the manufacturers 

protocols before being discarded. The combination of dense bone, reused drills, 

and the lack of screw tapping may have increased the amount of necrotic bone 

adjacent to the implant, leading to implant failure. Given the dense nature of sheep 

bone, the incorporation of single-use osteotomy drills instead of reusable drills 

could be considered in future studies.  

 

One third of implants were placed in the most mesial position in the posterior 

mandible, and this site was associated with a higher failure rate compared to the 

middle and distal sites (p=0.05). The increase in implant failure noted in the 

anterior position is postulated to be due to the reduction in vertical bone height 

and increased marrow space. This anatomical situation may lead to less primary 

stability as less implant threads are in contact with bone. Crestal bone loss at 

implants in the anterior site may also lead to implant failure as the cortical passage 

is narrow due to the apical threads being in the marrow space. A relatively smaller 

amount of crestal bone loss will undermine the osseointegration leading to late 

implant failure. The extraction of molar teeth and more posterior implant insertion 

is precluded by anatomical access and restrictions for osteotomy preparation. The 

molar sites could only be reliably reached by splitting the cheek of the sheep, which 

increases the morbidity and risk of complications for the procedure. In future, 

splinting of implants could be investigated to see if this improved the 

biomechanics of the implants by reducing uneven occlusal forces exerted by the 

sheep masticatory apparatus. Future studies could also consider only placing two 

implants per side, in the posterior and middle positions. This would avoid the 

anterior site which is associated with a higher failure rate. However, it would 
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increase the number of animals that would need to be included in the study. 

 

4.1.3 Radiographs and crestal bone levels 

The outcomes of implant treatment are commonly based on both clinical and 

radiographic parameters. In our study, standardised periapical radiographs were 

taken with Rinn holders® and the long cone paralleling technique. They were then 

digitised and analysed using ImageJ. This study found no statistically significant 

difference in radiographic bone levels between the OEM and the AM abutments at 

two months or four months. All implants showed crestal bone loss over the course 

of the study, ranging from -0.96 to -7.76 mm. The average radiographic bone loss 

at four months was -3.31 ± 1.64 mm, which compares to other values in the ovine 

model of -0.40 to 3.65 mm (Kim, 2007) and -5.06 ± 1.31 mm (Fitzgibbon, 2008). This 

amount of bone loss in this time frame is considerably higher than the suggested 

acceptable threshold of 1.5-2 mm for implant success (Albrektsson et al., 1986), 

indicating there may be a pathological process at work. It is worth highlighting 

that increased bone loss is also seen in canine implant studies, with values of -5.01 

± 0.09 mm recorded in transmucosal implants at 18 weeks (Fiorellini et al., 1999) 

and -2.08 ± 1.20 mm seen at three months around non-submerged implants (Weng 

et al., 2010). Results like this indicate that bone loss around animal models may be 

accelerated compared to clinical results in humans.  

 

In this study, measurements of crestal bone on radiographs taken with the 

paralleling technique showed a good correlation with histologic bone levels (OEM 

R2=0.86; AM R2=0.83, p< 0.001), with the radiographs slightly underestimating 

bone loss by 0.17 mm. This compares favourably with other animal studies, which 

have shown a mean difference between radiographic and histologic bone loss of 

0.3 mm (Stokholm et al., 2016), 0.85 mm (Caulier et al. 1997), and 1.17 mm (Dos 

Santos Corpas et al., 2011). When comparing our radiographic and histologic 

results, we had one measurement with a discrepancy of almost 7 mm. However, 

overall the mean difference between histological and radiographic measurements 
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was 0.35 ± 1.34 mm. This error was likely due to human factors, and could have 

been mitigated by colour correction of the digitised radiographs which may have 

improved the contrast. In general, the results of most of the studies indicate that 

even though the radiographs underestimate bone loss around the implant, the 

bone level is usually well able to be identified on radiographs.  

 

Assessment of crestal bone level changes over time requires techniques that are 

accurate, reliable, and reproducible. Despite the fact that customised individual 

stents were not used, we can conclude that controlling for small changes in 

angulation by calibrating with the known implant length appears to provide 

adequate compensation for this. Given the good correlation between radiographic 

and histologic bone loss, future studies in the Otago sheep model can be more 

confident in using radiographic measurements at interim time periods as an 

accurate and reliable measure of crestal bone loss.  

 

4.1.4 Histomorphometric analysis 

In the present study, histomorphometric analysis was carried out on 

demineralised, resin-embedded ground sections. All sections were ground to a 

thickness of 100 µm ± 10 µm as confirmed by a micrometer. This specimen 

thickness gives good differentiation between mineralised bone and soft tissue once 

stained as per Duncan (2005). This thickness means a detailed analysis of cells 

types in the peri-implant tissues is not able to be performed. All specimen 

preparation and analysis was performed by one person to ensure consistency 

throughout the process.  Replicate measurements were then carried out seven days 

later, and duplicate measurements were done by an experienced researcher.  

 

Histological preparation of biological tissues with metal implants can present 

technical problems as the differing hardness of the materials lead to different rates 

of reduction when grinding. This can lead to an edging effect at the bone-implant 

interface, scratches on the surface of the specimens, and the risk of soft tissues 
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been preferentially lost (Hipp et al., 1987; van der Lubbe et al., 1988; Gotfredsen et 

al., 1989). Histomorphometry is also a destructive method and its use precludes 

the specimen being used for other investigations or analysis such as removal 

torque force measurement. Each implant only yields a few viable specimens, and 

only one plane can be easily investigated (Duncan, 2005).    

 

Our study found higher levels for %BIC in the OEM group compared to the AM 

group, but this failed to reach statistical significance (p=0.88). BIC was calculated 

in three different ways, to allow for comparison between other studies. The mean 

%BIC for the best three consecutive threads (B3) was 83.12 ± 13.19 in the OEM group 

and 81.15 ± 21.19 in the AM group. Previous histomorphometric studies using the 

sheep mandibular model have reported similar results, with best-three-

consecutive %BIC ranging from 26.6 ± 26.9 to 84.1 ± 10.7 with a median value of 

54.2 ± 75.1 (Kim, 2007; Duncan, 2005; Siddiqi, 2014; Fitzgibbon, 2008; Campbell and 

Duncan, 2013; Duncan et al., 2015). The results of the current study compare 

favourably to these, with only one study achieving higher values. This suggests that 

the Zimmer Biomet T3 DCD surface can achieve a high level of BIC and hence 

osseointegration in the sheep mandible. One caveat is that the other studies all 

had healing periods of three months compared to the four months in our study. In 

the sheep model, BIC has been shown to increase over the three to six month 

period (Duncan, 2005) so we cannot directly compare our results to those of the 

previous studies.  

 

Other researchers also report %BIC in canine models, with the results averaging 

between 48.9% to 68.5% (Novaes et al., 2002), 35.52% to 63.16% (Ferrari et al., 

2015), and 49.0% to 53.7% (Todescan et al., 2002). %BIC in mini-pigs has been 

reported as values from 44.81% to 79.6% (Büchter et al., 2005; Cochran et al., 2016) 

which is lower than values seen in our study. These other studies had ground 

sections prepared to between 10-50 µm, compared to the 100 µm sections in our 

study. It is known that the thickness of the histological specimen influences the 
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amount of bone to implant contact, with thicker specimens achieving higher bone-

to-implant values (Johansson and Morberg, 1995). However, Pontes et al. (2014) 

reported BIC values from 51.1% to 68.4% at six months in a canine model with 

specimens of a similar thickness to those used in our study. This indicates that 

implants placed in the sheep mandible can achieve a high percentage of BIC.      

 

This study also examined the percentage of mineralised bone in the within-thread 

area for the best three consecutive threads on each side of the implant (B3 Bone 

density) and found no statistically significant difference between the AM (72.24 ± 

17.39) and the OEM (77.94 ± 10.06) groups. Fewer sheep mandible studies have 

evaluated bone density but best-of-three values have ranged from 41.7 ± 32.4 to 71.4 

± 18.1 (Duncan, 2005; Fitzgibbon, 2008; Kim, 2007). Again, this study is showing a 

high level of mineralised bone within the threads, but this may due to the extended 

healing period compared to other studies.  

 

All implants had some degree of histomorphometric marginal bone loss, with 

values ranging from -0.68 mm to -8.16 mm. The OEM group had a mean bone loss 

of -3.56 ± 2.09 mm, compared to the -3.66 ± 2.04 mm seen in the AM group. 

Fitzgibbon (2008) found crestal bone loss of -4.35 ± 1.6mm in transmucosal 

implants and -5.54 ± 0.92mm in submerged implants using the same sheep model 

with Nobel Biocare Brånemark Mark IV TiUnite wide bodied implants (Nobel 

Biocare, Kloten, Switzerland). Crestal bone height can be difficult to compare 

between different studies, with authors choosing different sites on the implant as 

a reference point from which to measure bone loss. Hermann et al. (1997) and his 

research group have published their results measuring bone loss from the top of 

the abutment. Bone loss at three months in the mini-pig has been reported as -1.75 

± 1.37 mm (Dos Santos Corpas et al., 2011) and bone loss at eight weeks healing in 

the canine model as -2.4 ± 0.4 mm (Cesaretti et al., 2015). 

 

This study is unique in that no previous histological data is available that compares 
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the performance of aftermarket and original abutments in the sheep or any other 

animal model. No attempt has been made to quantify or describe the inflammatory 

infiltrate in the peri-implant tissues, but it was noted to be extensive in many cases. 

In the canine model there is a causal relationship between the extent of peri-

implant inflammation and the magnitude of alveolar bone loss (Broggini et al., 

2006) but the cause of this resorption is still unknown (Scarano et al., 2016). Future 

work on the microscopic specimens obtained in this study could further 

investigate this relationship.  

 

For all the histological outcomes, there were statistically significant differences in 

the results obtained when comparing total thread, cortical passage, and best-three-

consecutive results. B3 is easier to do and less time consuming, hence its 

popularity. It is likely to be a good compromise in the sheep model where implants, 

especially those placed in the mesial position in the posterior mandible, may have 

a significant portion of the implant threads in the marrow space. Measurement of 

all threads in such a case would give a disproportionally low value.  

 

4.1.5 Microbial analysis 

Microbiologic analyses in the present study were performed with real-time PCR. 

This technique offers a faster detection time and increased sensitivity compared 

with traditional culturing, as well as being attractive for ease of use and relatively 

low cost (Eick and Pfister, 2002). PCR analysis was performed by a licensed 

microbiologic laboratory (The Institut für Angewandte Immunologie IAI AG) that 

routinely performs culture and sensitivity tests for periodontal bacteria, as 

recommended by Atieh (2008). The IAI PadoTest 4.5 allows for quantification and 

sensitive detection of four periodontopathic bacteria (Aa, Pg, Tf, and Td), plus total 

bacterial load (x106). One drawback of the PCR method is that it can be difficult to 

apply when assessing small quantities of DNA because the ingredients necessary 

for PCR (oligonucleotide primers, dNTPs, and Taq polymerase) may be exhausted 
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before a sufficient target is produced. Another major limitation of PCR is the 

susceptibility of the process to contamination, particularly in experiments to 

detect rare DNA sequences (Gibbs, 1990).   

 

Two response variables were established to study the sealing capacity to microbial 

leakage of the different abutments. The positivity analysis (percentage of positive 

sites for individual pathogenic species or for a combination of species) provided a 

qualitative approach, while the bacterial load analysis provided a quantitative 

approach. Microbial colonisation of the internal implant sites and the internal 

surfaces of the connection was found in most implants in all the groups. This is in 

agreement with recent work showing that two-piece implant systems cannot 

provide a complete seal at the IAI, so that bacterial leakage may occur regardless 

of the type of connection (Passos et al., 2013; Dias et al., 2012). Complete bacterial 

seal is hard to achieve, which is unsurprising given that periopathogenic bacteria 

can be as small as 0.5 µm, larger than the size of the IAI (Dibart et al., 2005).  

 

While there was a larger concentration of total bacterial load recorded at four 

months in the AM abutments compared to the OEM group, this failed to reach 

statistical significance (Abutment: OEM 5.15x106, AM 8.05x106, p=0.71 and Implant:  

OEM 10.84x106, AM 10.48x106, p=0.17). Only 2.6% of sites were positive for any of 

the four named periopathogenic species at the final time point. In contrast, Callan 

et al., (2005) found moderate-to-high levels of these periopathogenic bacteria at 

the IAI with 41.9-60.5% of sites testing positive for these named species. In a cross-

sectional human study using Biomet Certain internal hex implants, Aa, Pg, Tf, and 

Td were found at 0%, 60%, 40% and 25% of IAIs respectively (Canullo et al., 2015). 

This is much more frequent than detected in this study (0%, 1.32%, 2.63% and 

6.58% respectively). This difference could be due to lack of bacteria at the junction, 

or errors with the sampling and subsequent testing.  

 

The detection limit of the IAI PadoTest is 1 x 105 for Tf/Pg/Td microbial cells, and 
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5 x 103 for Aa microbes. This means that counts in the 1 to 10 000 range could have 

been present but gone undetected by the testing method chosen. The sampling 

process can also influence the results of the microbiological analysis. Sampling can 

be affected by isolation of the field, and the time and force of paper tips insertion 

onto the site. An inherent problem of sampling with paper points is that it does 

not ensure the collection of all surface-adhering microbes. We used a rubbing 

action to physically sample the internal surfaces and screw threads. While this does 

not ensure that all adherent microbes are collected, it also doesn't rely on capillary 

action from fluids and so is likely to achieve a more representative sampling. Lack 

of contamination cannot be ensured in a clinical study even in an animal model. 

In an attempt to minimise contamination of the samples, careful relative isolation 

was performed with the help of an assistant using retraction and aspiration. 

Sampling time was standardised to 10 seconds per site for every specimen, as 

recommended for the IAI PadoTest 4.5.  

 

As far as we are aware, this is the first work to compare microleakage with OEM 

and AM abutments in an in vivo model. A previous in vitro study utilising the gas-

enhanced perfusion test to compare leakage in the same OEM and AM abutments 

as our study found the Zimmer Biomet abutments demonstrated significantly less 

leakage when compared to Medentika abutments, suggesting that the OEM 

abutments had better sealing capabilities in vitro (Carstens et al., 2017).  Microgaps 

in the Biomet interface are small, with independently measured values on the 

Osseotite internal hex implant recorded at 3.2µm (Tsuge et al., 2008). It can be 

speculated that although this connection cannot totally prevent leakage of 

microorganisms and fluids, it may retard or reduce microbial penetration and 

colonisation. Microbial cell death may have occurred because of the reduced 

amount of nutrients in the small gaps resulting from the tight connection. This 

indicates that the internal connection design of the Zimmer Biomet T3 with DCD 

surface can achieve low levels of microbial leakage, even when restored with an 

aftermarket abutment.  
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The oral microbiologic status of the patient or animal may represent another 

relevant issue in relation to microbial tooth–implant translocation, with Cosyn et 

al. (2011) finding similar inter-implant flora to that detected in the peri-implant 

sulcus. In the present study, the microflora of neighbouring teeth was analysed as 

a control. No significant differences were observed between groups, and all animal 

subjects had bacteria, including periodontopathic bacteria, present. This is in 

agreement with other studies which show sheep have similar periodontal bacteria 

to humans (Frisken et al., 1989; Duncan et al., 2003). Because of the low frequency 

of detection of the named microbes at the IAI, we were unable to conduct analysis 

as to the relationship between the commensal bacterial profile on the natural teeth 

and the bacterial profile at the IAI.  

 

In the Cosyn study, the cotton pellet enclosed in the suprastructure was very 

similar to the peri-implant sulcus in terms of the amount and frequency of 

bacterial species detected. When comparing the abutment screw to the peri-

implant sulcus, most the species were less frequently found, and the total count 

was lower. This suggests that leakage may principally occur via the restorative 

margin of the screw access channel, and not via the IAI. The screw access in the 

unrestored abutments in our study was sealed with a temporary filling material – 

CavitG. Our study was not designed to assess this potential avenue of 

microleakage, and future leakage studies in the ovine model may choose to restore 

the implants with a crown prosthesis and composite to better simulate a clinical 

situation. Further research is warranted in this area.  

 

Despite the limitations of our study, it is our belief that it does add a substantial 

contribution to the knowledge of microbial leakage and sealing in original and 

aftermarket abutments. Most importantly, it allows for quantification of the 

relationship between leakage at the IAI and histological outcomes. The number of 

microbial species (n = 4) analysed by the commercial PCR kit used in the present 
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study provides only a partial picture of the microbiologic environment around the 

implant–abutment complex. Future studies should aim to analyse as many 

microbial species as possible (not only bacteria but also viruses and other 

microorganisms) and to study the relationships between these microorganisms. 

 

 

4.2 CORRELATION BETWEEN LEAKAGE AND EXPERIMENTAL 

MEASUREMENTS 

This study found no correlation between the number of bacteria colonising the IAI 

and any of the histological, radiographic, and short-term survival outcomes. Very 

few studies have been designed to directly quantify microbial leakage at the IAI, 

and relate this to bone loss and osseointegration. Jervøe-Storm et al. (2014) carried 

out a prospective study with microbial sampling done at the intra-implant cavity 

at multiple time points. A correlation between radiographic bone loss at 25 months 

and total bacterial load (TBL) was only significant for sampling at the four-month 

visit (p = 0.007). The evaluation of single bacteria revealed a significant association 

between P. intermedia at 3 (P = 0.022), 4 (P = 0.003) and 12 months (P = 0.013) with 

bone loss at 25 months. For all other bacteria, no association with long-term bone 

loss was found at any time point. No microbial sampling was possible at 25 months 

as the crowns were cemented, but it would have been interesting to see if this result 

was maintained over a longer period. This study supports our conclusion that there 

is no relationship between TBL, Aa, Tf, Td, or Pg colonisation and bone loss. Our 

study did not assess Prevotella intermedia but its inclusion could be recommended 

in future studies. P intermedia has been detected in sheep with ovine periodontitis 

(Dreyer and Basson, 1992; Borsanelli et al., 2017; Duncan et al., 2003), but does not 

appear to be found at healthy sites (Borsanelli et al., 2017). Samples from natural 

teeth would need to be done prior to the study to assess for the presence or absence 

of P. intermedia in the sheep in future implant leakage studies.  
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A recent meta-analysis of five studies indicated a significant difference in bacterial 

count at the IAI between implants affected by peri-implantitis versus healthy peri-

implant tissues (0.387 ± 0.055; 95% CI 0.279 – 0.496) (Tallarico et al., 2017). 

Significantly higher bacterial load was identified at the IAI of implants affected by 

peri-implantitis compared to healthy implants for all gram-negative plausible 

periodontal pathogens (Pg, Td, Pi, and Fn). This relationship was not true for T. 

forsythia. Four of the five studies included in the meta-analysis were cross-

sectional studies from the same research group. Larger prospective studies with 

more participants are needed to further quantify this relationship.   

 

Most studies investigating bacterial leakage at the IAI, including ours, focus on 

microbial colonisation as the causative factor of peri-implant inflammation. This 

ignores the fact that patient susceptibility to disease is driven by the interaction of 

bacterial, host, and environmental factors. While the presence of microbial plaque 

is a crucial factor in inflammation, the progression of disease is largely dictated by 

the host response. This explains why bacteria can be present without initiating a 

response in a non-susceptible patient.  

 

Previous studies have suggested that peri-implant bone loss may be due to two 

phenomena: microbial leakage (biological) and micromovement (mechanical) at 

the implant-abutment junction (Hermann et al., 2001). This study was not 

designed to investigate any influence that micromovement had on outcomes, and 

we have not attempted to quantify the fidelity of fit or the micromotion between 

the test and control groups. There is scope for this in future research.  

 

 

4.3 EFFECT OF TIMING OF ABUTMENT PLACEMENT  

Throughout this study, no statistically significant difference was detected between 

implant survival, histological outcomes, or radiographic outcomes, based on 

whether the abutment was inserted at the time of implant placement or was 
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delayed by two months. The abutments in the transmucosal groups – while placed 

out of occlusion –  would likely be subject to some occlusal and lateral forces 

during mastication as it cannot be avoided in the continuously grazing sheep. The 

type 1 dense bone present in the sheep model means there is usually high insertion 

torque and primary stability, which is associated with improved survival despite 

loading (Ottoni et al., 2005).  

 

Multiple studies in various animal models support our findings that there is no 

difference in outcomes due to the timing of abutment placement (Gotfredsen et 

al. 1991; Ericsson et al. 1996; Abrahamsson et al. 1999; Fiorellini et al. 1999; 

Hermann et al. 2000; Hermann et al. 2000). Evidence from pre-clinical animal 

trials is also supported by a Cochrane review which shows no difference in 

prosthetic or implant failure between the submerged and the transmucosal 

protocol, although it commented that further high quality studies are needed 

(Esposito et al., 2010). A later randomised controlled trial in human patients also 

describe no difference between the submerged and transmucosal approach for 

bone loss and survival (Giacomel et al., 2017). There is overwhelming evidence that 

the timing of abutment placement does not affect outcomes significantly. In future 

studies using the sheep animal model, the experimental design can be simplified 

to include only one of these protocols. This will have the advantage of meaning 

more implants per group can be placed per sheep, improving statistical power.  

 

No difference was seen in any microbial parameters between the transmucosal and 

submerged protocols. This is in agreement with other studies which show that the 

amount of bacterial contamination depends on time, but not healing mode 

(Enkling et al., 2011). Furthermore, a recent meta-analysis also supports the 

conclusion that there is no difference in microbial colonisation between 

submerged and transmucosal implants (Tallarico et al., 2017). In vitro studies show 

that implants under dynamic load exhibit more bacterial leakage than non-loaded 

implants (do Nascimento et al., 2015). Despite the transmucosal implants being 
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exposed to potentially more loading forces for two months more than the 

submerged implants, there was no difference in TBL at four months in our study. 

This may indicate that leakage results from in vitro results cannot be directly 

correlated to an in vivo environment, or that the loading forces were too small to 

directly influence microbial leakage.  

 

4.4 CONCLUSIONS 

1. There was no apparent relationship between microbial leakage / bacterial 

colonisation and implant outcomes. 

2. There was no apparent relationship between the brand of abutment and 

quantity / type of bacterial species colonising the IAI.  

3. Timing of abutment placement had no effect on the implant parameters 

assessed or microbial leakage. 

4. Periapical radiographs slightly underestimate true bone loss, but can be 

considered a reliably accurate substitute for histological bone levels at 

interim time points.   

5. Further studies with a larger sample size are required to draw any definitive 

conclusions. 

6. The sheep model, with naturally occurring periodontal disease and the 

commensal presence of periodontal pathogens, has potential for 

experimental studies on peri-implant disease. 

 

Despite its limitations, the present study provides a contribution to the knowledge 

of microbiologic leakage associated with different abutment systems. While this 

study demonstrated an intriguing trend towards more favourable histological and 

survival outcomes in the OEM group compared to the AM group, the statistical 

analysis was complicated by the number of groups and higher-than-expected 

failure rate of the implants. While there does not appear to be a difference in 

microbial leakage between the AM and OEM abutments, the applicability of these 

results to a clinical situation need further consideration and investigation.   
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4.4.1 Recommendations for future research 

The presence of periopathogenic bacteria is something that humans and sheep 

have in common. This has significant implications for further bacterial leakage 

studies in this model, which have yet to be performed. Future research could 

include the restoration of implants with superstructures fabricated to better 

simulate a clinical situation. The option of splinting the implants to reduce 

micromotion and improve occlusal forces could be considered.    

 

While this study has suggested that there may be a difference in outcomes using 

aftermarket abutments, it comes with limitations inherent to all animal studies. 

Even a larger animal study is not likely to contribute significantly more 

information. There exists a need for prospective human clinical trials to confirm 

findings from animal studies. This would provide further clinical relevance of the 

relationship between abutment choice and leakage, and more importantly, the 

resulting hard and soft tissue outcomes. The biomechanical stresses and strains 

between an aftermarket and an original abutment should also be further explored, 

with evidence emerging in the literature that third party components can cause 

complications due to fatigue, screw loosening, and implant fracture.  
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Chapter 6: Appendices 

APPENDIX 1: MEASUREMENT DATA 

 

Appendix 1.1: Clinical measurements 

 

Table 6.1 Implant failures by sheep, position, and experimental group 

SHEEP LEFT 

ANTERIOR 
LEFT MIDDLE 

LEFT 

POSTERIOR 

RIGHT 

ANTERIOR 

RIGHT 

MIDDLE 

RIGHT 

POSTERIOR 
TOTAL 

397 A (fail) B C D (fail) E F 2/6 

398 B C D E F A 0/6 

399 A (fail) B C D (fail) E F 2/6 

401 D (fail) E F A (fail) B (fail) C (fail) 4/6 

402 F (fail) A (fail) B C (fail) D (fail) E 4/6 

403 E F A B C D 0/6 

405 E (fail) F A B (fail) C D 2/6 

406 D (fail) E (fail) F A B C 2/6 

407 F (fail) A (fail) B (fail) C (fail) D (fail) E 5/6 

408 C D E F (fail) A B 1/6 

TOTAL 7/10 3/10 1/10 7/10 3/10 1/10 22/60 
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Appendix 1.2: Histomorphometric measurements 

 

Table 6.2: Histological results for all surviving implants 

SHEEP SIDE POSITION GROUP 

% BIC 

(CORTICAL 

PASSAGE) 

% BIC  

(SHOULDER TO 

MARROW) 

% BONE DENSITY 

(CORTICAL 

PASSAGE) 

SHOULDER TO 

1ST BONE 

CONTACT (MM) 

SHOULDER TO 

SOFT TISSUE 

(MM) 

398 R P A 84.45 67.29 71.23 2.81 4.06 
403 L P A 73.96 5.12 81.08 8.16 -0.19 
405 L P A 65.48 58.31 63.65 2.49 1.19 
406 R A A 86.14 38.73 91.35 4.87 1.69 
408 R M A 80.25 68.02 71.73 2.83 1.88 
397 L M B 71.84 49.10 79.99 3.81 1.27 
398 L A B 88.13 78.73 77.52 2.29 1.62 
399 L M B 85.74 74.16 75.78 2.22 1.07 
402 L P B 89.98 34.51 85.90 6.04 2.94 
403 R A B 67.72 67.72 70.55 0.68 2.42 
406 R M B 86.09 76.79 64.57 2.51 2.46 
408 R P B 81.42 73.74 63.18 2.07 2.71 
397 L P C 38.57 38.66 48.93 1.43 0.47 
398 L M C 85.45 81.42 60.19 1.88 2.10 
399 L P C 88.27 33.57 82.95 6.19 0.44 
403 R M C 81.51 81.25 53.52 0.96 1.63 
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405 R M C 72.24 53.66 67.05 3.26 1.51 
406 R P C 84.68 53.91 63.60 4.09 1.55 
408 L A C 81.78 39.91 88.31 5.14 0.82 
398 L P D 82.22 73.88 60.58 1.80 2.14 
403 R P D 83.03 29.16 84.14 6.38 0.42 
405 R P D 59.84 36.64 61.38 4.26 0.91 
408 L M D 77.39 70.61 63.90 2.06 1.55 
397 R M E 82.33 72.31 73.40 2.21 4.26 
398 R A E 77.27 39.36 77.18 5.11 1.86 
399 R M E 69.41 54.76 70.84 2.74 0.35 
401 L M E 75.60 36.84 80.68 5.53 1.64 
402 R P E 85.90 69.60 77.77 2.74 0.87 
403 L A E 81.52 36.13 80.82 5.94 1.38 
407 R P E 61.60 58.19 74.82 1.83 1.20 
408 L P E 69.18 50.08 49.48 2.61 0.37 
397 R P F 77.89 77.89 55.44 0.90 3.53 
398 R M F 86.62 74.33 83.43 2.59 3.42 
399 R P F 76.77 38.82 69.02 4.23 0.55 
401 L P F 80.47 79.20 76.68 1.57 1.95 
403 L M w 88.76 38.87 73.42 5.02 0.51 
405 L M F 81.96 11.47 62.68 8.10 2.28 
406 L P F 80.47 17.25 85.45 7.58 1.25 
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Appendix 1.3: Radiographic measurements of bone loss (mm) 

SHEEP 
MESIAL 

2 MONTHS 

DISTAL 

2 MONTHS 

MESIAL 

4 MONTHS 

DISTAL 

2 MONTHS 

398 R P A 2.87 3.37 2.53 2.40 
403 L P A 3.73 8.21 3.19 7.91 
405 L P A 1.03 1.66 2.16 2.53 
406 R A A 4.50 4.96 4.43 5.16 
408 R M A 2.71 2.40 3.57 2.62 
397 L M B 1.34 1.79 1.76 2.17 
398 L A B 1.78 1.36 2.54 2.14 
399 L M B 3.26 2.28 3.18 2.26 
402 L P B 1.61 1.85 4.56 4.49 
403 R A B 0.71 0.51 1.12 1.24 
406 R M B 2.08 2.20 1.79 2.13 
408 R P B 1.61 1.73 2.12 1.64 
397 L P C 1.41 0.48 2.16 1.62 
398 L M C 2.26 1.25 2.88 1.63 
399 L P C 4.20 4.02 6.43 5.46 
403 R M C 1.05 1.45 2.46 1.90 
405 R M C 2.59 1.15 3.51 2.56 
406 R P C 3.65 3.63 3.73 3.85 
408 L A C 4.70 4.59 4.84 4.90 
398 L P D 2.05 1.61 2.39 1.55 
403 R P D 5.58 5.79 6.90 7.34 
405 R P D 1.87 0.88 3.53 3.02 
408 L M D 2.64 1.69 3.53 2.80 
397 R M E 2.81 2.23 1.84 1.60 
398 R A E 5.26 5.75 5.12 5.51 
399 R M E 2.09 2.53 3.33 2.97 
401 L M E 2.96 3.46 5.63 3.14 
402 R P E 2.73 1.45 3.04 2.34 
403 L A E 5.43 5.03 5.61 5.79 
407 R P E 2.08 1.70 2.06 2.19 
408 L P E 1.73 1.34 2.35 1.90 
397 R P F 0.47 1.42 0.75 1.17 
398 R M F 2.86 3.17 2.24 2.65 
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399 R P F 2.99 3.04 4.29 3.80 
401 L P F 1.82 2.28 2.42 1.87 
403 L M F 4.41 1.61 4.91 1.97 
405 L M F -0.07 0.48 0.83 1.62 
406 L P F 7.04 5.25 7.85 7.67 
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APPENDIX 2: METHODS 

Appendix 2.1 Operative details 

 

Table 6.3 List of medications used on experimental animals  

 

MEDICATION PURPOSE ROUTE DOSE 

Thiopentone 
General 

anaesthetic 
Intravenous 20mg/kg 

Halothane 
General 

anaesthetic 
Inhalation 1-2% (to effect) 

Trimethoprim Antibiotic Intramuscular 1ml/15kg 

Mepivicaine HCL 

(1:20,000 

adrenaline) 

Local anaesthetic 
Local 

infiltration 

2x 2.2ml cartridges 

around surgical site 

prior to surgery 

Bupivicaine HCL 

(1:200,000 

adrenaline) 

Local anaesthetic 
Local 

infiltration 

5ml around surgical 

site post-operatively 

Carpofen 
Anti-

inflammatory 
Intramuscular 

5ml once/day for 3 

days 

 

 

Appendix 2.2: Histology equipment 

Table 6.4 Chemical reagents used  

 

CHEMICAL REAGENT COMPANY, COUNTRY 

Xylene, C6H4(CH3)2 Ajax Finechem Pty Ltd, New Zealand 

Ethanol, C2H5OH High grade, Absolute Ethanol, 
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Thermo Fisher Scientific, USA 

10% Natural Buffered Formalin (NBF),  BioLab Ltd, New Zealand 

Methyl methacrylate 99% (MMA) Sigma Aldrich, USA 

Distilled Water (dH2O), purified via 

reverse osmosis unit, RiOS™ unit 
Millipore Intertech, USA 

Concentrated Hydrochloric acid (HCl) 100317.2500, Merck, Germany 

Di-Ammonium Oxalate Monohydrate 1.01190.1000 Merck, Germany 

Phosphate Buffered Saline (PBS) Gibco™, Invitrogen Corporation, NZ 

3,3’ diaminobenzidine (DAB) Sigma D3939, Sigma Aldrich, USA 

 

 

Table 6.5 Equipment used 

 

EQUIPMENT USED  COMPANY, COUNTRY 

Gendex dental systems Monza, Italy 

Tegra-Pol, polishing machine Struers, Ballerup, Denmark 

Silicon Carbie Paper, Grades 180-4000  Struers, Ballerup, Denmark� 

Accutom, cutting machine Struers, Ballerup Denmark 

Olympus Vanox T upright compound 

microscope 
Olympus optical co. ltd, Japan 

Image J software version 1.51i NIH, USA 

SPSS statistics software for Mac version 

23.0,  
IBM corporation, Somers, USA 
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Appendix 2.3: Histology Protocol 

 

Resin for embedding 

Ingredients� 

• Methyl methacrylate, (M55909, Sigma Aldrich, USA)� 
• Benzoyl peroxide, (517909, Sigma Aldrich, USA)� 
• Dibutylphthalate, (524980, Sigma Aldrich, USA) 
• Xylene, (Ajax Finechem Pty Ltd, New Zealand)� 

 

Method for MMA I� 

• 4 parts Methyl methacrylate� 
• 1% Benzoyl peroxide� 
• 1 Part Dibutylphthalate� 

 

Method for MMA II� 

• 4 parts Methyl methacrylate� 
• 0.5% Benzoyl peroxide� 
• 1 part Dibutylphthalate� 

 

Method for MMA III� 

• 4 parts Methyl methacrylate� 
• 1% Benzoyl peroxide� 
• 1 part Dibutylphthalate  

 

Resin embedding and staining protocol  

1. Perfused all sheep bilaterally though the carotid arteries with 1L 0.9% 
NaCl plus 1 ml heparin per side 

2. Perfused bilaterally with fresh 10% formalin (formaldehyde 4%) 1 L per 
side 

3. Dissected specimens en bloc stored in 10% Buffered Formalin until ready 
for resin embedding 

4. Radiographs* taken to help with orientation during sectioning 
5. Individual specimens cut with saw blade, each block approximately 3cm x 

1cm x 2cm 
6. Transfer specimens to ethanol in cassettes with label.  
7. Place specimens in 20% ethanol for 4 days, change solution after 2 days.  
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8. Place specimens in 40% ethanol and then 75% ethanol for 2 days each.  
9. Place specimens in 95% ethanol for 4 days, change solution after 2 days.  
10. Place specimens in 100% ethanol for 6 days, change solution every 2 days.  
11. Immerse specimens in xylene for 4 days in fume cupboard on rotating 

platform, change solution after 2 days  
12. Wash specimens in methyl methacrylate MMA monomer� 
13. Transfer specimens to MMAI for 2 days in fume cupboard on rotating 

platform.  
14. Fill glass jars to one third depth with MMAIII, and place in plastic light-

proof container part-filled with water. Leave undisturbed until set.  
15. Immerse specimens in MMAII for 2 days in fume cupboard on rotating 

platform. Place specimens in glass jars with pre-set bases and cover with 
MMAIII.  

16. Place glass jars in water bath in light-proof container, at room 
temperature. Leave undisturbed until set.   

17. Once specimen has set, fracture glass away from sample using a hammer 
18. Grind into blocks ready for sectioning  
19. Place mounted thick section on cutting machine to section 
20. Grind to thickness 90-110um  

 

Staining with MacNeal’s Tetrachrome/Toluidine Blue solution  

Solution A (supplied by Histology Unit, University of Otago, New Zealand) 

• 0.5g Methylene blue� 
• 0.8g Azur II� 
• 0.1g Methyl violet 2B  
• 250ml Methanol� 
• 250ml Glycerol� 

Mix together.  

Stir with magnetic stirrer. 

Leave for 12 hours at 50°C then 3 days at 37°C.� 

 

Solution B (supplied by Histology Unit, University of Otago, New Zealand)  

• Toluidine blue in 100ml distilled water + 1.0g borax 

 

Combine 10ml Solution A and 5ml Solution B� 

Stir and make up to 100ml using distilled water  
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Staining protocol  

1. Place slides in 20% ethanol in Coplin jar� 
2. Place in ultrasonic bath for 5 minutes.� 
3. Replace ethanol with 0.1% formic acid for 5 minutes in ultrasonic bath.� 
4. Wash with tap water.� 
5. Cover section on slide with diluted combination of Solution A+B for 5 

minutes.  
6. Rinse with distilled water for 5 minutes before air-drying overnight  
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Appendix 2.3: Microbial Analysis protocol 

 

 

  

A. Bacteria sticking to the paper point are introduced into the tube.
B. Bacteria are lysed in buffer. Nucleic acids are liberated, nucleases are inactivated.
C. The lysates are aliquoted, along with corresponding quantified standards, onto 5 binding 
membranes (one per bacterium) mounted in a blotting apparatus.
D. Lysates are filtered through the membranes. Proteins and other contaminants are washed 
away.
E. The membranes are incubated with labeled, bacterium-specific, oligonucleotide probes.
F. Excess probe is washed away. Membranes are dried. Bound label is accurately quantified. 
Bacterial numbers are calculated by comparison with the standards. 

* *
* ** **

* * **
* * **

* *

* **

OUTLINE OF IAI PADOTEST 4·5 PROCEDURE

A B

Bacteria
Nucleic acids

C
Dot blot manifold

D Probe incubation

Well

Sample

Blotting membrane

Flow-through E

F

Probe b

Probe a

Probe b

Probe a

IAI Institut für Angewandte Immunologie
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APPENDIX 3: SURGICAL PROTOCOLS 

 

Table 6.6: Distribution of experimental groups to site in mandible 

 A B C D E F Total 

Anterior 4 3 3 4 3 3 20 

Middle 3 4 3 3 4 3 20 

Posterior 3 3 4 3 3 4 20 

Total 10 10 10 10 10 10 60 
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Surgery 4: May 2015

Surgery 3: March 2015

Surgery 2: Jan 2015

Surgery 1: Nov 2014

10 Sheep

Extract 3 
mandibular 

premolars on 
each side

Biomet 3i Implant 
Placement: 6 sites 

per sheep. Baseline 
microbial sampling 

of implants

Group A and 
B cover screw 

placed and 
buried

Group A 
recieved 

Medentika 
transmucosal 

abutment

X-rays,, 
microbial 
sampling, 

and 
euthanasia 

Group B 
recieved 
Biomet 3i 

transmucosal 
abutment

X-rays, 
microbial 
sampling, 

and 
euthanasia 

Groups C and 
D Medentika 
transmucosal 

abutments

Group C

Microbial 
sampling

X-rays, 
microbial 
sampling, 

and 
euthanasia 

Group D

Undisturbed

X-rays, 
microbial 
sampling, 

and 
euthanasia 

Groups E and 
F Biomet 3i 

transmucosal 
abutments

Group E 

Microbial 
sampling

X-rays, 
microbial 
sampling, 

and 
euthanasia

Group F

Undisturbed

X-rays, 
microbial 
sampling, 

and 
euthanasia

Figure 6.1: Sequence of interventions  
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