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I. INTRODUCTION 

Statement of the Problem 

The introduction of endosseous dental implants has revolutionized dentistry. 

Missing teeth can be replaced with reliable substitutes without compromising the 

integrity of adjacent teeth. Although the survival rate of dental implants has been reported 

to be as high as 90-95%, there are still several instances where patients with 

compromised health or poor bone type(s) have experienced less than optimum successY 

In response, numerous implant technologies have been developed in an attempt to 

increase success rates. This study involves the evaluation of a novel coating for the bone

anchoring surface of the implant body. The ultimate goal for this novel implant surface 

technology is to achieve enhanced/accelerated osseointegration in order to allow a better 

prognosis for the survival of dental implants in compromised settings. 

Significance 

If the addition of this novel coating to the implant surface results m 

enhanced/accelerated osseointegration, then the overall prognosis for implants in 

1 
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situations of compromised health or poor bone qualities may also improve. This benefit 

would enable dentists to be less restrictive in their case selection for implant-retained 

restorations. 

Review of the Literature 

1. Implants 

The desire to effectively replace missing teeth presents considerable challenge. 

Skeletons from ancient civilizations show numerous attempts to "implant" substitute 

teeth in humans including carved ivory, bones, rocks, and previously extracted teeth. 3 In 

the last 50 years, or so, metals have emerged as the leading material for dental implants. 

In the 1950s, the Swedish physician Per-Ingvar Branemark made a fortuitous 

discovery that revolutionized implant dentistry. In order to microscopically view the 

microcirculation of bone during wound healing in a rat model, Dr. Branemark placed a 

small titanium framed window onto the bone of the animal. He discovered that the 

titanium frame (placed using gentle and sterile technique) became robustly integrated 

with the bone. He believed that the bone grew directly onto the titanium surface and 

named this interaction between bone and titanium "osseointegration".4 

Dr. Branemark eventually brought this technology to dentistry and introduced the 

first titanium endosseous screw-type ·dental implants. Originally, dental implants came in 

many varieties, including sub-mucosal (a titanium bar placed on top of the mandible, 
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under the periosteum and the soft tissue), transosseous (titanium bars both above and 

below the mandible connected via poles traversing the bone), and endosseous (a root

shaped post placed into the mandible or maxilla). Eventually, the endosseous implant 

became the standard for almost all dental implants.4 The success of endosseous titanium 

implants has revolutionized dentistry and dramatically changed how dentists treatment 

plan and replace missing teeth. 

A leading implant surface technology is the porous titanium oxide implant surface 

(TiUnite™, Nobel Biocare AB, Gtiteborg, Sweden; Figure 1).5 The porous oxide implant 

surface is created using anodic oxidation in a proprietary method that generates in a 

surface gradient along the implant with respect to oxide thickness and porosity. The 

resultant surface provides an environment conducive to a high level of osseointegration. 

2. Calcium Phosphate (CaP) as a Coating 

Titanium is a common, non-noble, lightweight metal that, in its native state, forms 

an active oxide layer when in contact with oxygen.6 These attributes, combined with its 

biocompatibility, make titanium a suitable material for use as a dental implant. However, 

the inability to achieve consistent osseointegration in patients with compromised health 

and in poor bone types has lead to the search for alternative implant materials and 

application of various coatings onto the titanium surface during manufacturing. Thus 

countless attempts have been made to improve upon titanium's ability to osseointegrate. 1 

Changing the surface texture or thread design of the pure titanium and adding different 
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materials to the surface, represent only a small sampling of the techniques that have been 

attempted in the quest to improve osseointegration.7 

Recent attempts to modifY the titanium surface involve biomaterials that are 

similar to bone, both in structure and composition. Calcium phosphates (CaPs) contain 

two primary constituents of mineralized bone. The hypothesis is that the introduction of 

CaPs onto the surface of the implant may aid in the initial interaction between the implant 

surface and the bone of the newly prepared implant site. Clinical and histologic studies 

suggest that a CaP coating may improve the rate and quality of osseointegration. 8-
26 

However, the long-term stability of the coating appears compromised. Often CaP 

coatings tend to break down and/or disintegrate, leaving small voids at the interface 

between the implant surface and the bone. 18
•
27

-
29 

Novel CaP coatings have been recently developed in an attempt to 

enhance/accelerate osseointegration. With the aid of nano-technology, researchers have 

fabricated coatings, which are bel.ieved to withstand the forces of application and initial 

function, to improve the rate and quality of osseointegration, and to gradually resorb 

allowing robust osseointegration between the underlying titanium implant surface and 

alveolar bone. Such coatings may also serve as a sustained delivery system for biologic 

agents such as bone morphogenetic proteins, that in addition induce de novo bone 

formation. 30
-
32 

The CaP coating evaluated in the present study is made using a proprietary 

method where the implants are exposed to media including calcium and phosphate 

chemistry. 
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The coating is very thin, approximately 0.1 mm, and follows the topography of the 

underlying porous titanium oxide implant surface, homogenously covering the implant 

surface without visible defects. The film is very porous, in the nanometer range, as seen 

from the scanning electron microscopy photomicrographs (Figure I) . 

... ~:...;.c~-m....l
Figure I. Porous titanium oxide implant surface (TiUnite™; top) and CaP-coated porous titanium oxide 
implant surface (bottom; magnification 5000x left and 20,000x right) . 
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3. Use of Rabbits for Study 

Testing the validity of novel implant technologies requires the development of 

experimental models. Researchers have used various animal models in their studies; a 

large number of recent trials have used rabbit long bone screening models.7
•

11
'
15

•
33

'
42 The 

rabbit tibial metaphysis and femoral condyle appear suitable sites for placement and 

evaluation of implant technologies. The combination of the desired cortical (tibial 

metaphysis) and trabecular (femoral condyle) bone conveniently proximated allows a 

limited, minimally invasive, surgical procedure to obtain necessary observations. 

4. Quantifying Osseointegration 

In order to quantify osseointegration, researchers had to develop testable 

parameters. Current implants are designed as screw-shaped posts that are torqued into 

bone. The implant surface is then allowed to osseointegrate. One common biomechanical 

test of the osseointegration of the implant-bone interface is a reverse torque analysis.33
-

39.43.44 Technology has been developed to quantify the amount of torque required to 

"break" the connection ( osseointegration) between an implant and bone to unscrew the 

implant. The recorded peak reverse torque yalue represents the level of osseointegration. 

Histomorphometric techniques have been developed to measure the amount of bone

implant contact. Once the portion of bone containing the implant is removed, it can be 

sectioned and viewed at high magnification, enabling quantification of the immediate 

bone-implant contact.22
•
4448 Comparing the reverse torque strength and the level of 

histological osseointegration of new implant surfaces to that of established controls, 

researchers are able to project the relative efficacy of novel implant technologies. 
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Purpose 

The purpose of this study is to evaluate whether a novel CaP surface coating will 

enhance/accelerate implant osseointegration when compared with uncoated controls. The 

parameters tested will include peak reverse torque measurment and histomorphometric 

analysis. 

Hypotheses 

Hypothesis 1: 

The CaP-coated implants will show enhanced and/or accelerated osseointegration 

over that for control, non-coated titanium implants evaluated by reverse torque analysis, 

with enhanced osseo integration demonstrating higher values of peak reverse torque. 

Hypothesis 2: 

The CaP-coated implants will show enhanced and/or accelerated osseointegration 

over that for control, non-coated titanium implants evaluated by histomorphometric 

analysis, with enhanced osseointegration demonstrating higher bone-implant contact. 
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Specific Aims 

Specific Aim 1: 

Evaluate the biomechanical strength of CaP and control implants using reverse 

torque analysis and relate these values to peri-implant bone density and bone-implant 

contact. 

Specific Aim 2: 

Histomorphometrically evaluate immediate peri-implant bone density and bone

implant contact along CaP-coated and control implants using incandescent light and 

backscatter scanning electron microscopy. 

Specific Aim 3: 

Correlate incandescent light and backscatter scanning electron microscopy 

histomorphometric evaluations of peri-implant bone density and bone-implant contact to 

identify the ability of each test parameter to provide more accurate information related to 

bone quality and content. 



II. MATERIALS AND METHODS 

Overview 

An overview of the experimental design is shown in Figure 2. The novel CaP 

coating was evaluated using a rabbit long-bone model. This model has been used 

effectively to screen implant surface technologies prior to pivotal evaluation of actual 

implant prototypes in relevant large animals models and in patients. 7
•
11

'
15

•
33

'
42 Implants 

-were placed into the tibial metaphysis and femoral condyle in 20 adult New Zealand 

White rabbits. Each animal received three CaP-coated implants in one hind leg (2 in the 

tibial metaphysis and I in the femoral condyle) and three control (similar, but uncoated) 

implants in the contralateral hind leg, for a total of six implants per animal (Figure 2). 

The animals were split into two groups of ten in order to test rate of healing. The first 

group was sacrificed at 2 and the second group at 4 weeks post-implant placement. The 

implants were removed en-bloc, one tibial implant from each hind leg was immediately 

subjected to biomechanical reverse torque analysis, whereas the remaining implants were 

processed for histomorphometric analysis. 

The sectioned implants were viewed using two different technologies. Stained 

slides were analyzed using incandescent light microscopy and immediately adjacent 

sections were subjected to analysis using backscatter scanning electron microscopy. 

Bone-implant contact (BIC), as well as bone density within (BDWT) and immediately 

9 
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outside (BDoT) the implant threads was quantified usmg each technique. These 

parameters, along .with the reverse torque analysis, served as indicators as to whether the 

test implant surface improved osseointegration over that of the non-coated, control. 
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Figure 2. Schematic of study design including assignment of animals to experimental groups (CaP = calcium 
phosphate coated implants, N =number of animals; RTA =reverse peak torque analysis). 
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Methods Description 

.. 1. Animals 

Twenty, young adult (3-month-old), male New Zealand White rabbits, mean 

weight 3.61 ± 0.1·7 kg for the 2-week group and 3.34 ± 0.15 kg for the 4-week group, 

obtained from a USDA approved vendor, were used (Appendix Tables I and 2). The 

animals were routinely inspected and acclimatized before initiation of the surgical 

protocol. Rabbits were identified by an ear tattoo showing animal ID, and were 

individually housed in stainless steel cages labeled with cards identifying study number, 

species/strain, sex, cage number, and animal ID. The cages were housed in purpose

designed rooms air-conditioned with I 0-20 air-changes/h. Temperature and relative 

humidity were monitored daily and were 22 ± 3°C and 50-60% respectively. A 12/12h 

light/dark cycle was applied. The animals had ad libitum access to water and a standard 

laboratory diet throughout the study. 

2. Implants 

Titanium porous oxide surface implants (Bri'memark System Mark III Groovy RP 

TiUnite™, 03.75 x 7 mm; Nobel Biocare AB) coated with CaP were used. Control 

implants were the same device, but without the CaP coating (Briinemark System Mark III 

Groovy RP TiUnite™, 03.75 x 7 mm; Nobel Biocare AB) (Figure 1). 
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The porous oxide implant surface is created using anodic oxidation. The implants 

are oxidized using a proprietary method that results in a surface gradient along the length 

of the implant with respect to oxide thickness and porosity. The resultant porous oxide 

surface provides an environment conducive to a high level of osseointegration.5 

The CaP coating evaluated in the present study is made using a propriety method 

where the implants are exposed to media including calcium and phosphate chemistry. 

The coating is very thin, approximately 0.1 mm, and follows the topography of the 

underlying porous titanium oxide implant surface homogenously covering the implant 

surface without visible defects. The surface pores measure in the nanometer range, as 

seen from the scanning electron microscopy photomicrographs (Figure I). 

3. Surgical Protocol 

Surgeries were performed using aseptic routines by one experienced veterinary 

surgeon (NAR) assisted by a periodontal resident (NP). General anesthesia was induced 

using ketamine/xylazine (25 mg/kg; 5 mg/kg IM); the animals were fitted with 

appropriately sized nose· cones and placed on isoflurane (2-3%) inhalation anesthesia for 

maintenance. The hind legs of the animals were shaved before delivery to the surgical 

suite. The animals were draped and the surgical areas scrubbed and disinfected using a 

4% chlorhexidine solution (Figure 3). Infiltration anesthesia (lidocaine 2%, epinephrine 

1:100,000; 0.5-1 mL/site) was used at the experimental sites. The surgical sites were 

accessed using approximately 3-cm incisions through the skin and fascia; the bone 

surfaces were exposed using an elevator. Implants were placed, following site preparation 
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using saline-cooled 2.0 and 3.0-mm twist drills followed by a screw tap. One implant was 

placed into each femoral condyle and two implants into each tibial metaphysis; implant 

placement did not interfere with the animal's movement. Thus, each animal received six 

implants, two placed into femoral and four into tibial sites. Experimental and control 

implants were alternated between left and right hind limbs. Fascia and skin were closed 

in layers using resorbable (Vicryl Rapide 5.0; Ethicon Inc, Somerville, NY, USA) and 

non-resorbable [(GORE-TEX™ Suture CV5, W.L. Gore & Associates, Inc., Flagstaff, 

AZ, USA) sutures], and using interrupted single and mattress suture techniques as 

appropriate. Depth of anesthesia was monitored by lack of response to toe pinch, lack of 

corneal reflex, and by monitoring the depth of respiration. The animals received a slow, 

constant-rate infusion of lactated Ringer's solution (I 0-20 mllkg/hr; IV) to maintain 

hydration during surgery. All anesthesia procedures were performed and monitored by 

the veterinary team. 
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Figure 3. Surgical protocol: The animal prepared for surgery (top left); incisions and flap elevation (top 
right); implant placement (lower left); and the surgical sites closed and sutured for primary intention 
healing (lower right). 
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4. Postsurgery Procedures 

A non-narcotic, non-steroidal, analgesic agent with anti-inflammatory and 

antipyretic activity (flunixin meglumine, 1.0 mg/kg, IM, BID/3 days) was administered 

for pain control. A broad-spectrum antibiotic (enrofloxacin; 5 mg/kg, IM/SQ BID/7days) 

was administered for infection control. Sutures were removed under sedation 

(buprenorphine HCI 0.02 mg/kg, acepromazine 0.5 mg/kg IM) at approximately I 0 days 

postsurgery. The veterinary team with the PI (UMEW) performed postsurgery 

monitoring. The veterinary team administered all drugs. 

5. Euthanasia 

The animals were sedated and euthanized at week 2 or 4 postsurgery, using an 

overdose of sodium pentobarbital (100 mg/kg).- At this time, tissue specimens were 

collected, fixed (1 0% buffered formalin), and processed for biomechanical and 

histomorphometric analysis. 

6. Histotechnical Preparation 

The femoral implants and one each of the tibial experimental and control implants 

were prepared for histomorphometric analysis ( 4 implants/animal x 20 animals = '80 

implants). The fixed specimens were dehydrated in a graded ethanol series using a 

dehydration system with agitation and vacuum and embedded in light-curing 

methacrylate (Technovit 7200 VCL, Kulzer, Wehrheim, Germany). The implants were 

cut in a mid-axial coronal-apical plane using the sawing-and-grinding technique (EXAKT 
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Apparatebau, Norderstedt, Germany) and subsequently ground and polished to a final 

thickness of approximately 30-40 J.lm. One central section was stained with toluidine 

blue/pyronine G and examined using both a stereomicroscope (MZ16 A, Leica, Wetzlar, 

Germany) and a light microscope (DM6000 B, Leica). The immediately adjacent central 

section was prepared for backscatter scanning electron microscopy. 

7. Backscatter Scanning Electron Microscopy 

For backscatter scanning electron microscopy, the slices with the ground sections 

were mounted on special alumina stubs with a silver containing glue (Plano GmbH, 

Wetzlar, Germany). The specimens were coated to a 6 nm thick carbon layer using a 

sputter device (Bal-Tee AG, Balzers, Liechtenstein). Eventually, the alumina stubs were 

connected to the carbon layer by two thin spurs of silver-containing glue, to avoid electric 

charging of the specimen that would interfere with evaluation. The specimens were 

evaluated using a (Supra 40VP, scanning electron microscope, Carl Zeiss NTS GmbH, 

Oberkochen, Germany) using the backscatter detector. Evaluation was performed at 20 

kV and a working distance of9 mm. 49 

8. Histomorphometric Analysis 

One masked, calibrated examiner (NP) performed the histomorphometric analysis 

using incandescent and polarized light microscopy (BX 51, Olympus America, Inc., 

Melville, NY, USA). Images were captured using a microscope-digital camera system 

(Retiga 4000R Qimaging, Burnaby, BC, Canada), and analyzed using PC-based image 

analysis software (Image-Pro Plus™, Media Cybernetic, Silver Spring, MD, USA). The 

most central section of each implant 
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was used for the light microscopy histomorphometric analysis. Back scatter scanning 

histomorphometric analysis was performed using high power electronic images of the 

immediately adjacent central section, which were assembled using imaging software 

(Adobe Creative Suite CS3; Adobe Systems Inc., San Jose, CA, (USA) and analyzed 

using the same PC-based image analysis system. The following measurements were 

recorded for either analysis (Figure 4): 

• Osseointegration: percent bone-implant contact (BIC) measured within the area of 

cortical (tibia) and trabecular (femur) resident bone. 

• Bone density wihtin the threads (BDwT): ratio bone/marrow spaces in the adjoining 

bone within the implant threads. 

• Bone density outside the threads (BDOT ): ratio bone/marrow spaces in the adjoining 

bone immediately outside the implant threads. 
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Figure 4. Histomorphometric analysis of implants. Representative section of implant processed using 
backscalter scanning electron microscopy (top left) and magnified (top right). Implant surface length 
analyzed and BIC measured (botlom left). Area of analysis for Bone Density Within the Thread (BDw1) and 
Bone Density Outside the Threads (BD01) (bollom right). 
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9. Reverse Torque Analysis 

Reverse torque analysis (RTA) was performed using the second tibial implant, 

one experimental and one control per animal (2 implants/animal x 20 animals = 40 

implants). Following sacrifice, the section of bone containing the implant of interest was 

sectioned and cleaned. The cover screw was removed, and the coupling mount attached 

(Figure 5). The mount was then connected to one arm of an torsional universal testing 

machine (55MT1-31, Instron Corporation, Grove City, PA, USA) designed to produce a 

linear increasing torque until integration failure. The bone section was coupled to the 

opposing arm and secured into a 9/16" socket with light cured composite. The rig was 

interfaced with specialized software (Partner File WC; Instron Corporation), designed to 

display all tested parameters. The peak-value before integration failure was recorded in 

units oftorque: Newton centimeters (Ncm). 
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Figure 5. Section of bone with implant removed/rom tibia (top left). Specially designed jig is at/ached to 
the implant body (top right) and loaded onto the torsional tester for analysis (lower left and right). 
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10. Statistical Analysis 

Examiner reliability for the histomorphometric evaluation was assessed using the 

Concordance Correlation Coefficient. 50
•
51 This coefficient ranges between 0 and I; the 

higher the coefficient, the greater the reliability. The concordance correlation coefficient 

for light microscopy ranged from 0.78 to 0.96 and for backscatter scanning electron 

microscopy ranged from 0.94 to 0.97, demonstrating high reliability for all parameters 

assessed. 

Summary statistics include group means and standard errors. The animal was used 

as the unit of analysis. Linear models were used to compare the experimental groups. 

Clustering of observations within animals was accounted for using appropriate variance 

estimators. Significance was set at 5% and p-values adjusted for multiple comparisons. 

Data Description 

1. Independent Variables 

The two independent variables in this study were implant coating (present versus 

absent) and date of evaluation (2 versus 4 weeks). 

2. Dependent Variables 

The dependant variables, the data collected, included: Peak reverse torque force, 

Bone density outside the threads (BDor ), Bone density inside the threads (BDwr ), and 

Osseointegration: percent bone-implant contact (BIC). 



III. RESULTS 

Clinical Observations 

Healing was generally uneventful, with no appreciable differences between the 

experimental sites. All implants remained submerged. Surgical re-entry at euthanasia 

typically revealed that the cover screws remained exposed without substantial bone 

coverage. Two animals (#I and #4) expired during implant placement surgery due to 

anesthesia complications and were not included in the results. 

Peak Reverse Torque 

The results of the reverse torque analysis are shown in Figure 6 and Appendix 

Tables 4 through 6. The mean peak reverse torque was significantly greater for the 

titanium porous oxide surface control (3 I± 3 Ncm) compared to that of the CaP implants 

(20 ± 2 Ncm) at week 2 (p = 0.002). The mean peak reverse torque increased between 

time periods to 48 ± 6 Ncm at 4 weeks for the control implants (p = 0.012) and 30 ± 4 

Ncm for the CaP implants (p = 0.030). The difference between the control and CaP 

means at week 4 was statistically significant (p = 0.046). 

23 
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Figure 6. Graphical representation of the peak reverse torque peak-force analysis following 2 and 4 weeks 
of osseointegration for implants placed into the tibial metaphysis (mean± SE peak torque in Ncm). 
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Light Microscopy Observations 

The results of the incandescent light microscopy histomorphometric analysis are 

shown in Figure 7, Appendix Figures 1 and 2, and in Appendix Tables 7 through 9. The 

histotechnical preparation of the implants placed into the femoral condyle failed for a 

majority of the specimens and thus could not be analyzed using light microscopy. 

Consequently this data is not included in the report. There were no significant differences 

in BIC, BDWT or BDoT between the control and CaP groups at 2 or 4 weeks. The BIC for 

control and CaP implants was 81.8 ± 2.8% and 75.7 ± 4.6% (p = 0.22) at 2 weeks and 

79.4 ± 2.8% and 73.5 ± 4.2% (p = 0.22) at 4 weeks respectively. The BDWT was 88.7 ± 

3.1% for control and 91.4 ± 2.3% for CaP at 2 weeks (p = 0.25) and 88.9 ± 2.1% and 84.8 

± 4.2% at 4 weeks (p = 0.33). The BDoT values were 94.1 ± 1.2% for control implants 

and 94.6 ± 1.7% for CaP at 2 weeks (p = 0.81). Implants retrieved after 4 weeks had a 

BDOT of 90.9 ± 1.5% for control and 91.6 ± 1.3% (p = 0.69) for the CaP fixtures. None of 

the light microscopy histomorphometric values parameters showed statistically 

significant differences either between implant surfaces or between observation intervals. 
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Figure 7. Graphical representation of the light microscopy histomorphometric analysis following 2 and 4 
weeks of osseointegration for implants placed into the tibial metaphysis (mean± S£ in %; BIC: bone
implant contact; BDwr: bone density within the threads; and BD01 : bone density outside the threads). 
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Backscatter Scanning Electron Microscopy Observations 

The results of the backscatter scanning electron microscopy histomorphometric 

analysis are shown in Figure 8, Appendix Figure I and 2, and Appendix Table I 0 through 

12. There were no significant differences in BIC, BOwr or BOOT between the control and 

CaP groups at 2 or 4 weeks. The BIC for control and CaP implants was 66.4 ± 2.9 and 

61.5 ± 5.1% (p = 0.45) at 2 weeks and 60.1 ± 4.2% and 53.3 ± 4.6% (p = 0.1 8) at 4 

weeks, respectively. The BOwrwas 69.2 ± 1.7% for control and 71.7 ± 1.8 for CaP at 2 

weeks (p = 0.21) and 55.1 ± 4.2% and 61.3 ± 1.9% at 4 weeks (p = 0.21). The BOoT 

values were 80.2 ± 2.3% for control implants and 80.6 ± 1.2% for CaP at 2 weeks (p = 

0.88). Implants retrieved after 4 weeks had a BOoT of 74.9 ± 1.5% for control and 78.7 ± 

1.8% (p = 0.16) for the CaP fixtures. The only statistically significant difference found 

was in BOwr between 2 and at 4 weeks. This finding was true Jor both the control and the 

CaP implants. The control implants exhibited a change in BOwT from 69.2 ± 1.7% at 2 

weeks to 55.1 ± 4.2% at 4 weeks (p = 0.006). The CaP-coated implants also exhibited a 

significant drop in BOwT between the time periods, from 71.7 ± 1.8% to 61.3 ± 1.9% (p = 

0.001). 
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Figure 8. Graphical representation of the backscatter scanning electron microscopy histomorphometric 
analysis following 2 and .J weeks of osseo integration f or implants placed into the tibial metaphysis (mean ± 
SE in %; BIC: bone-implant contact; BDw1: bone density within the threads: and BD07 : bone density 
outside the threads). 
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Concordance Light Microscopy to Backscatter Scanning Electron Microscopy 

Observations 

A high degree of discrepancy was observed between light and backscatter 

scanning electron microscopy recordings of BIC, BDWT, or BDoT (Appendix Table 13). 

The concordance coefficient ranged between 0.07 and 0.18, showing a low degree of 

agreement between light and backscatter scanning electron microscopy. Likewise the 

correlation between analysis methods was weak ranging between 0.23 and 0 .31. 

Compared to backscatter scanning electron microscopy, light microscopy consistently 

yielded higher estimates of BIC, BDwT, or BDoT (Appendix Figures 3 through 5), and 

these significant differences ranged between 14% and 24%. 



IV. DISCUSSION 

The purpose of this study was to test the hypothesis that a novel CaP-coating will 

enhance/accelerate dental implant osseointegration as compared to an uncoated titanium 

porous oxide implant surface using biomechanical reverse torque and histomorphometric 

analysis of implants placed into the rabbit proximal tibial metaphysis and femoral 

condyle following 2 and 4 weeks of osseointegration. As the histotechnical preparation of 

the femoral specimens failed, the analysis was restricted to implants placed into the tibial 

metaphysis. Biomechanical and histological comparisons of the titanium porous oxide 

and the CaP-coated implant surfaces following either observation interval yielded small 

mostly statistically non-significant differences. 

The mean peak reverse torque was significantly greater for the titanium porous 

oxide surface control compared to that of the CaP-coated surface approximating 31 vs. 20 

Ncm at week 2 and 48 vs. 30 Ncm at week 4; Peak reverse torque values in the 20-40 

Ncm range are consistent with those of previous studies also using the rabbit tibia model 

and 2- to 6-week observation intervals.48
•
52 Whilst others have shown greater reverse 

torque strength for CaP-coated implants compared to control, this study showed the 

opposite.43 Discrepancies in .outcomes between studies might be attributed to the fact that 

earlier studies comparing titanium and CaP-coated implant surfaces used relatively 

smooth, machined titanium surfaces rather than the considerably rougher titanium 

porous-oxide micro-textured control surface used herein.43 

30 
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The light microscopy histomorphometric analysis including BI C, BDwT, and 

BDoT failed to reveal any statistically significant differences between CaP-coated and 

control implants at either observation interval. This finding is consistent with previous 

studies, suggesting that surface topography may be more important than chemical 

composition of the implant surface, at least during the very early stages of 

osseointegration. 9·
19 In contrast, as discussed above, still other studies have shown 

statistically significant histomorphometric differences between CaP-coated and control 

implants, most frequently during the early stages of healing. 53
"
55 The majority of these 

observations, however, may likely be attributed to the use of control implants with 

machined, relatively smooth-surfaces rather than exhibiting a micro-textured surface such 

as in the present study. 

Similar to the light microscopic analysis, the backscatter scanning electron 

analysis, did not reveal any significant or meaningful differences in BIC, BDwT, and 

BDoT between CaP-coated and un-coated titanium porous oxide control implant surfaces 

following 2 and 4 weeks of osseointegration. The values for all three histologic 

parameters were consistently lower when analyzed using backscatter scanning electron 

microscopy as compared to light microscopy. This finding is most likely a result of the 

improved contrast generated in the backscatter scanning electron microscopy 

photomicrographs. Histologic specimens viewed using light microscopy are, at times, 

difficult to analyze due to the poor contrast in stains and shades used in histotechnical 

preparation. The backscatter scanning electron microscopy technology avoids these 

pitfalls by presenting calcified and non- calcified structures as either grey or black. 
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This difference removes diagnostic ambivalence, "areas of grey", and makes for an 

expedient, faster, and likely more accurate analysis. 

The improved contrast of the backscatter scanning electron microscopy as 

compared to the light microscopy analysis is perhaps best displayed by the difference in 

BDwT at 2 and 4 weeks in both surfaces. When viewed using backscatter scanning 

electron microscopy technology, the control implant surface realized a statistically 

significant mean reduction in bone density within the implant threads from approximately 

69% at 2 weeks to 55% at 4 weeks. This significant reduction in bone density was also 

·seen at the test implants, using backscatter scanning electron microscopy approximating 

71% at 2 weeks and 61% 4 weeks. These results are consistent with the healing process 

of titanium dental implants. Previous studies have shown that during the process of 

osseointegration, bone remodeling at the implant surface often peaks on or around the 41
h 

week post-implantation.6 This remodeling results in decreased bone density within the 

implant threads as resident bone is resorbed and the newly formed bone matrix at the 

implant interface has not yet calcified. This small, yet meaningful difference is apparently 

not detected by light microscopy, perhaps shedding light on one of the limitations 

inherent to this analysis. 

The CaP-coating in this study did not significantly alter the performance of the 

uncoated titanium porous oxide control surface; differences between the surfaces were 

minimal. The only statistically significant differences between the two groups were peak 

reverse torque values at 2 and 4 weeks, in favor of the uncoated control. The equivalence 
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between the CaP coated and uncoated control devices points to the unobtrusiveness of the 

CaP coating. The novel CaP-coating did not deter from the favorable characteristics of 

the 

titanium porous oxide control surface and may thus serve other purposes. Recent studies 

have used the titanium porous oxide surface as a vehicle to deliver bone morphogenetic 

proteins in support of local bone formation and osseointegration.30
•
31

•
56

'
62 The CaP

coating may add to this surface performance similarly, as has been considered for a 

phosphorylcholine coating,48 and serve as a delivery system, further enhancing this 

emerging biotechnology in the form of a dental implant that controls its immediate 

osseous environment. 



0 

V.SUMMARY 

The CaP coated implants exhibited reduced peak reverse torque strength as 

compared to the control implants at 2 and 4 weeks postsurgery. Although the 

differences between the CaP coated and control Sl!rfaces were statistically 

significant, they may not be considered clinically relevant. 

o No significant differences were found between the CaP coated and control 

surfaces for any of the histological parameters tested (BIC, BDwr, BDor) at either 

observation interval. This finding was true for both methods of evaluation, light 

microscopy and backscatter scanning electron microscopy. 

o Histologic analysis using light microscopy and backscatter scanning electron 

microscopy yielded statistically different results. The values for backscatter 

scanning electron microscopy analysis were consistently lower than that of the 

light microscopy. The concordance analysis shows that the two data sets 

consistently followed a similar trend, however. 

34 



VI. CONCLUSION 

The novel CaP implant surface tested in a rabbit tibia model performed similarly 

to the control surface evaluated. Biomechanical and histomorphometric analysis show 

that the two surfaces are highly comparable. The control, porous titanium oxide, 

implant surface represents one leading current surface technology. The addition of the 

CaP coating to this surface may improve its clinical performance in compromised 

situations. Previous studies have shown limited long-term benefits derived from the 

addition of CaP to the surface of dental implants. More recently, research has turned 

to the addition of biologics in attempts to add osteoinductive properties to the implant 

bone-anchoring surface. This novel CaP surface may serve as a vehicle for delivery of 

such biologics. The comparable performance of the two surfaces opens the door for 

further study on variations of the novel CaP surface "to include the addition of biologic 

osteoinductive technologies. 
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Tables 

Af!J!.endix Table 1. Flow chart o[_study LAPCR 4/06: Study on Surface-Modified Titanium Imp_! ants in Rabbits. 

Group 
Animal Treatment Treatment 

Surgery 
Sacrifice/Reverse 

ID Left Right Torgue Anal~sis 
4w I I 0/31 (Thomsen) Exp during surgery 

4w 2 CaP Control I 0/31 (Thomsen) 11128 

4w 3 CaP Control 11/2 11/30 

4w 4 11/2 Exp during surgery 

4w 5 Control CaP 11/2 11130 

4w 6 CaP Control 11/6 12/5 

4w 7 CaP Control 11/14 12/12 

4w 8 Control CaP 11114 12/12 

4w 9 Control CaP 11/14 12/12 

4w 10 CaP Control 11/16 12/14 

4w II CaP Control 11/16 12/14 

2w 12 Control CaP 11116 11130 

2w 13 Control CaP 11117 12/1 

2w 14 CaP Control 11/17 12/1 

2w 15 CaP Control 11117 12/1 

2w 16 Control CaP 11/28 12/12 

2w 17 Control CaP 11/28 12/12 

2w 18 CaP Control 11/28 12/12 

2w 19 CaP Control 11/30 12/14 

2w 20 Control CaP 11/30 12/14 
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Appendix Table 2. Individual anima/weights and group mean(± SD) in kg at surgery and at sacrifice. 
week2. . 

Anima!ID Weight at surgery 

12 3.8 

13 3.4 

14 3.4 

15 3.5 

16 3.8 

17 3.9 

18 3.6 

19 3.6 

20 3.6 

Group mean± SD 3.6±0.2 

Appendix Table 3. Individual anima/weights and group mean (± SD) in kg at surgery and at sacrifice, 
week 4. 

Animal ID Weight at surgery 
2 3.3 

3 3.3 

5 3.1 

6 3.4 

7 3.4 

8 3.3 

9 3.3 

10 3.7 

11 3.4 

Group mean± SD 3.3 ± 0.2 



Appendix Table 4. Individual and group mean (± SE) peak reverse torque in Ncm for animals 
sacrificed week 2. 

Animal ID 

12 
13 
14 

15 

16 

17 

18 

19 

20 

Group mean ± SE 

Control 
40.9 

28.7 
32.9 

35.0 

27.2 

31.3 

32.4 

39.1 

15.6 

31.4±2.5 

CaP 
24.9 
27.7 

16.2 
19.1 

I 1.2 

16.7 

19.8 

27.7 

20.0 

20.4 ± 1.8 

Appendix Table 5. Individual and group mean (± SE) reverse torque peak-force in Ncm for animals 
sacrificed week 4. 

Aniinal ID Control CaP 

2 38.8 22.9 
3 54.4 24.4 
5 74.0 28.2 
6 25.3 57.3 
7 69.5 35.1 
8 29.7 32.2 
9 52.3 24.1 
10 44.7 28.2 
11 46.8 20.0 

Group mean± SE 48.4 ± 5.5 30.3 ±3.9 
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Appendix Table 6. Results of the reverse torque force analysis following 2 and 4 weeks of osseointegration 
for implants placed into the tibial metaphysis (mean± SE peak-force in Ncm). 

Control CaP 

Week2 
Week4 

31.4 ± 2.5 20.4 ± 1.8 

48.4 ± 5.5 30.3 ± 3.9 

p-value 0.012** 0.030** 
• dependent comparison (same animal) 
** independent comparison (different animal) 

p-value 

0.002* 

0.046* 
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Appendix Table 7. Individual and group mean (± SE) scores for the light microscopy histomorphometric 
analysis for animals sacrificed week 2 (BIC: bone-implant contact; BDwr: bone density within the threads; 
and BD0 r: bone densiiJ!. outside the threads in %2. 

Animal BIC BDwr BDOT 

ID Control CaP Control CaP Control CaP 

12 83.1 78.0 83.1 95.0 86.0 91.3 

13 83.1 81.5 91.1 89.3 83.6 91.1 

14 70.1 56.0 94.3 91.1 93.5 94.9 

15 87.2 84.2 93.9 91.5 95.6 91.5 

16 70.3 70.4 83.0 83.5 87.2 90.6 

17 71.2 85.2 77.1 74.9 90.4 91.4 

18 91.3 83.1 97.5 87.6 97.6 87.1 

19 86.8 48.7 88.8 68.0 90.2 86.9 

20 72.0 74.9 91.5 99.1 93.6 99.9 

Mean±SE 81.8 ± 2.8 75.7 ± 4.6 88.7 ± 3.1 91.4 ± 2.3 94.1 ± 1.2 94.6 ± 1.7 

Appendix Table 8. Individual and group mean (± SE) scores for the light microscopy histomorphometric 
analysis for animals sacrificed week 4 (BIC: bone-implant contact; BDwr: bone density within the threads; 
and BDor: bone densiiJ!. outside the threads in %2. 

Animal BIC BDwr BDoT 

ID Control CaP Control CaP Control CaP 

2 85.3 46.5 73.2 87.6 88.4 96.4 

3 70.9 60.0 90.8 96.7 97.4 98.7 

5 93.6 79.9 98.1 98.0 97.7 98.3 

6 75.0 71.9 93.1 96.2 92.4 93.3 

7 75.1 86.4 90.1 92.2 91.4 88.9 

8 72.8 76.6 72.4 76.6 90.0 97.2 

9 86.0 85.5 89.0 93.2 96.7 98.0 

10 92.4 91.3 95.4 97.4 94.4 84.0 

11 85.0 82.8 96.4 84.5 98.4 96.4 

Mean±SE 79.4 ± 2.8 73.5 ± 0.2 88.9 ± 2.1 84.8 ± 4.2 90.9 ± 1.5 91.6 ± 1.3 
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Appendix Table 9. Results of the light microscopy histomorphometric analysis following 2 and 4 weeks of 
osseointegration for implants placed into the tibial metaphysis (mean ± SE in %; BIC: bone-implant 
contact; BDwr: bone density within the threads; and BD0 r: bone density outside the threads). 
' Control CaP p-value 

BIC week 2 81.8 ± 2.8 75.7 ± 4.6 0.22 

week 4 79.4 ± 2.8 73.5 ± 4.2 0.22 

p-value 0.56 0.74 

BDwr week2 88.7±3.1 91.4 ± 2.3 0.25 

week4 88.9 ± 2.1 84.8 ±4.2 0.33 

p-value 0.96 0.19 

BDor week2 94.1 ± 1.2 94.6 ± 1.7 0.81 

week4 90.9 ± 1.5 91.6 ± 1.3 0.69 

p-value 0.11 0.18 

Appendix Table 10. Individual and group mean (± SE) scores for the backscaner scanning· electron 
microscopy histomorphometric analysis for animals sacrificed week 2 (BIC: bone-implant contact; BDwr: 
bone densi!J!. within the threads; and BDor: bone densi!J!. outside the threads in %2. 
' Animal BIC BDwr BDor 

ID Control CaP Control CaP Control CaP 
12 59.7 54.8 57.2 67.9 70.6 85.2 
13 67.6 73.5 54.7 56.7 72.5 75.7 
14 58.7 48.4 65.2 58.8 78.3 73.7 
15 66.6 74.5 60.6 60.8 72.4 76.1 

16 46.5 30.5 26.5 59.9 70.0 83.5 
17 56.4 41.7 45.4 59.1 73.0 84.7 
18 38.4 50.8 70.8 51.6 79.9 71.8 
19 63.7 59.3 53.0 67.0 73.7 74.0 
20 83.7 46.2 62.6 69.9 83.7 83.5 

Mean± SE 66.4 ±2.9 61.5 ± 5.1 69.8 ± 1.7 71.7 ± 1.8 80.2 ± 2.3 80.6 ± 1.2 
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Appendix Table II. Individual and group mean (± SE) scores for the backscatter scanning electron 
microscopy histomorphometric analysis for animals sacrificed week 4 (B/C: bone-implant contact; BDwr: 
bone densit;y_ within the threads; and BD0 r: bone densit;y_ outside the threads in %). 

Animal BIC BOwr BOoT 
ID Control CaP Control CaP Control CaP 

2 66.9 43.0 66.8 72.8 65.2 82.5 

3 49.7 58.6 71.0 81.3 81.4 84.4 

5 71.5 67.2 72.9 61.0 88.8 78.3 

6 71.9 34.0 67.1 68.5 79.9 80.7 

7 72.8 74.8 76.3 69.9 84.3 82.3 

8 60.7 83.4 62.4 73.8 73.0 81.5 

9 76.5 68.0 68.9 75.3 85.5 82.5 

10 71.7 54.6 74.9 69.3 82.8 71.6 

II 55.7 70.3 62.0 72.8 81.4 82.5 

Mean± SE 60.1 ± 4.2 53.3 ± 4.6 55.1 ± 4.2 61.3 ± 1.9 74.9 ± 1.5 78.7 ± 1.8 

Appendix Table 12. Results of the backscatter scanning electron microscopy histomorphometric analysis 
following 2 and 4 weeks of osseointegration for implants placed into the tibial metaphysis (mean ± SE in 
%; BIC: bone-implant contact; BDwr: bone density within the threads; and BDor: bone density outside the 
threads. 

Control CaP p-value 

BIC week2 66.4 ±2.9 61.5±5.1 0.45 

week4 60.1 ±4.2 53.3 ±4.6 0.18 

p-value 0.24 0.25 

BOwr week2 69.2± 1.7 71.7 ± 1.8 0.21 

week4 55.1 ± 4.2 61.3 ± 1.9 0.21 

p-value 0.006* 0.001* 

BOoT week2 80.2 ±2.3 80.6 ± 1.2 0.88 

week4 74.9± 1.5 78.7 ± 1.8 0.16 

p-value O.o7 0.38 
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Appendix Table 13. Overall estimates, mean difference, Pearson's coefficient, and concordance 
correlation coefficient (CCC) for light microscopy (LM) and backscatter scanning electron microscopy 
(BEM). 

LM BEM Mean Pearson CCC 

BIC (%) 77.6 =2.1 60.3 =2.4 17.3 * 2.5** 0.31 •• 0.19** 

BDwr 88.4 ± 1.9 64.6 * 1.9 23.8 ±2.2** 0.29* 0.10* 
/'R,/ \ 

BOor 92.8 * 0.8 78.6 ± 0.9 14.2 ± 0.7** 0.23 O.o7 
• p<0.05; ** p< 0.01 
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Figures 

Appendix Figure I. Light microscopy and backscatter scanning electron microscopy photomicrographs 
f rom the 2-week observation. 

#12 Control 

#13 Control #13 CaP 

#14 Control #14 CaP 
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#16 Control #16 CaP 

#17 Control #17 CaP 
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#18 Control #18CaP 

#19 Control 

#20 Control #20CaP 
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Appendix Figure 2. Liglrt microscopy and backscatter scanning electron microscopy plrotomicrograplrs 
from the 4-week observation. 
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#8 Control #8CaP 
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#9 Control #9CaP 

• 

#1 1 Control #11 CaP 
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Appendix Figure 3. Scalier plot of bone contact 
estimates as measured from light microscopy (LM) and 
baclcscatler electron microscopy (BEM) 
photomicrographs. The blue diagonal line represents the 
line of perfect concordance where all dots should fall if 
both methods were in agreement. The red line represents 
the actual central tendency of the data indicating the 
degree and direction of discrepancy between methods. 

Appendix Figure 4. Scalier plot of bone density inside the 
threads estimates as measured from light microscopy 
(LM) and backscatter electron microscopy (BEM) 
photomicrographs. The blue diagonal line represents the 
line of perfect concordance where all dots should fall if 
both methods were in agreement. The red line represents 
the actual central tendency of the data indicating the 
degree and direction of discrepa11cy between methods. 

Appendix Figure 5. Scalier plot of bone density 
outside the threads estimates as measured from light 
microscopy (LM) and baclcscatter electron 
microscopy (BEM) photomicrographs. The blue 
diagonal line represents the line of perfect 
concordance where all dots should fall if both 
methods were in agreement. The red fine represents 
the actual central tendency of the data indicating the 
degree and direction of discrepancy between 
methods. 
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