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The purpose of this study was to compare the healing responses, after two weeks 

of implantation, between porous-nufaced Ti-6Ai-4V implants as controls and the same 

implant design with a subrnicron (0.3-0.5 pm) layer of calcium phosphate (Ca-P) applied 

to the implant surface using the sol-gel technique. Seventeen rabbits were used in three 

experiments. In Experiment 1 ,the proximal end of the rîght tibia in 10 rabbits received 

two transcortical implants, one Ca-P-coated and one control. In Experiment II, one of 

each implant type was placed into either the right or left tibia of 6 rabbits. Only 1 rabbit 

was used in Experiment III where one Ca-P-coated implant was installed in each of the 

left and right tibiae. Backscattered scanning electron microscopy and a Bioquant Image 

Analysis cornputer soAware package were used to analyze absolute bone contact length 

(ACL), contact length fkaction (CLF), straight Iine endosteal bone growth (SLBG), 

absolute bone ingrowth area (ABIA), and bone ingrowth fraction (BIF). The results were 

submitted to Repeated Measures ANOVA. In Experiment 1, ACL, CLF, & ABIA for Ca- 

P-coated implants were signifkantly greater than for control implants (pc0.05); however, 

SLBG & B E  differences were not significantiy different @>O.OS). In Experiment II, 

ACL, CLF & SLBG for the Ca-P-coated group were significantiy greater than for the 

control group and there were no significant differences in the ABIA & BIF values. When 

both group I & II were combined, the resdts were similar to that of group II. Freeze- 

hctured SEM investigation of the specimens in Experiment III (35X to 20,000X) 

reveaied woven bone closely adapted to the neck regions between intercomecting 

sphencal particles of the sintered porous surface zone for the Ca-P-coated implant with 

the "cernent layer" clearly visible. The sol-gel Ca-P layer was often about 1 pm thick on 



the implant surface and thicker in the neck regions (in excess of 1.5 CM). This Ca-P layer, 

being thicker than the intended 0.3 Fm, often resulted in surface cracking and 

delamination in the neck regions. When the extent of bone ingrowth into the neck 

regions of both implant types in Experiments 1 & II were investigated, the Ca-Pcoated 

implants exhibited sigoificantiy @ < 0.0001) greater bone ingrowth into these neck 

regions than the control implants suggesùng a superior three-dimensional bone / implant 

interlock. The slight differences between group I & II sumzest the need for M e r  

investigation includine a thorough characterization of the sol-gel coating. Nevertbeless, 

the results indicate that an ultrathin laver of Ca-P may be capable of ~romotine; 

osteoconduction and the sol-gel technicrue of Ca-P a~~lication is suitable for Dorous- 

surfaced imdant without occluding the pores. 



1) INTRODUCTION 

Bone-interfacing implants made from titanium alloy (Ti-6AI-4V) or other metals, 

and having a porous surface geometry comprised of a multilayer of spherical particles of 

the same metal have been used successfully to replace both damaged joint structures and 

loa tooth roots (Pilliar 1987, 1990 b; Deporter et al. 1996). If the particle size range is 

appropnate (45 to 150 pm) the resultiag surface coat is characterized by a 35% volume 

porosity with "pores", or spaces between adjacent particles, in the size range 50 pm to 

200 p7 a condition favouriog bone ingrowih (Bobyn et al. 1980). As a consequence of 

this bone ingrowth, the implant becomes securely fixed or "osseointegrated" by means of 

a 3-dimensional mechanical interiocking of bone within the porous surface zone 

(Deporter et al. 1990; Pilliar et al. 1991 a). Another advantage of the surface 

configuration of this porous surface-stmctured implant is that it promotes 

osteoconductivity when compared to implants with an electropolished surface (Dziedzic 

et al. 1994) and therefore, at least in the case of dental implants, favoured shorter initial 

healing intervais (e.g. 4 months in the maxilla as opposed to the recomrnended 6 months 

for threaded implants with a machined surface finish) and successfid implant installation 

in bone of low density as ofien occurs in the maxilla (Le. Type III & IV afier Lekholrn 

and Zarb, 1985). 

Other investigatoa have reported that bone-interfacing metal implants coated 

with a calcium phosphate surface layer such as hydroxyapatite also display 

osteoconductivity (Ducheyne et al. 1980; Geesink et al. 1987; De Groot et al. 1987; 

Rivero et al. 1988; Osborn 1989; Jansen et al. 1993), accelerated initial healing 

(Ducheyne et al. 1990 a, b; Manley 1993) and in addition increased resistance to torsional 
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and puil-out forces once the implant has become osseointegrated (Cook et al. 1987, 1992 

b; Thomas et al. 1987; Rivero et al. 1988; Block et al. 1990). niere are, however, 

problems with dental implant designs that rely primarily on a calcium phosphate surface 

layer for implant &cation. These surface coatings are generally applied by the technique 

of plasma-spraying and result in rather thick surface Iayers of 30 to 100 pn that are 

retained essentidy by fiction to an underlying grit-blasted metal substrate core. They 

have a tendency to delaminate or separate at the calcium phosphate-metal substrate 

interface, and this may lead to loss of osseointegration (Filiaggi et al. 1 99 1 ; Whitehead et 

al. 1992; Delecrin et al. 199 1; De Groot et al. 1987, 1990; PiIliar et aï. 1991 b; Radin & 

Ducheyne 1992; Klein et al. 1989). Another common disadvantage of Ca-P coating (as in 

plasma-sprayed Ca-P) is the formation of amorphous Ca-P which readily undergoes 

dissolution and eventuaily leads to loss of coating thickness with tune (Radin & 

Ducheyne 1992). As well, if the calcium phosphate coating becomes exposed to the oral 

environment because of crestd bone loss adjacent to a dental implant, it is likely that a 

bacterial-induced peri-implant infection will develop leading to implant failure. This 

mechanism of failure, i.e. infection-driven, appears to be related to poor patient homecare 

and the resuitant peri-implant gingivitis (Tekeira et al- 1997), and is a late complication 

resdting in increased implant loss begiBning at times ranghg fiom two to five years of 

clinical function depending on the implant source (Wheeler 1996). Thus, it would appear 

that while the application of a calcium phosphate surface layer to a bone-interfacing 

implant may offer advantages in accelerating initial bone healing by promoting 

osteoconduction, using this layer as the main mechanism of long-term implant retention 

is not appropriate. 
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Recently a number of techniques have been developed for the production of very 

rhin (i.e. submicron in thickness) d a c e  layers of calcium phosphate onto metai 

substrates (see Pilliar and Filiaggi 1993 b for a review). The advantage of this approach is 

that a calcium phosphate surface coat may be added as a means of accelerating bony 

heaiing in relation to some other surface topography intended to act as the primary means 

of long-term implant retention. One such technique is the use of ultrathin (100 to 500 nm) 

sol-gel films formed by dipping the metal implant into a colIoidal suspension of inorganic 

particles of the necessary reagents, slowly withdrawing the coated implants vertically in a 

controlled marner, allowing the coating to dry and then anneaihg it at 400 to 1000 O C 

(Qiu et al. 1993). These investigators have found that this technique can be used to apply 

fairly uniform submicron thin surface layers of calcium phosphate to a porous-surfaced 

dental implant without obliterating the 3-dimensional porous surface geometry intended 

for primary and long-term implant fixation. In the present study the intent was to 

detemine whether the addition of this calcium phosphate layer offered any improvement 

in osteoconductivity and bone ingrowth to that already inherent in the porous sudace 

metai coat itself, the hypothesis being that if this were to be the case, the initial healing 

interval required for integration of po rous-surfaced implants might be M e r  shortened. 



The replacement of missing teeth with root-form endosseous dental implants has 

become a well accepted treatment modality in the rehabilitation of both partial and 

complete edentulism. The tem "osseointegrationyT was coined to describe the biological 

process whereby during wound healing following installation of a dental implant, bone 

tissue becomes intimately apposed to an implant surface thereby securing the implant to 

sunounding jawbone (Branemark et al. 1977). There are numerous dental implant 

designs currently available commercially, the majority being either threaded screws or 

"press-fit" , pardel-sided cylindes. The original threaded endosseous design was 

devised by Branernark and CO-workers (Branemark et al. 1969, 1977, 1985) and had a 

machined surface finish which aliowed for some micromechanical bone-to-implant 

interlock due to the presence of machinhg lines. Others have since modified this design 

concept by altering the surface finish either by means of plasma-spraying with Ti, Ti 

alloy as in the ITI TM system (Schroeder et al. 198 1, 1991) or with hydroxyapatite (de 

Groot et al. 1987; Thomas et al. 1987; Block et al. 1987, 19891, or more recently by 

etching the machined surface with HCI / HzS04 acid (Cochran et al. 1996,31 TM ). Ai1 of 

these modifications are intended to increase surface roughness and area at the bone-to- 

implant interface thus hopefully producing a more secure osseointegration through 

mechanical interlock of the apposing bone to the metal substrate and resisting vertical 

shear forces. Cylindrical press-fit designs again rely on a plasma-sprayed metal or 

hydroxyapatite surface to achieve fixation to bone (Babbush et al. 1986; Buser et al. 

1990,1991 a, b). 
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Al1 of these designs have some clinicai disadvantages. For example, the original 

Branemark design (with a machined surface nnish) relies primady on fiction for 

osseointegration or what has been calied "two-dimensional mechanical bone-implant 

adhesionY7 , dong the plane of the threads (Pilliar 1990 a), because it lacked surface 

undercuts to resist torsionai (unmewing) forces ( C m  et al. 1995, 1997). Therefore, 

rnachined threaded implant designs must be used in fairly long implant lengths and m u t  

be initidly secured by means of bicortical stabilization, i.e. the implant must engage 

cortical bone both crestdy and apically (Adell et al. 1990). It has been recommended 

that this implant device shouid be used in lengths of at least 10 mm in the mandible and 

13 mm in the maxilla in order to promote successfid integration and continued implant 

health (van Steenberghe et al. 1990). Branemark implants range in length fkom 7 to 20 

mm , and as such are the longest root-form endosseous implants currentiy in use. This 

means that many edentdous sites which may have benefited from the placement of 

implants have insmcient bone height to receive diis implant systern without nrst being 

subjected to various procedures such as Guided Bone Regeneration (Buser et al. 1994), 

sixus elevation procedures (Boyne & James 1980; Wood & Moore 1988; Kent & Block 

1989), or in the case of the posterior mandible, nerve repositioning (Jensen & Nock 1987; 

Friberg et al. 1992). Altering the design by plasma-spraying with Ti , such as has been 

done with the ITI Bone-fit implant (Schroeder et al. 1981, 1991) ailows for somewhat 

shorter (8 to 18 mm) threaded implants to be used, but again it is generaily recommended 

that where possible implant lengths of at least 10 mm be used. 

With cylindrical press-fit designs, implant lengths are normally in the range of 8 

to 16 mm thus presenthg basically the same clinical limitation as threaded designs. 

However, these designs also appear to have a Iess favourable long-term prognosis, 
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because of continued si@cant crestal bone loss and subsequent contamination of the 

plasma-sprayed metal or hydroxyapatite surface with bacteriai plaque leading to implant 

failure (Qujrnen et al. 1992; Spiekemiann et al. 1995; Block et al. 1996; Haas et al. 

1996; Wheeler, 1996). 

Since 1983 work has been conducted at the University of Toronto on the design 

and testing of a new and unique dental implant system now cded  the Endoporem 

implant system. The Endopore- implant system incorporates a tapered implant shape 

(to simulate a tooth root) machined fiom Ti alloy (Ti-6A.i-4V) and subsequently coated 

with a porous surface zone over the intended bone-interfacing suface (Piliîar 1990 b) . 

The idea for using a porous-SUrfaced dental implant came fkom earlier work in 

orthopedics. For example, a so-called porous-surfaced Co-Cr-Mo implant device was 

developed in 1969 as a cementless orthopaedic hip prosthesis (Pilliar et al. 1975) to 

overcorne the unfavourable biological and mechanical properties of bone cements 

commoniy used at the t h e  to secure such joint prostheses. Fabrication of a porous- 

surfaced bone-interfacing implant device is achieved by sintering (at 1,250 O C  and in a 

high vacuum) sphencal particles of metal (Ti alloy in the case of the Endoporem 

implant) of a known size range (diameter 45 to 1 50 pm) ont0 a solid implant core . This 

produces a pore size (i.e. spaces between adjacent particles) in the range 50 to 200 pm 

which is known to allow bone ingrowih (Bobyn et al. 1980; Pilliar 1987). The pores 

themselves occupy about 35 % to 40 % by volume of the total porous surface region 

(Pilliar 1991 a). For the Endopore" dental implant design, three layers of Ti-6Al-4V 

particles of th is  size range (overall thickness of the coat being about 0.3 mm) can be 

sintered ont0 the implant core while still maintaining overall implant dimensions (i-e. 

diameter) suitable for use in the typical residual alveolar ridge (5 mm or more in 
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buccoiinguai width), while still aüowing for sufncient buIk in the implant core to 

facilitate the attachment of the prosthetic components . Larger particle sizes (up to 500 

p, and hence greater porosity) have been successfully used in orthopaedic applications 

of porous-surfaced implants (Bobyn et al. 1980), but these larger particles if used in a 

multilayer fom would not be appropnate for dental implant application given the size 

A porous surface-stnictured endosseous dental implant device appears to offer a 

number of ciinical advantages (Deporter et al. 1996). Thus, because the sintering 

treatment results in a surface area of at least three times that of a threaded implant with a 

machined surface , porous surface-structured implants can be used with predictable 

success in shorter lengths than the conventional threaded implant design (Deporter et cil. 

1990, 1992, 1996). Other possible advantages include faster osseointegration because of 

the fact that the porous surface topography is osteoconductive (Dziecizic and Davies 

1994) and hence shorter initial heating times; greater tolerance to eariy rnicromovements 

than other implant designs (Maniatopoulos et al. 1986); and greater resistance to 

loosening due to functional forces including torquing forces because of the 3-dimensionai 

bone ingrowth (Deporter et al. 1986 a, 1988, 1990; Pilliar 1990 a). A M e r  advantage of 

porous-surfaced implant designs is that once osseointegrated they have been shown to 

provide high implant-to-bone interface shear strength. Porous-sûuctured implants had the 

highest resistance to shearing forces followed by piasma sprayed, screw threaded designs 

with textured and machiued surface finish while cylindncal "press-fit" implant designs 

with machined surface finish having the lowest shear strength (see Kohn 1992 for a 

review). The animal and hurnan dinical trial resdts supporthg these claims are reviewed 

below. 
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A) Background Information on Porous Surface-ShPctured Dental Implants 

Early studies that provided background information for the development of the 

EndoporeTM dental implant included the work of Maniatopoulos et al. (1986) using a 

dog model to study various designs of endosseous endodontic pin implants (Le. implants 

inserted into bone through existing tooth structure via the pulpal canais). The implants 

midied included smooth-surfaced rods , threaded pins with a smooth (i.e. rnachined) 

surface, and sintered porous-daced designs. Al1 implants were made functional shortly 

d e r  placement (Le. within 3 days the dogs were placed on a hard food diet), the level of 

movement being limited by the periodontal ligament of the implant-supporting teeth. 

Following at least three months of implantation I function , the porous-surfaced 

endodontic pins became rigidly fixed by bone ingrowth , while the smooth and threaded 

implants progressively Ioosened with histologie evidence of the development of fibrous 

encapsdation . This obsenred merence in sensitivity to early micro-rnovement 

suggested that a porous surface-structured dental implant design, formed by sintering 

metal particles to form the porous d a c e  region, may allow a shorter initial healing / 

integration period than threaded designs (Maniatopoulos et al. 1986; Deporter et al. 1990; 

Pilliar et al. 1993 a, 1995). 

Following this work by Maniatopoulos et al., a porous-surfaced titanium alloy 

root-form dental implant design was iniàally tested using a beagle dog model and a 

standard two-stage surgical protocol (Deporter et al. 1986 a, b, 1988). This implant had a 

tapered, tnincated-cone shape and was self-seating, thereby allowing for a tight initial 

press-fit. Histomorphornetric measurements in a b t  study in which the implants 

remained submerged and non-functional reveaied that initiai heding and bone ingrowth 
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had reached a plateau by 4 weeks with no significant Merence in bone ingrowth 

observed with implants ailowed to heal for 8 weeks (Deporter et al. 1986 a). In a second 

experiment (Deporter er al. 1988), implants were placed and allowed to heai for 4 or 8 

weeks in either the left or the right side of the mandible respectively. Following the 4 or 8 

week heaiing period, a transgingival coiiar with a porous surface region over the apical 

third was introduced at a second stage surgery. The porous surface of this transgingival 

collar was intended to encourage gingival comective tissue ingrowth and attachent. 

However, in the majority of implants (22 out of 32), the porous surface region of the 

tramgingival collar provided an excellent milieu for bacterial contamination introduced 

presumably at or following the second stage surgical procedure leading to complications 

(Deporter et al. 1988). Thus, 22 of 32 of the implants showed signs of failure within eight 

months of function with progressive peri-implant bone loss associated with large 

subgingival bacterial plaque deposits. Subsequently, the collar design was changed to 

eliminate the porow surface zone leaving the whole transgingival collar with a machined 

surface (Deporter et al. 1990, 1992, 1996; Ai-Sayyed et al. 1994; Levy et al. 1996). As 

well, the implant root component was modified so that the coronal-most 2 mm had a 

machined surface, while the remainder of the implant root component was coated with 

titanium alloy particles and sintered to fonn the porous surface structure. The implant 

was designated as  being partially porous-coated (PPC). These modifications worked 

extremely well provided that the porous surface region of the implant root segment was 

initidy fully submerged in bone (Deporter et al. 1990). Bone loss during subsequent 

implant function was limited to the machined coronal segment and this was argued to be 

due to a stress-shielding effect (Pilliar et al. 1991 a). Once the alveolar crest approached 

the machined surface-to-porous surface junction, a state of dynamic equilibrium was 
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established. This was attrïbuted to effective stress transfer fiom implant to bone across 

the bone-ingrown porous surtàce of the submerged implant root (Vaiilancourt 1994). 

Furthemore, by altering the length of the coronal machined surface zone (and hence the 

position of the smooth-to-porous surface jmction) it was possible to predictably control 

the extent of crestal bone resorption (Ai-Sayyed et al. 1994). 

In another h e  of investigation , Pilliar and co-workers (1 99 1 b) studied the effect 

on crestal bone resorption of coating the transgingival collar of the implant system with a 

plasma-sprayed hydr~xyapatite layer. In this study, the investigators cornpared crestal 

bone loss between two implant designs, one with a machined transgingival collar, as 

previously described, and the other with the collar sand-blasted and then planna-sprayed 

with calcium hydroxyapatite (HA). î h e  plasma-sprayed HA coating (20 to 50 p m  thick) 

of the implant collar resulted in significantly greater bone height retention next to the 

implants as compared with non-HA-coated implants of othenvise sirnilar design. 

Examination after sacrifice indicated that most of the thickness of the HA was lost 

through dissolution and resorption by the end of the 18 month functional penod. The 

authors speculated that the osteoconductive effect of the HA coating itself as well as the 

increased surface roughness resulted in the increased bone height retention. In situations 

where the HA undenvent resorption or dissolution, the underlying sand-blasted surface of 

the collar beneath the plasma-sprayed coating rnay have provided Nfficient surfàce 

roughness to allow enough stress transfer to retain more of the crestal bone adjacent to 

the implant than was the case with the strictly machined surface. 

Deporter et al. (1990) compared the modified, partially porous-coated (PPC) 

titanium alloy implant design with a threaded implant design made nom commercially 

pure (CP) titanium. During an 18 month fünctional period, the sintered porous-surfaced 
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implants performed as well as the threaded controls. However, morphometric 

assessments of bone-to-implant contact revealed a higher bone-to-implant d a c e  contact 

per unit length of implant with the prous-surfaced design, suggesting that shorter 

implant lengths could be used with this design. This was later verifîed in humans 

(Deporter et al. 1992, 1996). This interesthg observation is believed to be due to two 

factors: i) the available surface area of the porous-surfaced dental implant is at lean three 

times that of the surface area of a threaded implant of a similar overall length and with a 

machined surface finish and ü) the healing response within the 3-dimensional 

htercomected openings provided by the porous surface region (Pilliar 1990 b & personal 

communication). 

Using the same animal mode1 and similar porous-surfaced implant designs , Levy 

et al. (1 996) compared the traditional two-stage surgical approach with a single-stage 

(non-submerged) technique. On one side of the mandible of each of 4 dogs the traditional 

two-stage implant placement surgery with a porous surface-structured implant root design 

(PPC) and a 0.75 mm coronal machined collar (Al-Sayyed et aL 1994) were used. On the 

contralateral side of each animal a single-stage surgical approach was employed and for 

this the implant root component was modified M e r  to have a 3 mm (rather than a 0.75 

mm) coronal macbed  collar permitting it to be exposed to the oral cavity from the 

outset. Histological and histornorphometric analyses conducted at six weeks following 

implantation revealed that both Unplant designs became osseointegrated except with one 

animai where there were post-surgical complications. The bone-to-implant contact 

(absolute bone contact length and contact length hction) was significantly greater for the 

traditional two-stage (submerged) approach, suggesting that bone healing may have been 

delayed with the one-stage (non-submerged) technique. However, as both methods of 
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implant placement resulted in osseointegration &er six weeks of initial healing (in beagle 

dogs) the authoa conciuded that one-stage placement was a possibility with porous- 

surfaced implant designs provided that extreme care is taken during surgery with soft 

tissue manipulation and primary wound closure. 

B) Background on Calcium Phosphate Coatings for Use with Bone-Interfacing Implants 

Calcium phosphate coating s for bone-interfacing implant devices have been 

investigated for orthopaedic and dental applications since the early 1970's (Hulbert et al. 

1987). An original intention for such coating was to improve the long-tem 

biocompatibility of metallic implants , especially Co-Cr and stainless steel-based 

systems, by establishing a barrier coating to inhibit corrosion and associated metal ion 

release by the metallic substrate in vivo (Brossa et al. 1987; Buchanan et al. 1987; 

Wisbey et al. 1987; Sella et ai. 199 1 ; Shirkhanzadeh 1992). 

Calcium phosphate (Ca-P) is a general term used for synthetic bioactive ceramics 

of various calcium and phosphate ratios and of various crystalline structures approaching 

that of the natud hydroxyapatite of bone with the chemicd composition 

Caio(PO&(OH)z. The term Ca-P includes, but is not limited to, hydroxyapatite (HA), 

arnorphous Ca-P, tricalcium phosphate (TCP) and monocalcium phosphate (MCP). These 

materials are said to be "bioactive" because they are thought to have the ability to 

facilitate the formation of a direct physicochemical bond between heaiing bone maûix and 

implant surfaces (Hench et al. 1971, Driskell et al- 1973; Ricci et al. 1989, 1991; 

Ducheyne et al. 1992; Williams et al. 1992). The bonding zone between a synthetic Ca-P 

layer and bone is thought to contain a calcium-and- phos phate-rkh proteinacious Lay er 



15 

which subsequently mineralizes into hydroxyapatite and mediates the bonduig of the 

implant to bone (Jarcho 198 1 ; Cormack 1987). The formation of this bonding zone is 

generally believed to involve a partial degradation of the hydroxyapatite surface, foliowed 

by secon&ry nucleation, epitaxial crystai growth and / or reprecipitation (Daculsi er al. 

1990 a; LeGeros et al. 199 1, 1992; Bonfield et al. 199 1 ) .  Jarcho er al. (1 977, 198 1) were 

the first to describe an amorphous bonding zone, approximately 0.2 pm wide, at the 

interface between bone tissue and a dense hydroxyapatite ceramic. Other investigators 

have since dernonstrated a similar amorphous or granuiar zone, collagen-fiee electron 

dense layer interposed between the bone tissue and hydroxyapatite ranging fiom 

submicron (0.2 to 0.5 p) thickness (van Rlitterswijk et al. 1985, 1986; Ganeles et al- 

1985; de Lange et al. 1987, 1989, 1990) to l p  wide (Denissen et al. 1980; Frank et al. 

1991). This "cernent layer" as the means for Ca-P and bone tissue integration via a 

chernical bonding mechanism (ionic or covalent) is still controversiai however, as it is also 

thought that collagen interdigitation with a mineraiized matrix arising fkom the coabng as 

well as the biological interactions sufficiently describes a type of micro-mechanical 

interlock which accounts for the hi& interfacial shear strengths between these Ca-P-based 

surface coatings and the surroundhg bone (Kasemo & Lausmaa 1991; Davies et al. 1990 

a, 199 1 a, b; O n  et al. 1 992). 

Plasma4 praying 

In the past, Ca-P coatings generally have been applied by plasma-spraying to the 

surface of a bone-interfacing implant resulting in a surface coat of 30 to 100 pm 

thickness. Such coatings have been reported to promote faster fixation of implant to bone, 
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Le. "osseointegration", as compared to non-Ca-P-coated implants and this has been 

attributed to the property of Ca-P to act as an osteoconductive substrate (Ducheyne et ai. 

1980; Geesink et al, 1987; De Groot et al. 1987; Rivero et al. 1988; Osbom 1989; Jansen 

et al. 1993). "Osteoconduction" is defined as the fiuiction or ability of a biomaterial, 

either naturai or synîhetic, to promote the migration of osteoprogenitor cells dong its 

d a c e  (Jarcho 198 1; Ricci 1989; Manley 1993). Hence an osteoconductive material has 

the ability to promote faster bone growth in an area where bone cells are the normal 

resident cells. Ca-P has aiso been shown to increase the implant-to-bone interface shear 

strength by two to eight times that observed with non- Ca-P-coated implants where 

osseointegration has been achieved (Cook et al- 1987; Thomas et ai. 1987; Rivero et al. 

1988; and Block et ai. 1990); however, such observed improvements may have not taken 

into consideration any ciifferences in surface roughness. 

Cook et al. (1987, 1992 b) demonstrated using a canine transcorticai pushout 

mode1 that after 6 weeks of implantation, HA-coated implants had an average tonional 

resistance of 1.77 to at least two times greater than grit-blasted controls without HA. 

Qualitatively, HA-coated implants appeared to develop superior osseointegration, with 

fewer areas of fibrous tissue interposition. The HA-coating was largely intact at the end 

of the 6-week study period. Interface failures occurred primarily at the Wùnplant 

interface radhesive" failures), dthough cohesive failures through the HA coatings and 

occasionaily failures at the bone / HA interface were aIso observed. The authors 

concluded that the bond between bone and HA was stronger thao the bond between HA 

and metal substrate. HA-coated implants have also been show by others (Thomas et al. 

1987; Rivero et al. 1988; Block et al. 1990) to similarly increase the implant-bone 

interface shear strength by two to eight that of non-HA-coated implants. 
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Plasma spraying is by far the most popular commercial method for fomiing the 

desired Ca-P coatings on metai implants. The Literatme is replete with shidies 

demonstrating enhanced and accelerated bony ingrowth and implant fixation through 

direct bone bonding with implants coated with plasma-sprayed Ca-P (Geesink et al. 

1987; Cook et OZ. 1988, 1992 a, b; De Groot et al. 1987; de Lange & Donath 1989; 

Manley 1993). However, concems related to the coating such as long-term integrity given 

their poor mechanical pro pemes (Filiaggi et al. 1 99 1 ; Whitehead et al. 1 992; Delecrin et 

al. 1991) and potentially significant coating resorption and the consequences of such 

coating degradation (de Groot et al. 1987, 1990; Klein et al. 1989; Pilliar et al. 199 1 b; 

Radin & Ducheyne 1992) have not been satisfactorily resolved. 

Plasma-spraying is achieved by htroducing HA particles into a very high 

temperature plasma flame where they are partially or Mly melted. The melted particles 

are accelerated by the plasma £lame (ionized gas), acted on by an electric potential, and 

deposited ont0 a prepared metal subnrate surface positioned normal to the particle beam. 

This process utilizes a plasma gun consisting of a conical-shaped cathode surrounded by 

a cylindricai or ring- shaped water-cooled anode. An arc created across the gap between 

the electrodes ionizes inert gas fed through this space, and the elecmns produced are 

accelerated toward the anode and the positive ions toward the cathode. Collisions 

between these moving particles and other neutral atoms or molecules which exist in the 

gas lead to dissociation of molecules and M e r  ionkation, "stretching" and 

transfo-g the gas in the arc into the characteristic plasma flarne with temperature 

reaching in excess of 20,000K. 

Cerarnic powdea are suspended in a carrier gas such as argon, and injected into 

the plasma flame. The ceramic particles are partidIy or WIy melted and accelerated to 
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velocities on the order of hundreds of metres per second by viscous drag created by the 

mass flow rate of the plasma They are impacted with the submte  d a c e .  Molten 

particles arriving at the target flatten and spread out over d a c e s  that have been 

roughened to enhance the primary mode of mechanical interlock of the coating and 

substrate. Since the particles solidi@ within 10 -' to 10 " seconds, the coating is built up 

particle by particle, with each particle solidifjkg before the amival of the next, resulting 

in a characteristic lamellar structure with inherent porosity a s  well as unrnelted or 

partidly melted inclusions trapped within the layers. Macroscopic residual stress at the 

interface due to mimatch of thermal expansion coefficients of coating and substrate can 

lead to coating delamination while temperature gradients within the coating may create 

tensile stresses leading to cracking of the coating. Furthemore, the reagents used must be 

strictly controlled in regard to purity, composition and particle size in order to avoid the 

formation of excessive amounts of non-HA (amorphous calcium phosphate) end products 

(even with the best control, some non-HA products will result) with unpredictable 

properties, voids in the coating, and / or Iow crystaltinity leading to degradation in situ 

(Kay et ai. 1986). 

Most Ca-P coatings deposited by plasma spraying are composed of multiple 

phases including HA and commonly sorne TCP and / or amorphous phases. The optimum 

thichess of a plasma sprayed HA coating is about 30 to 50 pm and the bond between 

metai substrate and Ca-P coating is rnainly of a mechanical nature relying strictly on the 

suface roughness of the metal substrate surface for retention. Plasma sprayed Ca-P 

coatings do undergo significant degradation and delamination with time and these are 

thought to be the result of a number of factors including: 
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i) the heterogeneous composition and inherent macroscopic and microscopie 

defects that result fiom plasma spraying (Radin & Ducheyne 1992). Above 

approximately 1300 O C, the HA undergoes irreversible phase changes because of 

dehydroxylation or decomposition. As the plasma flarne temperature is well above the 

range of HA stability as predicted by equilibnum phase diagnosis, signincant 

cornpositional and structural changes resulting in the presence of tetmcdcium phosphate, 

a- and p-tricalcium phosphate, and oxyhydroxyapatite can occur. Although these HA 

derivatives are biocompatible, they appear to be less stable in physiological 

environments, thus affecthg the lifetime of the coatings in vivo. In addition, some 

amorphous Ca-P will also form as a result of the rapid cooling rates encountered (10 ' to 

10 -' Co/$ These will also contribute to coating instability. The degradation / dissolution 

of Ca-P resulted in a local increase in calcium and phosphate concentrations that 

evenhialiy reprecipitate and become incorporated into the surrounding bone (Klein et al. 

1983, 1989). Thus Ca-P degradation in these situations may be acceptable as the mode 

for achieving the desired osteoconductivity. 

ii) the low coating-to-substrate bond strengths, reflecting primarily mechanical 

interlockhg of the coating to the roughened metal substrate (Filiaggi et al. 1991). The 

modes of Ca-P-substrate bonding resuit in an interfacial tende bond strength (TBS) of 5 

to 18 MPa, and an interfacial shear bond strength of 10 to 20 MPa, both of which are 

considered to be very low. Hence, the Ca-P-to-metal substrate interface foms the weak 

link in the implant-bone complex (Pilliar & Filiaggi 1 99 3 b). 

Thus, while there may be biologicd advantages to the application of plasma 

sprayed Ca-P layers to a metal bone-interfacing implant, there would appear to be at least 

three major disadvantages to the types of coatings achievable with the technique of 
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plasma-spraying. Fim is the fact that hats technique is a "line-of-sight" process and as 

such the undercut surfaces within sintered porous surface zones are not accessible and 

hence not coated by HA ; secondly, since the apphed coatings are 30 to 50 p or so in 

thickness, they are not suitable for application to a porous-surfaced implant with pores 

and openings of similar size range (such as the EndoporeTM implant); and, thirdy, the 

layers are subject to delamination because of weak adhesion between the coating and the 

underlying implant substrate. 

There are however other methods for application of Ca-P to metal substrates as 

reviewed by Pilliar & Filiaggi (1993 b). These include dip coating, slip ca shg  and 

electrophoretic deposition as alternative methods for fonning thick Ca-P coatings while 

electrochemical deposition, sputtering deposition, laser ablation, and sol-gel dip-coating 

are methods for forrning thin Ca-P coatings. A thorough review of each of these different 

methods of Ca-P application is beyond the scope of this iiterature review. 

Sol-Gel Film Formation 

The sol-gel film technique (Qiu et al. 1993) is essentially a spin-coating or dip- 

coating technique which generally results in coatings of less than 1 pn in thickness (100 

to 500 nm). It is a low cost method of coating preparation utilizing a wet chemistry 

procedure that allows for precise chernical and microstnictural control of the coatings 

(Dislich 1988; Klein 1991; Yi et al. 1991; Fabes et al. 1993). The reagents containing the 

desired components of the coating are mixed either as a colloidal suspension solution of 

inorganic particles or as metal alkoxides or other organic precunors which react at 

relatively Low temperatures (usually at room air environment) to cause agglomeration of 



fine oxide particles to form a nIm. Calcium phosphate sol-gel films are created by 

reacting calcium nitrate (Ca(N03)2), ammonium dihy drogen phosphate (NH4HZPo4) and 

concentrated ammonium hydroxide (NH4OH). Afterwards, the layer is densined by 

annealing at temperatures in the range of 4GO to 1000 O C . The chernical reaction is as 

foUows: 

5Ca(N03h + 3N&H2P04 + W 0 H  + Cas(OH)(PO& + IOmo3 + 6Hz0 

X-ray ciiffiaction analyses of these films indicate the formation of crystalline HA and a 

graaular structure (with individual grallis approximately 50 nm in diameter) within the 

füm. These films have been s h o w  to be resorbed by osteoclasts (in vitro) which may be 

of potential benefit in clinical applications (Davies et ai. 1993). 

This sol-gel Ca-P thin film is extremely dense, coherent and adheres strongly to 

the underlying substrate (Qiu et al. 1993, Filiaggi et al. 1996 a, b). With this technique, 

the substrate is dipped into the sol-gel solution and then gradually withdrawn verticdy at 

a controlled rate of 20 to 200 d r n i n .  using a commercially available, vertically 

mounted screw-driven gliding unit (UniSlide, Velmex, Inc ., East B loom£ield, NY) . Rate 

of travel of the UniSlide, and hence selection of withdrawal speed, is controlled through a 

NF90 Senes stepping motor controlier using a PC and a customized software program. It 

is then allowed to dry in a laminar flow cabinet, followed by vacuum annealing in a 

programmable mufle h a c e  (Themolyne Mode1 # F48058, Dubuque, LA, USA) at 400 

to 1 100 O C for anywhere fkom two minutes to two hours (Qiu et al. 1993) to bring about 

the desired densification and crystallization. 

The anneaiing temperature and the duration of firing both affect the structure and 

d a c e  morphology of the resulting Ca-P thin nIm. The high end of the temperature 



range results in higher crystallïnity than the lower temperatmes. The grain size of the film 

is also increased with increasing temperature and afl~lealing time. 

Ce11 culture studies on sol-gel-fomed Ca-P thin films bave been derno~~~trated 

with SEM to result in the elaboration of extracellular matrix with the collagen fibres 

closest to the film completely buried in biologicdly produced mineral appearing to merge 

with the surface of the sol-gel nIm (Qiu et al. 1993). This biologicd interfaciai matrix 

has been described as a cernent he-like material (Davies et aï. 199 1 a, b). While the two 

Layers are distinguishable at low SEM magnifications (- 4,00OX), they cannot be easily 

distinguished from each other at higher SEM magnifications (greater than 20,00OX), 

especiaiiy when the grain size and the intergranuiar voids of the film are of the same 

order of magnitude as the bioiogical calcium phosphate crystds (Qiu et al. 1993), 

demonsîrating a chemical bonding process of bone ma& with Ca-P coating. Bone cells 

closest to the sol-gel film were more flattened and spread out as compared to the more 

rounded cells m e r  away fkom the film surface, dernorutrathg the abiliw of the 

roughened, microporous sol-gel surface to promote ce11 spreaàing and hence ce11 

migration (Qiu et al. 1993; Dziednc et al. 1994). Interdigitation of the elaborated 

biological minerai m a t e  with the sol-gel Ca-P grains, intergranular voids and 

microporosity resulted in secondary micro-mechanical bone-to-thin film interlock. 



m) RATTONALE FOR THE PRESENT EXPERIMENT 

The Ca-P surface layers applied to implants by plasma sprayhg are typicaily 30 

to 100 pm in thickness and when applied to porous-nrrfaced implants of the pore size 

range used by Deporter, Piiiiar and CO-workea would result in occlusion of the pores and 

thus negate the advantages of such a porous-nirfaced design. This dictates that the porous 

surface be made with larger particles redting in a pore size in the 500 pn size range. 

However, this larger pore size range is beyond the optimal (50 to 200 pm) pore size with 

respect to rate of bone ingrowth and strength of fixation development The larger pore 

size range is not suitable for use in the 3.5 to 4 mm diameter limitation of most dental 

implant applications and will not allow sunicient room for the prosthetic hardwares 

(Bobyn et al. 1980; Piiliar 1987). 

Given the accepted advantage of a Ca-P surface layer for increased 

osteoconductivity and in view of the recent development of the sol-gel coating technique, 

it was of interest to study whether or not the application of an uitrathin layer of Ca-P to a 

porous-surfaced implant design such as the Endoporen dental implant would accelerate 

initial osseointegration during the early heaihg stage. The advantages of using the sol-gel 

approach are that the resulting thin Ca-P layer would not occlude the porous structure, 

may promote osteoconduction and therefore, provide greater resistance to forces applied 

early on (Rivero et al. 1988; Cook et al 1992 b) as more bone may f o m  withh the pore 

spaces sooner. 



TV) OBJECTIVE OF THE PRESENT STUDY 

The objective of this study was to compare the eariy heaiing responses in rabbit 

tibid sites (i.e. non-hctionai) of porous-suxfaced Ti-6Al-4V implants with or without a 

submicron layer of cdcium phosphate applied to its d a c e  by the sol-gel technique. This 

was based on the hypothesis that the sol-gel Ca-P layer was osteoconductive. 



V) MATERIALS AND METHODS 

A) Implant Fabrication 

Forty-two custom-made 3.5 mm x 8 mm porous-surfaced cylindncal-shaped Ti- 

6AI-4V implants were used. One end of the implant had an expanded flat head to 

facilitate implant placement and to control the depth of implantation (fig. 5.1). The core 

component of the implant was modified with a sintered porous surface coating using - 

100/+325 mesh Ti-6A.l-4V powders ranging in diameter fiom 45 to 150 p. These 

powders were sintered to the implant core at high temperature (1250 O C for two hours) in 

a high-vacuum fumace (approximately 10 Torr at the sintering temperature) to form a 

2 to 3 particle layer thick zone with approximately 35% volume of intercomected 

porosity. Ali implants used in this study were manufactured by Innova Corp. (Toronto, 

Canada). 

Pnor to soi-gel coating, the implants were cleaned in a laminar-flow sterile air 

cabinet using the following procedure (Deporter et al. 1986). They were washed in 2% 

Decon (BDH Chemicals, Toronto, CAN) in double-distilled, de-ionized water @DD W) 

under sonication for one hou. This was foilowed by three washings (three minutes each) 

in DDDW aione under sonication. They were then treated in 28% nitric acid under 

sonication for one hou  to form a passive surface-oxide layer (Solar et al. 1979), and 

washed five times (five minutes each) in DDDW again under sonication. Finally, they 

were soaked for one hour in 100% dtrapure ethanol, ailowed to dry by evaporation and 

sterilized using gamma radiation. 



Twenty-two impIants were M e r  modified by receiving a calcium phosphate 

coating of 300-500 nm thickness using the sol-gel technique (Centre for Biomatenals, 

University of Toronto, Toronto, Canada). The necessary reagents, calcium nitrate 

(Ca(N03h), ammonium dihydrogen phosphate (NHS12P04) and concentrated ammonium 

hydroxide (NH40H), were mixed to form a colloicial suspension solution (in water base) 

of inorganic particles which at relatively low temperatures (usually at room temperature) 

reacted to cause agglomeration of reaction products to fom a film (Qiu et al. 1993) 

according to the following chernical reaction: 

SCa(N03)2 + 3bH&12P04 + -OH + Ca5(0H)(P0& + 10Nl&No3 + 6H20 

The Ti-6Al-4V cylindrical implants were dipped into the sol-gel solution and then 

gradually withdrawn vertically at a controlled rate of 100 mm/min. using a commercially 

available, vertically mounted screw-driven gliding unit (UniSlide, Velmex, Inc., East 

Bloomfield, NY). Rate of travel of the UniSlide, and hence selection of withdrawal 

speed, was controlied through a NF90 Senes stepping motor controller using a PC and a 

customized software program. The sol-gel Ca-P-coated implants were then dlowed to dry 

and subsequently amealed in a programmable vacuum fumace (Themolyne Mode1 

#F48058, Dubuque, IA) at 683 " C for 15 minutes, followed by cooling in the funiace to 

bring about the desired film densification and crystdlization (Qiu et al. 1993). The 

implants were re-sterilized with gamma radiation, and stored in sealed vids. Figure 6.1 

shows an example of a visibly darker porous-surfaced implant coated with sol-gel Ca-P 

and a iighter untreated control implant. 



C) Animal Mode1 

Twenty-one white male New Zealand rabbits (weighing approximately 4.5 kg 

each) were used in this study. The animal experiment conformed to standards of the 

Animal Care Act and had been approved by the University of Toronto Animal Care 

Corrunittee (protocol NO 003 12). Prïor to implantation, the animais were hduced with IM 

injections of Ketamine HCI (20 mgkg) and Xylazine (2 mgkg) and rnaintained in a 

surgicd state of anesthesia with a mixture of Halothane 1-1.5% in NtO + 9 ( 2 3  via 

inhalation. In a pilot study, four rabbits were used each receiving one control and one sol- 

gel Ca-P-coated implant in the right tibia near its midshafi to ensure bicortical implant 

stabilization. The implants were placed 1 5 mm apart fiom centre to centre. 

In Experiment 1, ten rabbits were used each receiving one control and one sol-gel 

Ca-P-coated implant in the right tibia as in the pilot experiment; however, the implant 

positions were Iocated towards the metaphyseal half of the tibia, while still maintainhg 

bicortical stabilization. In five of these rabbits, the experimental implant was the more 

proximal implant and the more distal implant was the controi. In the other five rabbits, 

the implant positions were revened. 

In Experiment II, both the right and left tibiae of six rabbits were similady 

prepared to receive only one implant per tibia with the implant position being at the same 

distance fÏom the proximal metaphysis to d o w  bicortical implant stabilization. inree of 

these rabbits received the Ca-P coated implant in the right tibia and the control in the left 

tibia The remaining three rabbits received the control implant on the nght and the 

experimental (sol-gel coated) on the le fi. 
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Experiment III consisted of only one rabbit in which one Ca-P-coated implant was 

placed in each tibia This animai was used only for subjective obsewations of the implant 

I Ca-P / bone interface afler fieeze-hcturing the bone fkom the implant (see below). 

D) Surgical I Implantation Procedure 

Each animai was immobilized on its back, and ushg a sterile surgical technique, a 

longitudinal incision was made on the mediai surface in the proximal diaphyseal region 

of the tibia. The soft tissues, muscles and periosteurn were dissected and reflected to 

expose bone (figure 5.2), after which a series of burs (figure 5.3) rotating at about 8,000 

to 10,000 rpm in an electric motor (NT Company, Chattanooga, Tenn., USA) and hand 

piece (figure 5.4) with copious saline irrigation, were used to drill through the medial 

cortex, meduiia and lateral cortex of the tibia. The intent was to prepare an implant site 

that was slightly smaller in diameter than the implant to be inserted. A #6 round bur was 

used to make the initial penetration through the medial cortical bone (figure 5.5). A 

periodontal probe was then used to confinn that the depth was only 6 to 7 mm such that 

when the lateral cortical bone was penetrated, both cortices could be used to engage the 

implant. If the initial penetration before involving the lateral cortex was 7.5 mm or 

longer, then this hole was closed with bone wax and another hole driiled s1ightIy distal to 

it. Once both cortices had been penetrated, a 2 mm Ewist drill bur, a 3 mm twist drill bur 

and finally a 3.4 mm double edged bur (Brasseler of Canada, Toronto, Canada) were used 

to prepare the recipient site (figure 5.6 a, b, c, d, e). This procedure ensured a tight initial 

transcortical fit or "press-fit" of the implant within the prepared site. A hemostat was 

utilized to hold each implant at the flattened head to avoid damage to the implant surface 
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(figure 5.7 a, b, c) as the implant was tapped into place with Light hand pressure using 

rotational force delivered in both a cïockwise and counter-clockwise marner. The 

implants in Experiment I were placed 15 mm apart (figure 5.7 c). Subsequently, the soft 

tissues were reapproximated in separate layers with 4-0 Vicryl suture materiai (Ethicon 

Sutures Ltd., Peterborough, Ontario) (figure 5.8 a, b. c). Buprenorphine HCI (0.3 mgkg 

IM) was administered as required to control postoperative discornfort. 

E) Specimen Collection and Preparation for Experiments 1 & II 

At the end of the two week experimentai penod, dl animds were sacnficed by 

injecting 2.5 ml of T-6 1 (Hoescht of Canada) into the marginal ear vein. Excess tibial soft 

tissues and muscle were excised. The proximal hdf of the tibiae containing the implant(s) 

was harvested using a Stryker saw, and placed into fixative (10% formaldehyde, 

methanol, and water at 1:l:l.j ratio) for two weeks. Specimens were sectioned into 

separate blocks each containing one implant. Tissues were sequentially dehydrated in 

30%, 50%, 70%, 95% alcohol and finally twice with 100% alcohol. These were 

processed and embedded in methylmethacrylate (Deporter et al. 1986 a). Non- 

demineralized sections containing bone and implant were cut using a Buehler Isomet Saw 

to achieve initiai section thickness about 120 to 150 pm and then M e r  reduced to 

approximately 40 pm thickness by petrographic gruiding techniques (Deporter et al. 1986 

a). The sections were stained using a mixture of Stevenel's blue and Van Gieson's picro- 

fuchsin (Maniatopoulos et al. 1 986). This staining procedure allowed for clear distinction 

between bone, osteoid, and fibrous comective tissue, and provided good cellular detail at 

the light rnicroscopic level. 
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Eight sections were obfained for each implant (figure 5.9 a., b). The first eut was a 

cross-sectional cut through the tibia and along the long a i s  of the implant to yield 

proximal and distal halves. The proximal half was then m e r  sectioned along the long 

axis of the tibia to yield proximal anterior and proximal posterior quarters. The distal half 

was similarly cut to produce distal antenor and distal posterior quarters. Each of the cut 

ninaces of these quartes was M e r  sectioned to yield proximai antenor cross-section 

(PAX), proximal anterior longitudinal (PAL); proximal posterior cross-section (PPX), 

proximal posterior longitudinal (PPL); distal antenor cross-section (DAX), c i i d  anterior 

longitudinal @AL); distai posterior cross-section @PX), distal posterior longitudinal 

@PL) sections respectively . 

F) Anaiysis of Bone Growth and Ingrowth 

Each section was examined and photographed by light microscopy (LM) and by 

backscattered scanning electron microscopy (SEM) and quantified using the Bioquant 

Image Analyzer (R Br M Biometrics, M, USA) for bone contact to estimate 

osteoconduction along the implant surface fiom each of the two cortices. To do this, 

black and white LM photomicrographs (figure 5.10 a) of each section at 10X 

magnification were acquired using a Wild Leitz Macro Zoom lem in order to include the 

whole implant in one print. Similarly, back scattered SEM photomicrographs (figure 5.10 

b) at 15X magnification (1 5 to 20 KV) were taken for each se;tion. The resultant LM and 

backscattered SEM photomicrographs had final magnifications of 23X and 34X 

respectively after the f ihs were printed onto 8 inch X 10 inch photographie paper 

(Kodabrome Iï RC, Eastman Kodak Company, Rochester, NY, USA). Direct bone 



contact with the outer surface of the implant beads was traced on each mîcrograph using 

a fine red marker, while those outer bead d a c e s  not in direct contact with bone were 

traced with a different coloured (green or blue) marker. This nnal red and green trachg 

formed a continuous curvilinear interface dong the outer surfaces of the porous coat A 

Bioquant Image Analyzer System N software package (R & M Biometncs Inc., 

Nashville, TN, USA) was used to quantify these red and green markings fiom the 

endosteal cortical bone level to the furthest point of bone growth for each of the medial 

and Iaterai haives of each implant section as foUows (figure 5.1 1 a, b, c): 

the total length of direct bone contact was quantified to give the absolute contact 

length (ACL); 

similady, the total length of non-bone contact was quantified and added to ACL to 

yield the length of implant surface available for contact; 

the straight line linear bone growth (SLBG) was measured as a straight line fiom the 

endosteal cortical bone level to the -est point of bone growth; 

the total bone ingrowth area was obtained by quantimg the areas of the bone tissue 

that had grown into the available pore spaces with the outer limit of the measurement 

being a line tangent to the outer-most bead surfaces (figure 5.12). This yielded the 

absolute bone ingrowth area (ABIA); 

The totai m a  available for bone ingrowth or the total area of the pore spaces was 

measured by subtracting the total area of the beads h m  the area of the rectangle 

bounded by: a) the inner level of the cortical bone, b) the fuahest extent of medullary 

bone growth, c) the h e  represented by the surface of the implant inner core, d) the 

line parallel to the implant core and tangent to the outer surface of the outer-most 

porous bead (figure 5.1 2); 



6) The depth of bone penetration represented 

tangent iine in (4) to the deepest level where 
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by the perpendîcular distance fkom the 

bone gmwth had penetrated the pores; 

7) Thickness of the prous surface zone was measured fiom the tangent Iine above to the 

implant core; 

AU measurements were made in millimetres. From the above histomorphometric 

measurements, the foïlowing caiculations of bone ingrowth measurements were obtained 

(Deporter et al. 1986 a; Jasty et al 1992): 

8) Contact length bction (CLF) where 

CLF = Absolute length of bone in contact with im~lant (ACL) X 100 

length of implant surface available for contact (see # 2 above) 

9) Bone hgrowth Fraction (MF) where 

BIF = Absolute bone inp;rowth Area(AB1A) X 100 
Area available for bone ingrowth or the area of the pores(# 5) 

10) Bone Penetration Fraction (BPF) where 

BPF = Depth of bone  ene et ration (# 6)  X 100 
'Thickness of porous surface zone (# 7) 

ACL, CLF, SLBG, ABIA, BIF nom experirnents 1 & II were submitted to multiple factor 

analysis of variance (ANOVA) for repeated rneasures using the general linear models 

procedure of SAS. The ANOVA tested main effects and interactions between factors @ < 

0.05). If significant main effects were found between factors tested (implant surface type, 

implant position, medial I lateral region of implant, implant typdposition interaction, 

h p l m t  surface, implant type I surface interaction), the Duncan multiple-range test was 

used for pair-Wise cornparisons of the means @ < 0.05). 



G) Freeze-Fracture SEM Analysis 

The two specimens fÏom the one animal in the third experiment were k e d  and 

dehydrated in a manner sirnilar to those fkom experiments 1 and II. The tibiai blocks 

containhg implants were then fiozen with iiquid C a  and fkeeze-fiactured to permit 

separation of bone and implant surface using a knife and mailet. Each implant specimen 

with whatever bone remained attached to it and the fkictured-off bone hgment were 

criticd point dned by replacing the alcohol with liquid CO2 and heated to 38 O C under 

pressure at 1500 PSI. Ali recovered tissues and implants were mounted on aluminum 

studs and then sputter-coated with 3 m of platinm. Specimens were viewed in the SEM 

at 10 KV using secondary electron imaging. Photomicrographs ranging in magnification 

from 50 X to 15,000 X were used to assess the relationships between bone and Ca-P 

coating. 

A) Analysis of the Extent of Bone Ingrowth Pattern 

The subjective hdings of experiment II? were related to the histologicai 

specimens of Experiment 1 and II to evaluate the extent of bone hgrowth. Each specimen 

section was re-examined using backscattered scanning electron rnicroscopy to assess 

bone ingrowth in relation to the acute corners / tight neck regions (figure 5.13) of the 

porous surface structure. The neck region was detennined as in the following sequence: i) 

a line through the centres of the two adjoining circles (spherical particles) was fifit 

drawn; ii) then a second iïne parallei to the fim line and tangent to the smaller of the two 

circles was drawn. The area bounded by the second line and the two circles f o m  the 
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neck region (figure 5.13 a). That is, the bounded neck region always forms an isosceles 

triangle. To investigate the extent of bone ingrowth into the neck region, two SEM 

photomicrographs at 15 to 20 KV and IOOX magnification were taken of each implant 

section and the films were printed onto 8 inch by 10 inch photographic paper 

(Kodabrome II RC). The fim photomicrograph was of the medial aspect of the implant 

section to include only a d l  portion of the endosteal mediai cortical bone (for 

orientation purpose) and as much of the new endosteai bone growth as possible . A line 

perpendicular to the implant core was constructed on the photomicrograph at the junction 

of the medullary space and the cortical bone. A sirnilar second Iine was drawn at exactly 

700 pm nom the fïrst line towards the rnedullay cavity (figure 5.13 c). Similariy, a 

second photomicrograph of the same section was taken for the laterai aspect of the 

implant section. From these photomicrographs, a non-parametric anaiysis of the neck 

regions (figure 5.13 b) of the spherical particles was carried out. Three nominal groups 

(figure 5.13 b) were assigned according to the amount of bone growth seen withui each 

neck region: a) a category of 'Croup 1" was assigned to a neck region that had none to 

less than one-third of the ara  filled with bone; b) a category of "Group 2" was assigned 

to a neck region that had more than one-third and less than two-thirds of the area filled 

with bone; c) and a category of "Group 3" was assigned to a neck region that had fkom 

two-thirds to 100% of the area filled with bone. Within the confines of the 700 p m  

described above, the total number of neck regions corresponded to these critena for each 

of the Grcap 1, 2 and 3 were counted and recorded. The above data were submitted for 

similar analysis of variance (ANOVA) using SAS at 5% level of si gnincance. 
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Fimne 5.1: The porous daced-structure implant used in the study. One end of the 

implant had an expanded flat head to facilitate implant placement and to control the depth 

of implantation. The implant dimension is 3.5 mm X 8 mm. The core component of the 

implant was prepared with a sintered porous surface using -100/+325 mesh Ti-6Ai-4V 

powden ranging in diameter from 45 to 150 pm to forrn a 2 to 3 particle layer thick zone 

with approximately 35% volume of interconnected porosity. 
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F i m  5.2: An incision was made on the medial aspect of the tibia The soft tissues, 

muscles and periosteum were dissected and reflected to expose the underiying bone. 
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Fime 5.3: The sequence of burs used to prepare the impiantation site. From left to 

right: # 6 round bur, 2 mm twist drill bur, 3 mm pilot drill bur, 3 mm twist drill bur, 3.4 

mm double-edged bur. 



38 

Fimrre 5.4: Electric motor with handpiece speed settiog at about 8,000 to 10,000 rpm. 
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Fime 5.5: A # 6 round bur was used to make the initial penetration through the mediai 

cortical bone. 
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Fimire 5.6: A 2 mm twist drill bur (a) . a 3 mm pilot drill bur (b), a 3 mm twist drill bur 

(c) and hally with 3.4 mm double-edged bur (d). The recipient sites for Experiment 1 as 

shown are ready for implant installation (e). 
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F i m m  5.9: a) is a schematic drawing illustrating bicortical implant stabilization. b) is a 

schematic drawing dernonstmting how eight histological sections were obtained for each 

implant. The first cut was a cross-sectionai cut through the tibia and along the Long axis 

of the implant to yield proximal and distal halves. The proximal half was then m e r  

sectioned along the long axis of the tibia to yield proximal anterior and proximal 

posterior quarters. The distai half was similarly cut to produce distal anterior and distal 

posterior quarters. Each of the cut surfaces of these quarters was M e r  sectioned to 

yield proximal anterior cross-section (PAX), proximal posterior longitudinal (PPL); 

proximal postenor cross-section (PPX), proximal postenor longitudinal (PPL); distal 

anterior cross-section (DAX), distd anterior longitudinal @AL); distai posterior cross- 

section (DPX), distal posterior longitudinal @PL) respectively. 
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Cortex 

d 
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d 
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Fi- 5 .  IO: Typicai LM photornicrographs (a, b) demonstrating the difficulties associated 

with identiQing actuai bone-to-implant contact. Typical backscattered SEM 

photornicrographs demonstrating distinct identification of bone-to-implant contact (c, d, e). 

(a) (W 



Figure 5.1 1 : (a) is a schematic 

trachg SEM photomicrograph. 
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drawing of bone-to-implant contact tracing. (b) is a pre- 

(c) is a post-tracing SEM photomicrograph of the same 

section. Direct bone contact with the outer surface of the implant sphei-îcal particles was 

traced on each photomicrograph using a fine red rnarker, while those outer bead wfaces 

not in direct contact with bone were traced with a different coloured (green / Mue) 

rnarker. The straight line linear bone growth (SLBG) was measured as a straight line 

fiom the endosteal cortical bone level to the point of maximal bone growth. (B = ACL, O 

= soft tissue contact, S = SLBG, AT = total area of pores and sphericd particles, & = 

area of sphericd particles, AB = ABIA). 
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Fimire 5.12: Schematic drawing illustrating the means used to quantitate the of absolute 

bone ingrowth area (ABIA) and bone ingrowth fiaction (BIF). The sintered titanium alloy 

porous surface zone is shaded in black and bone is shaded with the hatches. The 

unmarked areas represent non-osseous tissue. The totd area available for bone ingrowth 

or the total area of the pore spaces was measured by subtracting the total area of the 

beads fkom the area of the rectangle bounded by: (a-c) the imer level of the cortical bone, 

(b-d) the fùrthest extent of medullary bone growth, (c-d) the line represented by the 

surface of the implant inner core, (a-b) the line pardel  to the implant core and tangent to 

the outer surface of the outer-most porous bead. 
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F&ue 5.13: (a) is a schematic diagram illustrating how a neck region is detennined. A 

line through the centre of two adjoining circles is nrst drawn, then a second line parallel 

to it and tangent to the smaller circle is drawn. The area bounded by the second lhe and 

the two circles forms the neck region. (b) is a schematic diagram illustrating the three 

different categones of the extent of bone ingrowth in the neck regions "Group 1" was 

assigned to a neck region that had none to less than one-third of the area fiiIed with bone; 

"Group 2" was assigned to a neck region that had more than one-third and less than two- 

third of the area filled with bone; "Group 3" was assigned to a neck region that had fiom 

two-thud to 100% of the area filled with bone. (c) is an SEM photomicrograph at 1 OOX 

magnification showing bone ingrowth in relation to the acute corners / tight neck regions 

of the porous layer. A line perpendicular to the implant core was consûucted on the 

photomicrograph at the junction of the medullary space and the cortical bone. A similar 

second line was drawn at exactly 700 pxn fiom the first line towards the medullary cavity. 

Within the confines of this 700 p m  , the total number of neck regions corresponded to 

each of the Group 1.2 and 3 were counted and recorded. 







VI) RESULTS 

A) Pilot Study for Experiment 1 

Three of the four rabbits used in the pilot study developed pathological fiachires of 

the irnplanted tibiae at day three while the fourth rabbit showed a simiIar hcture at day 

five. All of these animals had to be sacrificed prematurely in advance of the two week 

experimental period, and led to revision of the experimentai protocol. Thus, implant 

installation was subsequentiy conducted closer to the proximal tibid metaphysis in al1 

animals. 

B) Surface Topography of Sol-gel Ca-P-Coated Implant 

Figure 6.1 shows the two implant types used in this study. The darker implant 

(figure 6.la) is the sol-gel Ca-Ptoated implant while the lighter colored implant (figure 

6.1 b) is the control. The thin Ca-P coating applied by the sol-gel technique appeared to 

have penetrated the full thickness of the porous surface zone which can be seen in figure 

6.2. Figure 6.2 iliustrates standard (secondary electron imaging, 300X & 500X) SEM 

photomicrographs showing surface topography of the control implant (figure 6.2 a) and 

the thin Ca-P film Srpicdly covering the spherical particles of the porous surface zone, 

and dso verifies that the pores had not been occluded by this treatment (figure 6.2 b, c). 

The Ca-P film appeared somewhat rough and granuiar thus imparting an additional 

secondary micro-textured topography (see discussion) to the porous region. SEM 

photomicrographs (figure 6.3) at higher rnagmfïcations (2,000X & 5,000X) of part of the 



60 

field in figure 6.2 a & b showing typicd examples of the Ca-P layer seen in the neck 

regions between adjacent sphencal particles or between the deepest layer of sphencal 

particles and the solid machined implant core. In these regions the nIm appeared thicker, 

and this subjective observation was confirmed using fkeze-hcture technique (see 

below). 

C) Qualitative Light Microscopie (LM) and SEM Observations on the Henling of 

the Implanted Sites 

There were several qualitative differences between the proximal and distai 

implant positions in Experiment 1. B icorticd stabilizatioion was routinely achieved for the 

distal implants (figure 6.4) whereas 10% (one out of ten, either control or Ca-P implants) 

of the pro.uimal implants did not achieve bicortical stabilization and these were cailed 

"floater" implants (figure 6.5 a, b, c). Only one implant did not osseointegrate and it was 

the "floater" control implant. In addition, 6.3% of the implant sections, either Ca-P- 

coated or control, showed incornplete engagement of lateral cortical bone (i.e. partial 

bicorticai stabilization) in several histological sections (see Appendix A). This high 

incidence of implant with a "floating" surface was due to eniarging tibia1 diameter as well 

a s  hadequate implant length. As such, the "floating" d a c e s  were fkquently the 

proximal sectioned surfaces of the more proximal implants (figure 6.6). 

After two weeks of initial healing, the osseointegrated implants showed bone 

ingrowth into the porous suface region (figure 6.4, 6.7). The extent of this ingrowth, 

however, vaied for both implant types between the cortical and meddary regions. 

Regions of ali implants in contact with cortical bone always demonstrated abundant bone 
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ingrowth into the porous region. Porous d a c e s  that were within the medulla but in 

proximity to the cut endosteal surfaces of the cortex displayed considerable bone 

ingrowth but less than porous surfaces that were in direct contact with corticai bone. AU 

of the observed new bone appeared woven in nature. In marked con- those implant 

d a c e s  situated toward the mid-medullary (Le. distant fkom the endosteum) spaces were 

ingrown primarily with fibrous comective tissue. These observations suggest that the 

pattern of bone ingrowth in relation to those implant surfaces within the medulla and 

close to the endosteum (endosteai bone growth) resdted from osteoconduction, Le. 

migration of bone ceffs or their precursors fkom the cortex and endosteum dong the 

porous d a c e  zone, rather than nom invasion of medullary ceUs into the porous surface 

region and their subsequent dinerentiation into osteoblasts, although this is strictiy 

speculation at this tirne. The origin and direction of endosteal bone growth could not be 

determined for severai sections (about 9.4% of dl available sections, see Appendix A) 

where the entire implant surface was in close proximity to the endosteum (figure 6.4 f, g) 

as most of the medullary space was filled with bone. 

In the SEM and LM photornicrographs (figure 6.4, 6.5, 6.6, 6.7, 6.8) it can be 

seen that bone had penetrated to the entire depth of the porous surface zone regardless of 

the implant type. Thus, the bone penetration fiaction (BPF) was 100% for ali implants 

and this parameter was eliminated fiom the analysis. 

D) Light Microscopie (LM) Examination and Morphometrie Measurement 

It was very difncult utiliPng black and white LM photomicrographs to trace 

accunitely bone contact with the implant surfaces under study (e.g. figure 6.7, 6.8) 
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because of difnculties in focusing arising fiom the thickness of the histological sections 

(about 40 p), and because of poor contrast between bone and soft tissue. Attempts to 

quanw bone-to-implant contact using such photomicrographs needed to be routinely 

verifïed by direct light microscopic examination of each histologicd section. This made 

data collection difficult, time consuming and likely inaccurate so that early in the study 

this analyticd approach was eliminated. 

E) Scanning Electron Microscopie Examination and Morphometric Measurements 

The morphometric measurements were submitted to an analysis of variance 

(ANOVA) which indicated that there were significant differences in severai of the 

parameters used between the two implant treatment groups. Further study indicated that 

endosteai bone growth / ingrowth were not signincantiy different @ > 0.5) for the medial 

(figure 6.4 M) or lateral (figure 6.4 L) regions of the respective sections within each of 

the Ca-P and control implants. Hence, medial and lateral measurements codd be 

combined for each of the Ca-P and control implants. Similady, implant surface (PAX, 

DAX, DPX, PPX, PAL, DAL, DPL, PPL, see figure 5.10), proximal vernis distal 

implant position (Experiment I), and Experiment I versus Experiment II did not resuit in 

signifïcant differences @ > 0.05), suggesting that the Merences observed were 

primarily due to treatment. 

Subjective assessrnent niggested that there were readily apparent large variations 

in bone ingrowth among rabbits, and this was verified by morphometric measurement. 

Nevertheless, r e d t s  fiom both Experiments I & II, when considered either individually 
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or together (Tables 1, 2, 3, 4), showed that the sol-gel Ca-P-coated implants consistently 

resdted in greater bone contact and ingrowth for each of the parameters studied. 

Experiment 1 

The results of Experiment I are presented in Table 1. Endosteai bone growth and 

ingrowth into the porous-surface zone (i.e. osteoconduction) in Experiment 1 (Table l), 

where one of each implant type was placed in the right tibia, reveaied that the mean 

absolute bone contact length (ACL) was 1.048 mm & 0.729 mm) for the sol-gel Ca-P- 

coated implants and, this value was statistically significantiy higher @ < 0.0001) than 

ACL for the contml implants (0.597 mm 5 0.6 10 mm). Likewise , contact Iength 

fkction (CLF) for Ca- P-coated implants at 42.23% 17.77%) was statistically 

significantiy greater @ < 0.0001) than CLF for the control implants (24.48% 5 18.00%). 

The mean absolute bone ingrowth area (ABIA) for the Ca- P-coated implants was 

also statistically significantly greater @ < 0.05) than for the controI implants, the values 

king 0.062 mm2 0.045 mm2 ) and 0.049 mm2 0.048 mm2 ) respectively. The bone 

ingrowth fraction (BIF), a ratio of ABIA to the total porous area available for ingrowth 

was not statistically significantly different @ = 0.0766) for the two implant types, 

although the mean BIF was higher for the Ca-P-coated implants. Likewise, while the 

mean straight Iine endosteal bone growth (SLBG) was higher for the Ca-P implants, the 

ciifferences were not statisticdy significant. 



Experiment II 

The results of Experiment II (Table 2) in which each rabbit received one implant 

in each tibia were slightly difEerent dthough supportive of the results of Experiment 1. 

The mean ACL for the Ca-P-coated implants was 1.381 mm 0.678 mm) and for the 

control implants was 0.930 mm 0.636 mm), and these values were significantly 

difTerent @ c 0.0001). The mean CLF for the Ca-Ptoated implants was 37.38% 

12.25%) and for the control implants was 30.30% @ 13.14%), values that again were 

significantiy different @ < 0.0006) just as they were in Experiment 1. The mean SLBG 

was 1.521 mm 0.63 1 mm) for the Ca-P-coated implants and 1.235 mm 0.548 mm) 

for the controls; however , unlike the outcome of Experiment 1, these Merences were 

significantly different @ < 0.0005). The mean ABIA and BIF were not statistically 

significantly different for the two implant types in Experiment II , although as in 

Experiment 1, the Ca-P-coated implants ai ways had higher values. 

When the results from Experiments 1 and LI were examined more closely, it 

became obvious that there were some merences between the two Experiments (Table 

3). As indicated, in both Experiments the mean ACL figures were higher for the Ca-P- 

coated implants; however, ACL for both Ca-P and control implants in Experiment II 

were greater than their respective values in Experiment 1. Similady, the respective mean 

SLBG and ABIA values were higher in Experiment II than in Experiment 1 for both Ca- 

Pcoated and control implants. As well, the control values for these two parameters in 

Experiment II were actually higher than for the Ca-Pcoated implants in Experiment 1. 

Because of these apparent differences between the results of the two Experiments, it was 
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decided to compare the two sets of results using ANOVA, and this reveaied that in fact 

Experimentd design, i.e. either two implants in right tibia (Experiment 1) or one implant 

in each tibia (Experiment II), had no significant effect on any of the parameters used to 

m a u r e  endosteai bone growth or bone ingrowch. ANOVA also indicated that there 

were no interactions between the assessed factors with the parameters being snidied. 

Thus the statistically signincant ciifferences in ACL, CLF, and ABIA in Experiment I 

and ACL, CLF and SLBG in Experiment II were interpreted to be due to the surface 

modification of the implant by the application of Ca-P which apparently favoured bone 

growth and ingrowth. 

Since inter-animal variation in both Experiments was shown to be statistically 

independent, al1 of the animds nom both Experiments were pooled to obtain combined 

rnean values, and these are given in Tables 3 and 4. 

The combined mean ACL was 1.177 mm 0.727) mm for Ca-Pcoated implants 

compared to 0.740 mm (f 0.64 1 mm) for the control implants, and this difference was 

staiistically significant (p c 0.0001). The combined means for CLF were 40.35% @ 

16.00%) versus 26.94% 16.33%) for the Ca-P and control implants respectively and 

these Merences again were statistically significant (p < 0.0001). The combined mean 

SLBG for the Ca-P-coated implants was 1.194 mm 0.606 mm) and this was 

statisticaily significantiy greater than that for the control implants at 1.038 mm & 0.615 

mm) @ < 0.001). The combined mean ABIA was 0.074 mm2 0.049 mm2 ) for Ca-P- 

coated implants and this was greater than that of the control implants at 0.065 mm2 

0.079 mm2), but the differences were not statistically significant. The combined rnean 
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BIF at 34.695 % & 15.71 %) for the Ca-P-coated implants almoa achieved statistical 

significance (p = 0.0635) when compared to 3 1.021% 2 16.02% for the control implants. 

Table 5 nimmarizes the statistical r e d t s  h m  each individual Experiment and 

when the two Experiments were combined. It is important to note that only ACL and 

CLF were statistically significantly higher for the Ca-P-coated implants than the control 

implants in both Experiments 1 and II , and hence signincdy higher for the Ca-P- 

coated implants in the cornbined data. In contrast, SLBG was not statisticd1y 

significantiy different for Ca-P and control implants in Experiment 1, however, was 

highly significantly different in Experiment II (as previously noted), and this resulted in 

statistically signiscautly higher SLBG for the Ca-Ptoated implants in the combined 

data. ABIA was statisticaily signincantly higher at the 5% level for the Ca-P-coated 

implants in Experiment 1 but not in Experiment II. With the combined data there was no 

significant ciifference detected. BIF was higher for the Ca-P-coated implants in 

Experiment 1 and for the combined data with the respective differences almon achieving 

statistical signincance. There were no signincant Merences in bone penetration hction 

(BPF) for each group in each Experiment as  bone penetrated e q d y  well into the full 

depth of the two to three layers of spherical particles in the porous coat. 

F) Freeze-Fracture SEM Observations 

Figure 6.9 (a) is a photograph and figure 6.9 (b) is a composite SEM 

photomicrograph of a sol-gel Ca-P-coated implant recovered by fkeze-fkactunng the 

bone nom the implant showing extensive bone growth fiom the endosteum dong the 
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implant surfiace. Numerous bone spicules were observed attached to the implant siniace 

in the medullary region. 

SEM examination (250X to 1,000X) of this implant (figure 6.10) revealed that 

the thlli Ca-P layer was well adapted to the metal substrate, bone was in direct contact 

with the Ca-P layer and numerous osteocytes were seen throughout the ingrown bone. 

At higher magnifications (figure 6.1 1, 1,500X to 20,00OX), it was evident fiom several 

available cross-sectionai fieeze-fkactured views that the thickness of the calcium 

phosphate layer was variable. Most of the d a c e  of the spherical particles of the porous 

coat appeared to have a thickness of Ca-P in excess of the intended 0.3 p.m (commonly 

seen thiclcness was about 1 p). In the neck regions (figure 6.12, 1,000X to 10,000X) 

between contiguous spherical particles, however, the Ca-P layer was somewhat thicker 

(>= 1.5 pl). 

At magnifications of 1,000X or greater where bone appeared to be bonded with 

the Ca-P layer there was an afibrillar layer possibly representing Ca-P layer dissolution 

and remineraiization between the Ca-P and adjacent new bone (Jarcho et al. 1972, 1981; 

LeGeros et al. 1991). This afibrillar layer is separated fkom the bone rnatrix by a thin 

electronaense line which resembled a cernent line (Davies et al. 1990 a, 1991 a, b), 

contained numerous collagen fibrils connecting bone to the Ca-P layer (figure 6.10, 6.1 1, 

6.12,6.13). Also of interest was the observation that bone ingrowth into the neck regions 

appeared to be substantial , was in direct contact with the Ca-P layer and filled much of 

the porosity adjacent to the necks (figure 6-12). a finding which had not been seen in 

previous investigations (Deporter et al. 1986). It was, therefore, decided to re-examine 

ail of the implant sections using higher magnification backscattered electron irnaging 
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SEM micrographs to determine if there were detectable differences in bone ingrowth in 

relation to these neck regions beîween the two implant types. 

G) Analysis of Extent of Bone Ingrowth in Relation to Neck Regions 

Bone ingrowth into the neck regions observed in backscattered electron imaging 

SEM7s was categorized into 3 groups (Groups 1,2 & 3) depending on extent of bone ml. 

Neck regions with less than a third of the area filled with bone were assigned to Group 

"1". Neck regions with one third to two tbitds mled with bone were labeled Group '2". 

Neck regions with at least two thirds to the entire neck area filled with bone were 

assigned to Group "3". Analysis of this data using ANOVA revealed that there was no 

effect of individual section (e.g. PAX, DAX), medial or lateral implant region, or 

implant position in either the Ca-P-coated or control implants. 

This data suggested more extensive bone ingrowth and direct bone apposition in 

the neck regions of Ca-P-coated implants than control implants (figure 6.14, Table 6). 

Thus, the Ca-Psoated implants demonstrated shilar (roughly one-third of the total) 

numbers of neck regions in each of the three Groups. There were signincantly more @ < 

0.0001) neck regions in Groups 2 and 3 with the Ca-P-coated Unplants than with the 

controls. In con- there were signifkantly Less @ < 0.0001) neck regions in Group 1 of 

the Ca-P-coated implants than with the controls (Table 7). The control implants showed 

the majority of neck regions classified as Group 1 (50% to 70%). Only 15% to 30% of 

the neck regions of the control implants were classifïed as Group 2 and the remaining 1 0 

to 15% as Group 3. 
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There were two (Experiment II) to thtee (Experiment r) times as m a q  neck 

regions in Group 3 with the Ca-P-coated implants than with the control implants. As 

well, in Experiment 1 there were two times as  many neck regions in Group 2 with the 

Ca-P-coated implants as with the controls, although this Werence was not seen in 

Experiment II. These redts  were anaiyzed wing ANOVA. For each of the Ca-P and 

control implants, the number of neck regions in Groups 1, 2 or 3 were in each case 

multiplied by the group number (Le. 1, 2 or 3) indicating the extent of bone ingrowth , 

and these numbers were used to determine a weighted average for bone ingrowth into the 

neck regions for each implant type. This weighted average was 2.0 1 for the Ca-P sol-gel 

coated implant group and 1.47 for the control implant group, and the difference was 

statistically significant @ c 0.0001), demonstrating that the Ca-P-coated implants had 

significantly more extensive bone ingrowth into the neck regions than the control 

impiants. 
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Fiwre 6.1 : The two implant types used in the study. The sol-gel Ca-P-coated implant is 

the darker implant (a) while the lighter-colored implant is the control implant (b). 
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Fime - 6.2: SEM photomicrographs showing surface topography of the control implant 

(a = 300X) and the thin Ca-P film @ = 300X & c = 500X) typically covering the 

sp hencal particles of the porous surface of an as-received, un-implanted sol-gel Ca-P- 

coated implant. This verifies that the pores had not been occluded by the sol-gel Ca-P 

treatment. The Ca-P film appeared somewhat rough and granular thus imparting an 

additionai secondary microtextured topography to the porous surface. 
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Fimire6.3: SEM photomicrographs of part of the field in figure 2 at higher 

magnifications (a & b = 2,000X ; c & d = 5,000X) showing a typical Ca-P layer in the 

neck regions between adjacent spherical particles or between the deepest Layer of 

spherical particles and the solid machined implant core. In these regions the film 

appeared thicker and showed signs of surface cracking and delamination. 
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Fi-e 6.4: SEM photomicrographs (a, b, c, d) showing that bicortical stabilkation or 

engagement by the implant was routinely achieved for the distal implants and in 90% of 

the proximal implants in Experiment 1. Note that bone had penetrated to the entire depth 

of the porous surface as in the enlarged photomicrograph (e). The top right represents the 

medial (M) and the lower left represents the laterd (L) aspect of the implant in relation to 

the tibia. (f) & (g) illustrate implant sections situating too close to the endosteum dong its 

entire Iength, hence it was not possible to determine the origin and direction of bone 

growth. 
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Fi- 6.5 : SEM photornicrographs (a, b, c) for Experiment 1 showllig a p r o d  

implant that did not achieve bicortical stabilization and was cailed "fioater" implant. 
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Fime 6.6: SEM photomicrograph of a section showing incomplete engagement of 

lateral cortical bone. This implant with a "floatuig" surface was due to edarging tibia1 

diameter as well as inadequate implant length. As such, the "floating" surfaces were 

frequently the proximal sectioned d a c e s  of the more proximal implants (PAX, PPX, 

PAL, PPL) in Experiment 1. 
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Figure 6.7: Light microscopie photomicrographs showing bone ingrowth into the 

porous surface zone. The extent of this Uigrowth, however, varied for both the Ca-P- 

coated implants (a) and the control implants (b) between the cortical and medullary 

regions. Porous surface zones that were within the meduila but in proximity to the cut 

endosteal surfaces of the cortex displayed considerable bone ingrowth but less than 

porous-surface zones that were in direct contact with cortical bone. Al1 of the observed 

new bone appeared woven in nature. In contrast, those implant surfaces situated toward 

the mid-medullary (Le. distant from the endosteum) spaces were ingrown prirnarily with 

fibrous connective tissue. Note that bone had penetrated to the entire depth of the porous 

coat regardless of the implant type. 
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F i m e  6.8: Black and white LM photomicrograph tracing of bone contact with the 

implant surfaces was inaccurate because of difficulties in focusing arisiog fiom the 

thickness of the histological sections (- 40 p), and because of poor contrast between 

bone and soft tissue. Attempts to quantify bone-to-implant contact using such 

photomicrographs needed to be routinely vedied by direct light microscopie examination 

of each histological section. 
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F i w e  6.9: (a) is a photograph and (b) is a composite SEM photornicrograph of a sol- 

gel Ca-P-coated implant recovered by freeze-hcturing the bone fiom the implant 

showing extensive bone growth from the endosteurn (E) dong the implant surface. 

Numerous bone spicules were observed attached to the implant surface in the medullary 

(M) region. 
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Fi- 6.1 O: SEM photomicrographs (250X to 1,000X) of fieeze-f'ractured implant 

revealed that the thin Ca-P layer was well adapted to the metal substrate, bone maük 

was in direct contact with the Ca-P layer (a, b, c) and oumerous osteocytes (Oc) were 

seen tbroughout the ingrown bone (d). 
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Fime6.11: SEM photomicrographs of fieeze-hctured implants at higher 

magnifications (1,500X to 20,00OX), it was evident that the thickness of the calcium 

phosphate layer was variable. Moa of the surface of the spherical particles of the porous 

surface zone exhibited a thickness of Ca-P in excess of the intended 0.3 p (commoniy 

seen thickness was about 1 p). 
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F i m e  6.12: SEM photomicrographs of fieeze-Etactured implants at higher 

magnifïcations in the neck regions (1,000X & 10,000X) between contiguous spherical 

particles showing the Ca-P Iayer was somewhat thicker (>= 1.5 p). These 

photomicrographs shows that even if the Ca-P layer may have been delaminated or 

exhibited areas devoid of it, bone appeared to grow between the Ca-P the titanium alloy 

or managed to bridge the segmented Ca-P layer respectively. Bone was in direct contact 

with the Ca-P layer and filled much of the porosity adjacent to the necks 
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Fi- 6.13 : SEM photomicrographs (1,000X to 20,000X) illustrating an interposing 

layer bondmg bone with the Ca-P layer. There appears to be an afibrillar layer (af) 

connecting the Ca-P layer to the adjacent new bone via this cernent line-like structure 

(cm) by numerous collagen fibrils (cf). 
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Fimue 6.14: SEM photomicrographs showing that bone ingrowth into the neck regions of 

the Ca-P-treated implants appeared to be substantial (a) and was in direct contact with the 

Ca-P layer and filled much of the porosity adjacent to the necks. In con- bone 

ingrowth ùito the neck regions of control implants appeared to be less pronounced and 

did not fiil much of the porosity adjacent to the necks (b). 
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Table 1: Mean morphornetric measurement and natistical d y s i s  results for 

Experiment 1 in which one Ca-Pcoated and one control implant was placed in the right 

rabbit tibia (pilot animals were excluded). 

- - --- 

Variable 

ACL (mm) 

CLF (%) 

SLBG (mm) 

ABIA (mm2) 

BIF (%) 

BPF (%) 

Ca-P-coated 
implants 
n =  10 

Mean W D )  

ACL: Absolute Bone Contact Length 

CLF: Contact Length Fraction 

SLBG: Straight Line Bone Growth 

Control implants STAT 

ABIA: Absolute Bone Ingrowth Area 

BIF: Bone hgrowth Fraction 

BPF: Bone Penetration Fraction 
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Table 4: Mean morphometric and statistical r e d t s  for the combined data fkom 

Experiments I & II. 

Variable 

ACL (mm) 

CLF (%) 

SLBG (mm) 

ABIA (md) 

BIF ('No) 

BPF (%) 

Ca-P-coated implants 
n =  16 

Mean eSD)  

Control implants 
n =  16 

Mean &SD) 

Table 5: Summary of statistical results. 

ACL (mm) 

CLF (%) 

SLBG (mm) 

ABIA (mmZ) 

B E  (%) 

BPF 

Experiment 1 Experiment II 

STAT 

STAT 

Experiments 1 & II 



92 

Table 6: Average number of neck regions exhibitkg each of the dif5erent category of 

bone ingrowth (Group 1 : no bone filled to less than one-third , Group 2: one-thkd to less 

than two-thirds bone tilled, Group 3: at least two-thirds to completely flled with bone) 

in the medullary space within 700 p fiom the endosteai cortical bone Ievel. 

1 Ca-P-coated implants Control implants 
n =  16 

1 Group I Group 2 Group 3 
n =  16 

Group 1 Group 2 Group 3 

Table 7: Summary of statiçtical results of the pattern of bone ingrowth. 

Ca-P-coated implants 

Extent of bone uigrowth 

Control implants 



Appendix A 

Breakdown of available histological sections into usable and unusable sections. 

1 

Rabbits (n) 
! 
~ 
Availa ble 
sections 

Too close to 
cortex sections 

Floater sections 

Usable sections 

Unusable 
sections 

Experiment 1 

* 

Ca-P 

10 

80 

6 
(7.5%) 

8 
(10%) 

66 
(82.5%) 

14 
(1 7.5%) 

Overd 
To ta1 

Ca-P & 
Control 

16 

256 

24 
(9.4%) 

16 
(6.3%) 

216 
(84.4%) 

40 
(1 5.6%) 

Control 

10 

80 

8 
(1 0%) 

8 
(10%) 

64 
(8O%) 

16 
(20%) 

Experiment II 

Ca-P 

6 

48 

6 
(12.5%) 

O 

42 
(87.5%) 

6 
((1 2.5%) 

Experiment 1 & II 

Control 

6 

48 

4 
(8.3%) 

O 

44 
(91.7%) 

4 
(8.3%) 

Ca-P Control 

16 16 

128 

12 
(9.4%) 

8 
(6.3%) 

108 
(84.4Y0) 

20 
(1 5.6%) 

128 

12 
(9.4%) 

8 
(6.3%) 

1 08 
(84.4%) 

20 
(1 5.6%) 



VII) DISCUSSION 

The purpose of this study was to investigate the effects of the application by sol- 

gel technique of an ultrathin layer of calcium phosphate (Ca-P) on the early healing 

responses to porous-surfaced dentai impiants. The hypothesis tested was that Ca-P wouid 

act as an osteoconductive substrate and thereby increase the rate and extent of bone 

growth and ingrowth in relation to porous-surfaced implants. The overall results 

supported this hypothesis with the sol-gel Ca-P-coated implants showing greater bone 

contact and ingrowth at 2 weeks of heaiing compared to the control implants. The 

differences in osteoconductivity were detected by histomorphometric analyses of bone 

growth / ingrowth in relation to the porous surface alone using several different 

parameters (ACL, CLF, SLBG, ABIA, MF), and by the extent of bone ingrowth into the 

neck regions between adjoining sphencal particles constituting the porous sinface region. 

The two implant types used in the present study could be easily disthguished 

from each other macroscopicaiiy because the sol-gel Ca-P layer imparted a grayish colour 

to the implant surface. At SEM magaincations of 2000X or greater , the Ca-P layer was 

shown to be well adapted to the metai substrate and to have penetrated the entire 

thickness of the porous zone. The thickness of this surface coat was greater than intended, 

king fiequently in the lpm range rather than in the intended range of 0.3 to 0.5 p. 

However, this somewhat thicker film did not occlude the pores within the porous zone, 

and, therefore, did not appear to affect the overall s d a c e  geometry in an unfavourable 

way. The sol-gel-formed Ca-P coating was successful in improving the conditions for 

bone growth and ingrowth. 
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The technique used for sol-gel Ca-P thin film application employed in this 

investigation was a dip coating technique. The porous-sudaced implant was dipped into a 

solution containing the calcium and phosphate particdates, vertically withdrawn at a 

controlled rate of 100 mm per minute, allowed to dry, and h d l y  vacuum-annealed at 

683' C for 15 minutes. This type of processing should have resulted in a calcium 

phosphate layer 0.3 to 0.5 pn thick based on published data (Bautigam et al. 1989; Qiu et 

al. 1993; Filiaggi et al- 1996 a, b). The nIm thickness achieved was about 1 q on the 

surfaces of the spherical particles of the porous zone but in excess of 1.5 pm in the neck 

regions between the particles of the porous zone. It has been reported that film thickness 

varies inverseiy with the square root of the withdrawal speed (Gugiiemi er al. 1992). 

Hence, a farter rate of withdrawal is predicted to result in a thicker film than a slower rate 

of withdrawal (Strawbndge and James 1986; Bautigam et al. 1989). A dipping rate of 

about 200 mm per minute was shown to give a coating thickness of about 0.1 - 0.2 pm 

(Bautigam et al. 1989). The withdrawai speed used in the present study was slower (1 00 

mm/&.) and should have resdted in a thinner or at least as thin a layer as that achieved 

by Bautigam et al. ( i.e. 0.2 p m  in thickness ); however, this was not found to be the case. 

This difference in results may have been due to the fact that the metal substmte used in 

the present study consisted of a porous surface which possessed surface irregularities 

which might have affected the flow characteristics as well as the retention of the gel 

solution compared to a relatively smooth and flattened metal or quartz substrate as used 

by Bautigam et ai. and others (Qiu et al. 1993; Nordstrom et al. 1994). The thicker Ca-P 

layer produced in the present shidy aiso may have been p h a l l y  caused by high surface 

tension again arising nom the irregdarities of the porous surface region creating a 

capillary-like action and 'bpping" the Ca-P solution. Two other possible explanations 
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for the thicker Ca-P layer despite the slower withdrawal speed should be considered. 

Firstly, the viscosity of the solutions used here may have differed significantiy fÏom those 

used by others. Secondly, the Ca-P solution used in the present study was unlikely to 

have been a tnie solution as it was prepared as a particulate (Le. colloida1 solution) ad, 

therefore, may not have had the flow and adhesion characteristics of a tme solution 

(Filiaggi 1995 Ph.D. thesis & personal communication). Since there were few fieeze- 

hctured SEM views representative of true cross-sectional fracture through the Ca-P 

layer that would give an accurate measurement of the Ca-P layer thickness, M e r  

investigation into sol-gel Ca-P film thickness on porous-surfaced implant is required. 

As the sol-gel Ca-P layer used here was thicker than intended, it was susceptible 

to surface cracking as has been reported for such coatings as thickness increases beyond 

0.3 pn (Nordstrom et al. 1994). In the one as-received calcium phosphatesoated implant 

which was not implanted in the present investigation, but examined directly by SEM, 

surface cracking of the Ca-P coating was not observed regularly on the surfaces of the 

sphericai particles of the porous surface zone away fkom the neck regions. However, it 

was regularly observed in the neck regions and sometimes in association with early signs 

of delamination of the Ca-P layer. The two implants which were fieeze-fractured prior to 

examination similady demonstrated this cracking of the Ca-P layer in the neck regions. 

This cracking phenornenon is likely attributable to the thicker Ca-P layer (greater than 1 -5 

p) observed in the neck regions. Othes have shown that when sol-gel film thickness 

exceeds 0.3 p, cracking and flaking is more fiequently observed (Nordstrom at al. 

1994). These fieeze-fiactured specimens also showed delamination of the Ca-P layer 

fiom the outermost surfaces of particles of the porous surface zone away fiom the neck 

region. Thus, it was observed that during the fieeze-fracturing procedure the Ca-P layer 
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separated fiom the metal subsaate and remained attached to the adjacent bone surface. 

The following is proposed to explain this observation. The implants used in the present 

investigation were cylindrical in shape and were slightly larger in diameter than the 

surgical burs used to create the implant site. These "press-fit'' implants were installed into 

the prepared sites using rotationai force delivered in both a clockwise and counter- 

clockwise manner with a hemostat used to grip the flattened head of the implant. This 

installation process may have resulted in delamination and / or abrasion of the sol-gel Ca- 

P coating on the outermost d a c e s  of the porous s d a c e  region. This may have some 

clinical relevaoce as the Întended benefit of the applied Ca-P layer may be lost on the 

outermost surfaces of the sol-gel coated implants during implant installation However, in 

some instances where small areas of delamination had occurred, it was observed that new 

bone had been deposited onto the metal substrate beneath the delaminated Ca-P layer 

indicating that the intended Ca-P benefit was not aEected by the delatnination. Other 

possible reasons for delamination include; i) artifacts from the fieeze-frachuing process 

as the metai and the Ca-P layer have different thermal CO-efficients of expansion I 

contraction; ii) the Ca-P layer dong with the attached bone, being on the outer sudace 

and readily accessible to liquid CO2 , may be weU fiozen while the underlying metal 

substrate , being much thicker, deeper and less accessible to liquid CO2 , may not have 

reac hed the same temperature. 

Several problems were encountered with the experimental design as originally 

proposed. In the pilot study using 4 animals, two implants were placed in the mid-shafl 

area of the right tibia As it tunied out this region of the tibia has the smallest overall 

diameter and, therefore, once the two implant sites had been prepared the remaining bone 
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volume was insufncient to withstand the forces associated with subsequent loading of the 

bone, with the result that these rabbits developed pathological tibid fractures at day-three 

to day-five following implantation and had to be sacrificed To correct this problem, the 

experimental protocol was modified to place the two implants more proximally towards 

the metaphysis. This protocol was used in Experiment I and the outcome was that al1 but 

one of ten sol-gel Ca-P-treated implants and ail but one of ten control implants achieved 

bicortical stabilization as intended, and none of the animals sufTered tibia1 fractures. The 

two implants which did not engage both cortices were the more proximal of the two 

placed in each of the affected tibiae and were due to the fact that the overall diameter of 

the tibia at the site of implantation exceeded the implant length. These two implants were 

called "floaters", and the control "noater" implant did not appear to osseointegrate. In 

contrast, the sol-gel Ca-P-coated "floater" implant was well osseointegrated within the 

single cortex engaged. This observed difference may be due to the ability of the Ca-P 

layer to promote osseointegration, through enhanced "osteoconduction", when the 

implant site or condition was less than ideai. However, there are other factors that may 

have afTected osseointegration of the one control "floater" such as overheating during 

surgery and excessive relative mobility of the implant and bone during early healing. 

Overheating of bone during surgery was unlikely in this snidy as copious saline irrigation 

was used during surgery. Excessive mobility also was not suspected since this implant, 

Like all of the others, needed to be press-fitted under fiction. However, it rnay have been 

that the forces exerted by the overlying muscles as the animal moved around in its cage 

resuited in some levei of implant micromovement during initial healing. The importance 

of careful and atraumatic surgery coupled with perfect fitting of the implant is crucial to 

achieving osseointegration (Branemark 1969, 1977, 1985; Albrektsson et al. 198 1). An 



99 

ill-fitting implant subjected to eady loading by muscle forces resulting in excessive 

micromovernent may resdt in fibrous connective tissw formation at the implant surface 

(Maniatopodos et al. 1986), and as mentioned above, the application of a bioactive 

surface coating that is osteoconductive may be beneficial in these situations (Maxian et 

al. 1994). 

Another problem with placing two implants in one tibia was that even where an 

implant contacted the second cortex this contact was ofien incomplete, again because of 

inadequate implant length. As a result, there tended to be fewer appropriate sections 

available for the proximal surface of the more proximal implant in each animal. 

Consequently in Experiment II to avoid these problems ody one implant was placed per 

tibia and bot& tibiae in each animai were used. As a resdt in Experiment II it was 

possible to choose an implantation site that allowed for optimal bicortical engagement. 

A final limitation of the surgicd protocol in both Experiments 1 and II was that 

occasionally proximity of the implant to the endosteal surface of the cortical bone on the 

antenor or postenor aspect of the tibia ( due to implant diameter relative to the diameter 

of the rnedullary cavity in the site where the implant was instailed ) resuited in a few 

sectioned surfaces that were unsuitable for histomorphometric analysis. In these sections 

it was impossible to determine the origin of new endosteal bone that had fomed in 

contact with the porous implant surface. That is it was impossible to determine if new 

bone in contact with the porous surface had originated by osteoconduction fkom the cut 

endosteal bone surface at either end of the implant or had simply grown into the porous 

sinface fiom the anterior or postenor endosteum where this had coincidentally been in 

close proximity to the implant. These sections were among those Iabeled as PAX, PPX, 

DAX, DPX ( i.e. ail were tibial cross sections). As a consequence, these few (about 5%) 
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affected surfaces were excluded fkom the analyses. This problem was not seen with the 

longitudinal sections and codd have k e n  avoided with the use of longer implant lengths 

allowing placement to be more proximal and towards the metaphysis where the tibial 

diameter and the medullary space are larger. 

To study the potential osteoconductive advantages of the sol-gel Ca-P-treated 

porous-surfaced implants in cornparison to the control implants, histornorphometric 

measurements and analyses were carried out using SEM photornicrographs of each of the 

eight histological sections available for each implant. CLF and B E  in this shidy, 26.94 to 

40.35% and 3 1 .O2 to 34.70% respectively, were much lower than data reported in earlier 

studies of porous surface-structured dental implants placed in dog mandibles (Deporter et 
8 

al. 1986 a, 1988) where CLF ranged nom 45% to 60% and BIF fiom 60% to 72% . 

These observed differences between the present study and earlier porous-surfaced 

implant studies might be attributed to species differences and to the much Longer 

implantation period (9 to 10 months with 8 months in function) in the previous dog 

studies as compared to the 2 weeks in the present study. Another possible explmation 

may be dzerences in the bones being implanteci with more bone available for contact 

with the implant surface in dog mandible where much of the implant length was iaitialiy 

in contact with either cortical or cancelious bone. In contrast, in the present study 

attempts were made to have only the two ends of each implant initially in contact with 

cortical bone so a s  to be able to assess osteoconduction over the implant length 

tramvershg the medulla Furthemore, CLF and BIF were determined only for new bone 

which had developed by osteoconduction firom the endosteal surfaces of the cortical bone 

and not within the comcal bone region itseE This may be another reason for the lower 

values for these rnorphometric parameters in this study . 



On the penosteal aspect of the cortices, where the implant sat proud of the medial 

tibial cortex or extended beyond the lateral tibial cortical surface, bone growth I ingrowth 

was extensive and smounded the entire exposed extra-cortical portions of the implants. 

This penosteaI bone growth I ingrowth appeared to result in the same type of endosteal 

bone reaction being investigated, i.e. promoted osteoconduction. This suggests fiiture 

midies aimed at investigating the potentid usefulness of sol-gel Ca-P-treated porous- 

surfaced implants in conj unction with barrier techniques to regenerate lost alveolar ridge 

bone height at the time of implant placement. 

Although morphometric analysis (ACL, CLF, SLBG, ABIA, BE) indicated that 

sol-gel Ca-P-treated implants were more osteoconductive than the control implants, the 

differences may not be clinically relevant. Cornparing the two implant types, the Ca-P 

coated implants yielded the greater values. Differences between the two implant surface 

treatments were 0.437 mm (or 59% improvement over the control implants) for ACL, 

13.41% (or 50% improvement over the controls) for CLF, 0.156 mm (or 15% 

improvement over the controls) for SLBG, 0.009 mm2 (or 14% improvement over the 

controls) for ABIA, and 3.68% (or 12% improvement over the controls) for BE. Thus, 

except possibly for ACL and CLF, the relatively mal1 improvements in bone growth and 

ingrowth rnay not result in signiticant clinicai advantages during early healing. However, 

the more extensive ingrowth of bone into the neck regions for the sol-gel Ca-P-treated 

implants may present a significant dinical advantage of thin sol-gel Ca-P layers. Clearly, 

more bone ingrowth into the neck regions would indicate that the implant was better 

osseointegrated (i.e. improved 3dimensional bone-to-implant interlocking) and would be 
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of clinical benefit draing the early healing stage (and likely later as well) helping with 

initial and long-term implant stabilization. 

In the present study only one heaüng interval was examine4 Le. 2 weeks post- 

implantation, and there was a statistically sigoificant ciifference detected between the two 

surface treatments. Using a similar model, others have shown that thicker calcium 

phosphate layers enhance osteoconduction at early time penods out to 6 weeks (de Groot 

et al. 1987; Cook et al. 1992 b), but that the observed differences in bone to implant 

contact are no longer detectable d e r  longer healing intervals of 6 weeks to 12 weeks or 

longer. Thus, for example, Thomas et al. (1986 a, b, 1989) found that HA-coated and 

uucoated pomus titanium alloy canine transcomcal plugs demonstrated similar bone 

ingrowth der  6 weeks with no significant difference in shear strength d e r  three, six and 

twelve weeks of implantation. It is generally believed that Ca-P coatings seem to promote 

faster initial bone growth into the implant but as healing continues to occur, the implant 

without bioactive coating eventuaily catches up to that of the Ca-P-coated implant with 

bone apposition and ingrowth being similar between the two groups (Gottlander & 

Albrektsson 1991). The present study was not designed to support or dispute this 

statement. 

The nature of the interface between synthetic Ca-P, both surface-deposited and in 

block form, and bone newly deposited upon it has been investigated by several 

researchers, but remains in dispute (Kasemo & Lausmaa 199 1, Davies et al. 199 1 a, b; 

Orr et al. 1992). Many have reported a direct deposition of bone matrix onto Ca-P in vivo 

as observed by transmission electron microscopy, while othen have disputed this 
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conclusion demonstrating an intervening electron dense afibrillar layer between the Ca-P 

and overlying bone. This intervening layer, or so called cernent line-like layer, is thought 

to be rich in calcium and phosphate and fkee of collagen fibres (Jarcho et al. 1977, 1981; 

Denissen et al. 1980; Ganeles et al. 1985; van Blitterswijk et al. 1985, 198 2, 1990 a; de 

Lange et al. 1987, 1990; Frank et al. 199 1 ; Davies et al. 1991 a). The fkeeze-hctured 

implants examined in the present study did demonstrate a cernent line-like interface layer 

between the sol-gel Ca-P coat and the newly deposited bone, thus supporting the latter 

claims. Little is known about the bonding mechanisms ifany between the Ca-P layer and 

cernent layer. However, it has been speculated that such bonds do exist and probably 

involve both micro-mechanical interlock (Ricci et al. 199 1; OIT et al. 1992) and sorne 

f o m  of chemical interaction (Hench et al. 197 1 ; Ducheyne et al. 1992; Wiams et al. 

1992). 

Both of the implant surface treatments used in the present study showed 

osteoconductive properties. The osteoconductive activity displayed by the non-sol gel- 

coated implants was ascnbed to the effects of surface topography as earlier reported with 

similar experimental implants placed in rat femurs (Dziedzic & Davies 1994). ûther 

surface modifications including surface micro-roughness produced by sandblasting, acid 

etching, titanium plasma-spraying and HA plasma-spraying similarly result in varying 

degrees of osteoconductive activity (Schroeder et d 198 1, 1991; Buser et al. 199 1 b). 

The sol-gel Ca-P film used in the present study resulted in an implant d a c e  that was 

signincantly more osteoconductive than the un-coated implant , and this difference may 

be explained by differences in surface roughness as seen in the fieeze-hctured implants 

and in SEM photomicrographs of the as-received sol-gel coated implant examined. It 
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seems likely that this increased micro-texture of the Ca-P-treated implants may have 

contributed to the observed improvement in osteoconductivity. However it was not 

possible to determine the extent to which the increased osteoconductivity was due to 

surface micro-texture as opposed to benefits resuiting nom the chemistry of the Ca-P 

layer. Further investigation into these questions will be required to determine the 

individual benefits arising from p hy sical and chemicai phenornena Nunerous studies 

have addressed the effect of Ca-P chemistry, crystallinity and stability on 

osseointegration (Cadîer et al. 1995, 1997; de Groot et al. 1994; de Bruijn et cil. 1993 a, 

b). It was suggested by these investigatoe rhat l e s  crystdine plasma-sprayed Ca-P 

coatings containhg a high amorphous component (about 40%) resulted in improved 

bone-implant contact and this advantage was thought to be due to the dissolution of the 

amorphous component leading to elevated local levels of caIcium and phosphate ions and 

providing a microenvironment more conducive to new bone formation. It is also known 

that the crystallinity of sol-gel Ca-P layers may be af3ected by different sintering 

temperatures (Qiu et al. 1993). Whether or not any of these factors were influentid in the 

results obsexved in the present study is not known as the chemistry and crystallinity of the 

sol-gel layers used was not investigated. 

As indicated, the long-term fate of the ultrathin sol-gel Ca-P fùm as used in the 

present study is not known. Sol-gel Ca-P nIms appear to be much denser than other foms 

of Ca-P surface layes including plasma-sprayed layers (Qiu et al. 1993; Basle et a[. 

1993; Caulier et al. 1995, 1997), and this difference in density may af5ect the ability of 

osteoclasts to resorb the deposited Ca-P. Basle and CO-workers ( 1993 ) and Caulier and 

CO-workers ( 1995; 1997 ) have dernonstratecl that "macroporous" ( Le. less dense ) 

calcium phosphate biomaterials having a porosity in the range of 400 to 600 elicited 
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the recniitment of multinucleated cells and resulted in resorp tive activity . Osteoclast-üke 

cells were not observed in the fkeze-fkacture SEM photomicrographs exarnined in the 

present study so whether or not the dense ultrathin Ca-P layers used here are subject to 

osteoclastic resorption is presently not known, ahhough it has been shown that similar 

Iayers are resorbed in vitro (Davies et al. 1993). 

One of the problems with thick Ca-P layers applied by plasma-spray techniques is 

that they very often delaminate (de Groot et al. 1987; PiIliar et 01. 1991 b; Radin & 

Ducheyne 1 992; Klein et al. 1 989; de Groot et al. 1 990; Filiaggi et al. 199 1 ; Whitehead 

et al. 1992; Delecrin et al. 199 1) and where the Ca-P surface coat is the primary means of 

implant fixation this may lead ultimately to implant failure (de Groot et al. 1987; Radin 

& Ducheyne 1992; Klein et al. 1989; de Groot et al. 1990). Some delamination of the 

sol-gel ultrathin films used in the present study was seen h the fkeeze-nactured SEM 

specimens, and this occuned more often in the "neck" regions where the coating 

thickness tended to be considerably greater than the optimum thickness of 0.3 p, and on 

the outemost surfaces of the outer layer of sphencd particles of the porous coat, the 

latter incidences Likely k ing  related to shearing forces occurbg during the insertion of 

the press-fit implants. It seems likely, however, that this observation wodd have Little 

clinical significance for two reasons. Firstly, these delaminated hgments nom the 

coated necks became surmunded by bone and rernained in very close proximity to the 

implant surface and within the porous coat region, and it seems likely that they would 

evenîuaiiy become resorbed if left in situ for perioùs of time lorger than the two week 

perïod used here ( Davies et al. 1993 ). Secondly, the ultrathin layers used in this work 

were intended to accelerate initial osseointegration, rather than serving as the primary 
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means of implant fixation, the latter characteristic being the role of the porous titanium 

alloy d a c e  zone. 

The hypothesis for the present study was that the application of an ultrathin Iayer 

of Ca-P to a porous-surfaced endosseous implant would promote osteoconduction during 

the initial healing period. This hypothesis was confirmed This finding rnay be of use 

clinicaily as the use of ultrathin Ca-P coatings on porous-daced implants may permit 

signifïcantly shorter initial healing intemals, although this requires verification in a 

clinicd triai. The healing intervals reported with porous-surfaced implants in humans 

(Deporter et al. 1996) are generdy the shortest of any of the commerciaily available 

dental implant systems. However, any M e r  shortening of the initial osseointegration 

penod would likely be welcomed by both patients and clinicians alike. The hding that 

ultrathin Ca-P coating accelerates initial bone growth / ingrowth may also be of some 

benefit in the M e r  development of porous surface-strucîured implants for use in a 

single-stage surgical approach (Le. non-subrnerged implant procedure) or for use as 

irnmediate implants at the time of tooth extraction. There would appear to be a perceived 

need for one-stage endosseous dental implant devices as evidenced by a number of recent 

publications (Salama et al. 1996; Bijlani et ai. 1996; Levy et al. 1996; Schnitman et cil. 

1997; Gomez-Roman et al. 1997; Tarnow et al. 1997; PiatteUi et al. 1997; Becker et al. 

1997). As well , using a dog model, Levy et al. (1 W6), have shown that porous-surfaced 

dental implants with surface designs similar to the non-Ca-P-coated implants investigated 

in the present study became osseointegrated when used as non-submerged implants; 

however, the non-submerged implants had lower CLF than the traditional two-stage 

procedure. The application of a sol-gel Ca-P layer to these implants may fiuther benefit 
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this chicai approach. Further investigations in this direction will be requkd to assess 

the potentid benefits of sol-gel Ca-P layer for one-stage non-submerged implants and for 

use as immediate dental impiants. 



MI[) SUGGESTIONS FOR FUTURE STUDIES 

In view of the observed irnproved osteoconductivity of an ultrathin layer of sol- 

gel Ca-P coating on porous-daced implants, there are several suggestions for fiinire 

investigations. These are outlined as follow: 

The observed periosted bone growth / ingrowth in relation to the exposed extra- 

cortical implant region was qdtatively similar to the type of endosteal bone reaction 

being hvestigated. This suggests hiture osteoconductive studies aimed at investigating 

the potential usefulness of sol-gel Ca-P-treated porous-surfaced implants in conjunction 

with barrier techniques to regenerate lost aiveolar ndge bone height at the tirne of implant 

placement. In such a model porous-ninaced implants might be installed with a variable 

Iength of the sol-gel treated, porous-daced segment proud of the crestal bone and 

covered with a barrier to exclude gingival tissues which also might have the nuface 

intended for contact with bone coated with an ultrathin layer of Ca-P. If the 

osteoconductive potential of an ultrathin sol-gel Ca-P layer will allow for this supra- 

crestal "guided bone regeneration", such an implant system may be useful in clinical 

situations where there is minimal alveolar bone height available, and where it would be 

otherwise necessary to do a separate ridge augmentation procedure, sinus Lift operation, 

or nerve repositioning pnor to or in conjunction with implant installation. 

It would also be beneficial to study longer healing penods with sol-gel Ca-P- 

treated and control implants with porous surface zones formed by metal powder sintering 

to determine the long-term stability of thin Ca-P layers applied using sol-gel technique. 

Additionally, whether or not the differences in bone growth and ingrowth observed at 2 
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weeks are maintained over longer times codd be investigated Ongoing experiments are 

addressing these questions. 

With the improved osteoconductivity, it seems appropriate to propose f h r e  

investigations involving clinical situations utilking a single-stage surgical (non- 

submerged) procedure or immediate implantation subsequent to tooth extraction. The 

application of an ultrathin sol-gel Ca-P coating to porous-surfaced dental implants or 

other implant designs such as plasma-sprayed titanium, threaded implant with either 

machùied or polished sdaces  and grit-blasted or acid etched systems may be beneficial 

and possibly making such clinical approaches more predictable on a routine basis. 



CY) CONCLUSIONS AND FINAL RECOMMENDATIONS 

From the results reported here it may be concluded that: 

1) The sol-gel technique of calcium phosphate application used here is suitable for 

modification of porous surface-structured implants, formed by sintering titanium 

alloy particles to the surface of a titanium d o y  core, as this sol-gel application did 

not result in occlusion of the porous structure. 

2) Porous surface-structured endosseous implant devices with an ultrathin (potentially 

submicron in tbickness) layer of calcium phosphate applied by the sol-gel technique 

demonstrated an enhanced osteoconductivity. 

3) Analysis of the extent of bone ingrowth into the neck regions between adjacent 

spherical particles of the porous surface zone is an excellent and useful parameter to 

evaluate osteoconductivity and the degree of osseointegration. Neck regions present 

acute-angled junctions between adjoining spherical particles that O ften are not 

significantly ingrown with bone with the non-sol-gel calcium phosphate-coated 

implants. This parameter (the extent of bone ingrowth in the neck regions) was more 

sensitive as an indicator of osteoconduction than conventional morphometrîc 

parameters such as Contact Length Fraction and showed a clearly superior result with 

the sol-gel treated implants. 

4) Although torquing and pull-out tests were not part of this study, the more extensive 

bone ingrowth into the neck regions with the sol-gel calcium phosphate-treated 

implants would be expected to provide superior three-dimensional bone / implant 

interlock which should result in better resistance to torquing and tende forces. 
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5) The sol-gel calcium phosphate processing procedure used in this study may have 

redted in film thickness in excess of 1 p, and this Ied to some cracking and 

delamination of the film. It would be prudent in future investigations to detemiine 

what alterations in processing are required to enmre that the Ca-P film was of the 

optimal 0.3 pn thickness, for example, by possibly decreasing the solution viscosity 

and using a newer polymeric sol-gel calcium phosphate form rather than the 

particdate I colloicial form used in this study. 
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