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ABSTRACT

Background: Osseointegrated titanium implants are routinely used in clinical denstistry as
anchorage units for dental prostheses. Although the overall clinical results are good, there are
clinical situationswhen an optimized implant healing isdesirable, for instancein order to shorten
healing periods and to allow immediate | oading. _ .

Aims: The present work was undertaken to study the influence of some micro- and
macroscopical surface modifications on the integration and stability of titanium implantsin
bone. In addition, theaim was also to study theinfluence of abone growth factor and autogenous
bone grafts on implant healing in bone defects.

Materials & Methods: The thesis is based on five experimental studies using a total of 12
mongrel dogs and 39 New Zealand White rabbits. In total, 327 screw-shaped implants were
evaluated with histology and biomechanical tests. Theimplantshad either aturned surface or
had been treated with anodic oxidation to create a porous surface structure (microscopic
modification). A groove with various sizes was added to one thread flank of oxidized implants
(macroscopic modification) for comparison with implantswithout agroove. Ground sections of
the intact bone-titanium interface were prepared for light microscopy and quantitative
morphometry. A micro-CT technigquewas used tor 3D visualisation of the bonein relation to the
implant surface. Implant stability was measured with removal torque (RTQ) tests and resonance
frequency analysis (RFA) measurements.

Results: Turned and oxidized implants were placed in the dog mandible with circumferential
defects which were filled with dog BMP+ carrier, carrier alone, autogenous bone chips or
nothing. No differences in histological response and |m[i)1lant stability were seen between the
different materials and controls after 4 and 12 weeks of healing. However, oxidized implants
shower astronger bonetissue response and were significantly more stable than turned implants
after 4 weeks. A rabbit study demonstrated direct bone formation at the surface of oxidized but
not turned implants after 7, 14 and 28 days. A darkly stained layer became p0|oulated with
osteobl asts which produced osteoid towards the implant surface whilst turned impl ants seemed
to be integrated by approximation of bone from the surroundi erllé;_bone and marrow tissues, In

aper 111, an increased resistance to RTQ was seen for oxidized implants with a 110um wide
and 70 um deep groove as compared with control implants without a groove after 6 weeks of
healing. Thiswasnot observed for 200 pum wide grooves. Histology showed an affinity of bone
formation to the grooves. Paper IV evaluated the influence of three different groove sizeson
implant stability as measured with RTQ and RFA. The results confirmed that 110 um grooves
resulted in better stability than implantswith 80 um or 160 pm wide or no grooves. Histology of

RTQ specimens revealed an increased incidence of bone fracture at the entrance of the groove
as opposed to a separation at the bone-implant interface with decreased groove width. Bone
formation had an affinity to the grooves which increased with decreased groove width. In
paper V, bone formation was seen to occur more frequently in grooves than on opposing flank
surfaces after 7, 14 and 28 days of healing in implant siteswith small bone volumes.

Conclusions: The present thesis shows that both micro- and macroscopical surface
modifications have positive influences on the bone tissue response and stability of titanium
implants. It issuggested that thisis dueto acombination of (i) contact osteogenesis as stimulated
by themi croé%r)_ography and (ii) guided bone formation as stimulated by the macrotopography,
which resulted in animproved mechanical interlocking between bone and implant surface.

K eywor ds: titanium, dental implants, surface modification, bonetissue, biomechanics, BMP,
| SBN-10: 91-628-6895-0, | SBN-13: 978-91-628-6895-6
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INTRODUCTION

Osseointegrated dental implantsareroutinely used asanchorage unitsfor prosthetic
crowns, bridgesand overdentures. The origina protocol s prescribed ahealing period of 3to
6 monthsto allow osseointegration of theimplant prior toloading, either using asubmerged or
non-submerged implant placement technique (Branemark et al 1969, Schroeder et a 1976).
Reviewsof clinical follow-up studiesshow that survival rates around 95% can be expected
onall indicationsover a5-yer period of time (Esposito et al 1998, Berglundh et al 2002).
From the same bulk of knowledgeit isalso evident that some of therisk factorswhich may
lead toimplant failuresare soft bone, limited bonevolumes, grafted bone, overload and smoking
(Sennerby & Roos, 1997, Sennerby & Rasmusson 2001). In addition, there hasbeen a
gradual challenge of biologic limitsfor osseointegration; implant healing times have been
shortened, implants are placed in extraction sockets and immediate | oading protocol s have
been introduced. Whereas these approaches have certainly widened indications for
osseointegrated implantsand dramati cally shortened thetrestment time, they have at thesame
time presented increased risk for failure, at least for smooth surfaceimplants placed in soft
bonequdities(Glauser et d 2001, Rocci et d 2003). Thehigher failureratesmay beovercome
by optimizing theimplant surface and design to promote boneintegration and stability. One
such possibility ischange of the surface topography at the microscopic level. Numerous
experimental studieshavefound astronger bonetissueresponse and increased stability for
moderately rough surfaced implants ascompared to smoother control implants (Buser et a
1991, Wennerberg 1996). As a consequence, most implants systems of today have a
moderately rough surface as opposed to the original Brénemark turned and smoother surface
(Albrektsson & Wennerberg 2005). M acroscopi cal modification of theimplant isanother
theoretical possibility toimproveintegration, stability and clinical function. Most dental implant
system have somekind of interlocking geometry at the apical aspect of theimplant where
boneingrowth may hepto stabilizetheimplant. However, it would probably bemorebeneficia
if amacroscopic modification could be made a so near the corona part of theimplant placed
in marginal bone. The mechanisms behind the observed positive bonetissue responseto
surface modificationsand the consequencesonimplant stability indifferent clinica stuations
arenot fully understood. A third way of improving the healing of implantswould beto use
bonegrowth factors. Thiswould beespecialy beneficia in situations of placingimplantsin
defectsand tooth extraction socketsin order tofacilitate bonegrowth towardsinitialy uncovered
implant surfaces. It isposs blethat the combination of bonegrowth factorsand implant surface
modification may amplify the bonetissueresponse dueto the previoudy demonstrated stronger
bone reactionsto moderately rough surfaces.



Bone tissue

Bonetissueisahighly specidised form of connectivetissue of mesenchyma origin. The
extracellular matrix ismineralized giving therigidity and strength to the skeleton maintaining
somedegreeof eadticity. It actively participatesa soin maintaining calcium homeostassinthe

bodly.

Morphology
Morphologicaly, bonetissueisdividedinto cortical/compact and cancellous/trabecul ar

bone. Thedifferencesare both structural and functional although both havethe samematrix
composition. Cortical bone have higher density and less porosity compared to cancellous
bone since mature cortical bone consists of densely packed sheets of collagen lamella,
concentric, parallel andintertitial, whereasin cancell ous bone the matrix isameshwork of
bars and spiculesof bonelamella, thusmoreloosaly organised. Cortical boneformsabout
80% of the mature skel eton and surroundsthe cancellousbone platesand marrow. Differences
in distribution and arrangement areresponsi blefor differencesin mechanical properties.

Cortical and cancellousbone can befurther divided intowoven/primary and lamellar/
secondary bone. At healing, woven boneisformed and then replaced by maturelamellar
bone. Woven bone hasarapid turn over rate, anirregular pattern of collagen fibrilsand four
times as many osteocytes per unit volumewith different size, distribution and orientation.
Lamellar boneisnormally less active than woven bone, consist of predominantly mature
cortical and cancellous structures, densely organised paralldl collagenfibreswith auniform
pattern around acentra cana (the Haversian canal) containing blood and, sometimes, nerves.
TheHaversan system or osteon consist of acentra cand, surrounding osteocytesand canaculi,
thissystemisseparated from other osteonswith acement linelinning the outside of the osteon.
The cell processesin the canaculi and the collagen fibrils of the osteon do not crossthe
cement line. TheHavers an cana shave an anastomosing network with transverdly oriented
cands, Volkmanscanals. The network of canals connectsthe periostal and endosteal surface
and the bone marrow enabling regulation of cell and bone metabolism.

The periosteum isamembrane covering the outer surface of the bone made up of an
outer fibrouslayer of denseirregular connectivetissuewith blood and lymphatic vesselsand
nervespassnginto thebone, theinner layer or cambiumlayer consstsof dasticfibres, blood
vessalsand bonecdlls. The periosteum isinvolved bonegrowth, nutrition and they canhelpto
forman extraosseuscallusduring fracture hedling. Theendosteumisamembraneonthebone
surface separating the bone from the marrow cavity; it contains osteoprogenitor cellsand
osteoclasts.

The bone marrow serves as a source of bone cells, the blood vessels of the bone
marrow formacritical part of thecirculatory systemin bone.



Bonemairix

Thebonetissue consistsof cellsand extracellular bone matrix, which makesup more
than 90% of the volume of the bonetissue. The extracellular matrix contains 35% organic,
65% inorganic componentsand thewater component is 10%.

The organic component, approximately 90% of the organic matrix, consstsmainly of
collagentypel (Buckwalter et a 1996a, Gerhon Robey et al 1993). The non collagenous
proteinsare composed of non-collagenous glycoproteins and bone specific proteoglycans,
these proteinsinclude osteocal cin, osteonectin, bone phosphoproteins, bone sialoproteins
and small proteoglycans. Thereare also alarge number of proteinshat are absorbed fromthe
circulation, asa buminand &HS glycoprotein. Thenon collagenous proteins have different
functionsintheregulation of bone minerdization, call-to-matrix binding and interactionswith
structural proteins. Less of 1% of the non collagenous proteins contains growth factors
influencing the cellsbut al so secreted by them.

Theinorganicbonematrix performstwo essentia functions; asanion reservoir and and
adructuregiving thebonetissueitsstiffnessand strength. Approximeately 99% of body calcium,
85% of the phosphorous and 40-60% of total body sodium and magnesium areassociated in
minerd crystasin bonetissue. The phys ologic concentrationsof theseionsintheextracd lular
fluid arethereby sustained. By forming hydroxyapatite-crystals(Ca, [PO,][OH.]) of cacium
and phosphatethe bonetissueisprovided with stiffnessand strength. These crystalsundergo
important changesin composition with age, thustheir biol ogic functionsdepend on theamount
and theage of themineral crystals(Buckwalter et al 19964).

Bonecdls

There are four different cell types, osteoblasts, osteoclasts, bone lining cells and
osteocytes. Ogteoblasts, osteocytesand bonelinning cdllsoriginatefrom amesenchymal stem-
cell line, whereas osteocl asts ari se from the fusion of mononuclear precursors, originating
from hematopoietic stem-cell line. Osteoblasts, lining cellsand osteocl asts are present on
bone surfaces, whereas osteocytes permeate the mineraisedinterior.

Osteoblasts

The osteobl ast originatesfrom the proteobl ast which isamesenchymal cell foundin
bone canals, endosteum, periosteum, bone marrow and as vascular pericytes. The pre-
osteoblast is present on the bone surface usually in the surfaces bel ow the active mature
osteoblast. The osteoblasts haverounded oval, polyhedral form at active state and are seen
tightly packed as seams. The osteoblasts synthesise, secrete, and regul ate the deposition of
theextracellular matrix of bone. Thisisfirst seen asosteoid which consistsof uncalcified bone
tissue onthesurface of themineralised bonetissue. The cytopl asmic processes of osteoblasts
extend through the osteoid to cominto contact with osteocyteswithin themineralized matrix.



Active osteobl asts may remain on the surface of the bone, becameinactiveand assume
aflatter form, bone-lining cells. They may also surround themsel veswith matrix and become
osteocytesor may disappear from the site of boneformation.

Bone-lining cells

Bonelining cellsare dso referred to asresting osteobl asts or surface osteocytes. The
majotity of these cellsare derived from osteoblaststhat have becomeinactive but they could
al so be derived from other endosteal cellsor stromacells. They lie against the bone matrix
and havean dongated, flattened form with cytopl asmic extens ons penetrating the bone matrix
inorder to get in contact with the extensions of osteocytes (Miller et a, 1989).

Osteocytes

The osteocyteisthe most common cell in bone and may havethepotential toliveas
long asthe organismitself. They arefound withindividual lacunaeinthemineralized bone
matrix. Each osteocyte communicateswithitsneighboursby meansof gapjunctions, extending
processesthrough small channelsinthe bone matrix called canaculi. Osteocytesaretherefore
in close communication with bonelining cells, osteoblasts, and pericytes off capillariesand
sinusoids supplying nutrients (Noble and Reeve 2000). Osteocytesderivefrom osteoblasts
which become encl osed within the bone matrix during bone formation.

Osteoclasts

Osteocl astsare multinucl eeted cellswhich can resorb bone. They areformed by fusion
of mononucl eated cellsderived from hematopoeti ¢ tissue (L erner 2000).Onceformed; the
osteocl astsattach to boneand initiate the resorption processby creetion of so caled Howship's
lacuna. Thepart of the cell facing the lacunaeis characterized by the presence of aruffled
border membrane. Resorption of boneindudesenzymatic dissolution of hydroxyapatitecrystas
and proteolytic breakdown of bonematrix proteins.

Boneformation

Boneformation requirestherecruitment and /or migration of potentialy osteogenic cell
popul ation and the differentiation of this popul ation into mature secretory cells. Cellsthat
differentiate before reaching thetarget surfacewill stop and secrete matrix. Osteoconduction
will result in abony spicule advancing towardsthetarget surface. Bone formation during
healing or remodelling comprises 2 phenomena, de novo boneformation and appositional
boneformation (Daviesand Hossaini).



The novo boneformation decribesthe biol ogical cascade of eventsthat occur during
theinitiation of boneformation by newly differentiating popul ation of osteogenic cellswhereas
gppositiond growth isacontinuance of thesynthetic activity of differentiated osteogenic cells.
Thenovo boneformationismost important in fractureand implant-healing sites, aswell as
within potentia ti ssue-engineering scaffol ds. Thismechanism comprisesfour sageswhen bone
growthislocated onasolid surfacelikeanimplant. Firstly theabsorption of non collagenous
bone proteinsto the solid surface, secondly theinitiation of mineralization by the absorbed
proteins, thirdly continued minerdization resulting from crystal growth and finaly theassembly
of acollagenousmatrix overlying theinterfacid matrix with mineraizationwithinthecollagenous
matrix. Onasolid surface, denovo boneformation occursinthezonewherethedifferentiating
osteogenic cdlsarein contact with the surface, whereaswithin asoft 3-dimensiona matrix it
occursinthezonewherethefront lineof differentiating osteogenic cdllsprecedethe advancement
of thegrowing bonespicule.

Appositiona growth beginswith cell polarization and thetransition from migratory to
secretory activity of the osteoblasts. Asaresult of matrix accumulation at their basal side, the
cdlswill passively recedein apica direction. Individud cellswill becomeburiedinthematrix
and become osteocytes, this will be compensated by limited proliferation. Slow and
synchronous secretionwill resultinlameller bonewhereaswoven boneistheresult of rapid
and asynchronous secretion (Davies & Hosseini 2000).

Onasolid surface, osteoconduction in conjunction with de novo boneformationleads
to growth along the surface, whereas appositional growth leadsto greater massof boneina
direction perpendicular to the surface. These two mechanisms do also occur in asoft 3-
dimentiona matrix asintheprocessof intramembranousgrowth of abone spicule, growth of
newly forming bone on calcified cartilage during endochondral ossification, during bone
remodelling or bone growth along an implant surface during contact osteogenesis.
Osteoconduction permitssfaster rate of bone growth than ispossibleby appositiona growth
because bone can be secreted s multaneoudy in many locationsa ong an axisin thedirection
of growth. Thegrowthratein appositiona bonegrowth have been reported as0,6um per day
and in osteconductive growth as 30 to 50um per day.

Thereisonly one mechanism of bone formation but it may occur within cartilage
(enchondral), within an organic membrane (intramembranous), or by deposition on existing
bone (appositiona) (Buckwalter et al 1996b).

Theenchondral ossification mechanism beginswith theaggregation of undifferentiated
cdllsthat secrete cartilaginous matrix and differentiateinto chondrocytes. A periostal covering
appearsaround the hyaineor hyaline-like cartilage and beginsto form athin collar of bone.
Someregionsof the cartilage mineralize, the chondrocytes enlarge, osteocl astsresorb the
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central part of the cartilage crating amarrow cavity and vascular budsinvadethemarrow. The
peripheral osteoblasts, coming from the periosteum, arrivewith blood supply inorder to carry
out formation and turn over of bone. Thistype of boneformation occursinlong bones, short
bonesand epiphysed centersof ossification until skeletal maturity. It also occursduring hegling
In sometypesof fractures, specialy whenthereismotion at the site of fracture ( Buckwalter
et al 1996b).

The intramembranous process is initiated by the aggregation of undifferentiated
mesenchymal cellsinto layersof membranes. These cellssynthes ze aloose organic matrix,
containing blood vessels, fibrobl asts and osteoprogenitor cells. The osteoprogenitor cells
differentiateinto osteobl astsand deposit spiculesand idands of organi ¢ bone matrix than then
mineradize (Buckwalter et d 1996b, Long 2001). Osteoclastsin the matrix become osteocytes
and cytoplasmic extensonsdevel opin order to maintain contact with other cells. Thistypeof
boneformation occurs during embryonic devel opment of flat bones, during healing of some
fracturesasduring distraction osteogenesis (Buckwalter et al 1996b).

Appositiona formation of boneoccursduring periosta enlargement of bonesand during
boneremodelling. Thisprocessbeginswith the alignment of osteobl asts on an existing bone
surface, thesecdllsthen synthesize osteonid, thereby enlarging thebonelayer by layer (Buckwalter
et al 1996b).

Boneheding

Bonehealingisadelicate and pre-programmed processwhichisgoverned by local
and systemic factors and occursin two main stages; formation of immature woven bone
followed by remodelling and maturation. Thefirst stageissignified by random and scattered
formation of immature bone at numerouslocationsin the defect with theaimto quickly bridge
adefect/gap with osteogenic tissue. During the second stage theimmature boneisreplaced
with highly organised lamellar bone with re-established biomechanica propertiesasaresult.

Atthemicroscopiclevel, theearly critical eventsof intramembraneous bone healing
involveblood clotting and the establishment of afibrin matrix in which cellsfrom adjacent
tissuescan migrate and differentiateinto angiogenic cells. Theinitia blood clot isprobably of
utmost importanceand gpart for providing ascaffold for early cell migration; itsextensonwill
probably determinethe areapossiblefor boneformation and regeneration. Theformation of
new vessd swill provideadequatenutrition for mesenchyma stem cellsto migratefrom adjacent
boneand marrow tissuesand to differentiateinto preosteoblastsand osteoblasts. The osteobl ast
will synthesize acollagen mesh whichisgradually mineralized from osteoid to bone. This
occursat existing bonesurfacesor assolitary idandsin thegranulation tissue. The osteoblasts
become entrapped in bone and, by definition, turninto osteocytes. The osteoblastisnot a



migrating cell per seand thereisaneed of acontinuousinflux of new stem cellsto thewound
area. Depending onthelocal conditionsthemesenchymal stem cellscan differentiatethrough
different pathways and can also becomefibroblasts or chondroblastswhichin the case of
intramembraneous bone healing would be undesirable. Osteoclastic activity isseen at the
surface of pre-existing bone often but not aways prior to new boneformation. Also different
inflammatory cellsand phagocytestake part in theearly healing phaseto removedebrisand
necrotictissue. Remodellinginvolves coupled bone resorption and formation of lamellar bone
by so called Bone Metabolizing Units (BMUS). In thisway thewoven immature boneis
replaced by lamellar well-organized bonewhich in cortical boneis seen astheformation of
secondary osteons. Intrabecular bone, new lamellar boneisformed by appositiona growth.
Thetimeframefor new boneformation and remodelling isdepending on size of the defect and
the healing conditions. Some authors have suggested thefirst stage of boneformationto
occur for 3to 4 monthsfollowed by aremodelling period of up to 12 month

Growthfactors
Bone Morphogenetic Proteins

Thepotentia of substancesto induce boneformationin soft tissueswasfirst described
in 1938 by L evander. Heimplanted autogenous bone fragmentsand a so injected aqueusand
alcoholic extractsfrom boneinto rabbits subcutaneusly or intramuscul arly and found bone
inductiveactivity. In 1965, Urist discovered asubstancein boneresponsiblefor boneinduction
which he namned bone mor phogenetic protein, BMP. Today at least 15 different BMPs
have been characterised (Kawabta and Miyazono 2000). The expression of BMP-2 has
been correlated with the differentiation of osteoblastsand chondroblastsfrom mesenchymal
stem cells(Urist 1983, Chen 1991, Yamaguchi 1991, Ahrens 1993, Amedee 1994, S 1997)
and playsacritical rolein cell growth and boneformation (Lieberman 2002). BMPshave
been reported to be expressed in early fracture heding (Nakase 1994, 1shidou 1995, Bostrom
1995), whichindicatethat rel ease of BM P from traumatised bonetissueisan important part
of the healing process. Several in vivo studies have assessed the efficacy of recombinant
human BMPs (rhBM Ps) in the healing of critical-sized bone defects and the accel eration of
fracture-healing (Lieberman et a 2002).

Transforming Growth Factor &

The TGF-afamily consistsof at least five closerelated members. TGF-a1, -&2 and -&3
have been found in all mammalian species, 84 in chicken and 85 in amphibians (Centrella



1991:#71GZ).Thenameoriginatesfromitsability to transform thefibrobl astic phenotypein
vitro. The most abundant resource and pool of TGF-aisbone (Centrella1991, Bonewad
1990), all threeisoformsare present but TGF-al isthe most predominant (Centrella1994:
#271GZ). Infracture callusfrom humans (Andrew 1993) and in experimentd fracturehealing
(Bolander 1992, S 1997) TGF-al hasbeen detected in chondrocytesand osteoblastsduring
chondrogenesisand endochondral boneformation. Therole of TGF-aintherepair of bone
has been studied in experimental model sinvolving subperiosted injectionsinthefemur and
calvaria, critical-szed defects, and boneingrowthinto prosthetic devices (Lieberman 2002).

Fibroblast Growth factors

Two of the members of the FGF family have been detected in adult bone, FGF-1 and
FGF-2. Both FGF-1 and FGF-2 promote growth and differentiation of different cells, including
epithelia cells, myocytes, osteoblasts, and chondrocytes. Both FGF-1 and FGF-2 activity
have beenidentified during theearly stagesof fracture-healing (Lieberman 2002).

Insuline growth factors Insulin-Like Growth Factors

Growth hormoneand insulin-like growth factors (IGFs) play critical rolesin skeletal
development and participatesin the regul ation of skeletal growth (Lieberman 2002). Two
| GFs have been identified: IGF-1 and IGF-2. IGF-2 is the most common growth factor
found in bonebut | GF-1 seemsto be more potent and hasbeen localized in healing fractures
inratsand humans (Lieberman 2002). It isdifficult to determinethe potential role of either
growth hormoneor | GF in the enhancement of fracture-healing. A number of studieshave
been performed in different animal models with use of different doses and methods of
administration to assesstheinfluences of growth hormoneand | GF on skeleta repair but the
resultshavevaried (Lieberman 2002).

Platelet-derived growth factor

PDGFissecreted by plateletsduring theearly phasesof fracture-healing and hasbeen
identified at fracture sitesin both mice and humans (Lieberman 2002). Invitro studieshave
demonstrated PDGF to be mitogenic for osteobl asts (Lieberman 2002).

Nash et a (1994) eva uated theefficacy of PDGFinthehealing of unilatera tibia osteotomies
inrabbits. In theanimalsthat had been treated with PDGFtherewasanincreasein callus
density and volume compared with the controls. Therewas a so amore advanced state of
osteogenic differentiation both endostedly and periogtedly in the anima sthat had been treeted
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with PDGF thaninthe controls No differencesin strength between thetibiae that had been
treated with PDGF and theintact, contral atera tibiaewasdemonstrated. Thisstudy suggested
that PDGF hasabeneficia effect onfracture-healing but only asmall number of animaswere
analyzed, themechanical testing datawere equivoca and the study wasof asmall sizecould
not givestatistical Sgnificant differences.

Thebonetissueresponsetotitanium implants

Titanium

Titaniumisthefirst element of group 4A intheperiodictable; itsatomic number is22
and atomicweight 47.9. About 0.2 atomic % of theearth crust consi st of titanium and titanium
iscommonly used asacondruction materid inair, gpace, marineand chemicd indugtry. Titanium
issuitablefor machining and hasahigh strength/weight ratio, corrosonresistanceinsaline
solutionsand aresistanceto acids.

Titanium hasawel | documented biocompatibility in bone and soft tissuesasit doesnot
provoke any negativetissuereactions. Thereasonsmay beduetoitsability torapidly forma
few nanometersthick oxidefilminair whichisof highly protectivenature. Theoxidelayer has
hydrophilic propertiesand adiel ectric constant closeto water which may facilitatetheinteraction
with bioliquidsand biomolecules.

| ntegration of turned titaniumimplantsin bone

A direct contact between bone and screw-shaped titanium implantswasfirst described
by Branemark et a (1969) and later by Schroeder et d (1976). Sincethen, numerousreports
have demongtrated adirect-boneimplant contact for clinically retrieved implants (Albrektsson
etal 1993, Rattdli et al 1998).Sennerby (1991) studied the healing processin around screw-
shaped machined titanium implantsin cortical boneafter 3 to 180 daysand found that it was
characterized by an early cellular response, arelative absence of inflammatory cellsand a
rapid formation of woven bonefrom the endosteal surface. Seven daysafter implantation,
solitary boneformation wasobserved in thethreadsand at the endostedl surface of the cortical
bone. With time both types of woven bonefused and increasingly filled theimplant threads.
Theincreased bone-titanium surface contact wasthusaresult of ingrowth of bonefromthe
surroundingsand did not start at theimplant surface. Thefinal mineraization of theinterface
bone could have been an acellular process; scattered crystals of mineral fused slowly and
formed theinterfacebone. Theimplant surfacenot covered by bonewas covered by multinuclear
giant cellsasaso reported by Piattelli et al (1996).This phenomenawasearlier found by
Donath et al 1984 to correlate with the roughness of the implant surface. Johansson &
Albrektsson (1987) demonstrated an increased resistanceto removal torque with healing
time. M oreover, more bone-implant contacts were seen with timewhich could explain the




observed stability increase. Sennerby et a (1993) found differencesinimplant integrationin
cortical versuscancelousbone. Differencesinremova torquefor tibid andfemorda intraarticular
implantswere believed to depend on differencesin mechanica propertiesof the surrounding
bonetissuewhich may depend on thetype of bone and the degree of maturation of the bone
tissue. Theamount of compact bonein contact with theimplant correl ated with theremoval
torque.

Ultrastructura studiesof the bone-titanium interface have usually demonstrated that
thereisan unmineralized or partly mineralized zone separating thetitanium surfacefromthe
bone (Albrektsson et a 1982, 1985, Linder et a 1989, Sennerby et al 1991, Nanci et a
1994). For instance, Sennerby et al (1991) described an amorphous|layer separating the
mineraized bone and thetitanium surface. Thiszonelacked collagen and minera. Rupture by
unscrewing during removal torquetesting occurred in theinnermost amorphouszone. The
stability of threaded machined titanium implants was therefore believed to be dueto a
mechanicd interlock with surfaceirregul arities at the microscopical level and/or geometrical
deviationsat themacroscopical level.

I nfluence of surfacetopography

Thesurface propertiesof anora implant may besubdivided into mechanicd,, topographic,
and physicochemical properties (Albrektsson & Wennerberg 2005). Different methodscan
be used to alter the topography of implants, for instance, e ectropolishing, grinding, blasting,
plasmaspraying, coating, photolithography, |aser treatment, anodi c oxidation, acid etching
and combination of techniques. Surfacetopography can be characterized by many different
methodswhich can be contact or non-contact methods. Theformer measuressurfaceroughness
with acontact styluswhile non-contact methods use alaser beam for illumination. Non-
contact optical methods are preferable sincethe surfaceisnot altered and the sameimplants
can be used for implantation. Examples of such methods are optical profilometers,
interpherometers, autofocus detection systems, and confocal laser scanning microscopy
(CLSM). Surface roughness parameters are usually separated as amplitude parameters
describing height, spacing parameters describing the space between irregularitiesand hybrid
parameters measuring height and space (Wennerberg & Albrektsson 2000).

Of specid interest for the present thesisare two techniques, machining and anodic
oxidation. Machining is not asurface trestment method but it can be used for producing
Specific surfacetopographiesand surface compogtions. Thesurfacetopography ischaracterized
by grooves oriented a ong the machining direction. The surface roughnessvaluesareinthe
rangeof 0.6-0.8 um. The surface consistsmainly of TiO2, small amountsof Ti203, TiO, and
Ti nitride. The oxidethicknessisof 3-6 nm depending on the sterilization method. Inanodic
oxidation, e ectrodereactionsare combined with e ectrical-field drivemetal and oxygenion
diffusion (Kurze et al 1986, Hazan et al 1991, Larsson 1997, Sul 2002, Hall & Lausmaa
2000). Thisleadsto an oxidefilm at theanode surface. Thestructural and chemica properties
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of the oxideson titanium depend on theanode potentid, € ectrolyte composition, temperature
and current. The properties of the anodic oxide filmsvary widely. One of the anodizing
processesisthe spark anodizing, it isperformed at voltages of 150-200V and higher. This
method produces an increased surface roughness and athree-dimensional oxide structure
consisting of numerousopen pores. Theoxidefilm can befirmly adherent and upto 20pmin
thickness. Thechemica composition of theoxidelayer canbedter by adding different materid
into the e ectrolyte solution asfor instance magnesiumions (Sul et al 2005, JLausmaaet a)

Different pathways of integration for smooth and moderately rough implant surfaces
have been suggested. Direct boneformation or contact osteogenesishave been describedin
vivofor HA coated and implantswith amoderately rough surface topography (Osborn &
Newedly, 1980, Piattelli et al 1996, Davies& Hosseini 2000). In addition, numerousin vivo
studies comparing implant surfaces have demonstrated abetter resi stanceto removal torque
or pull-out/push-out forcesfor rough as compared to smooth topographiesindicating abetter
stability. Moreover, studieshave al so shown astronger bonetissueresponsetoimplantswith
amoderately rough surface (Sa1-2 pum) seen asformation of higher degreesof bone contacts
more rapidly (Albrektsson & Wennerberg 2005). Wennerberg (1996) experimentally
investigated the influence of surface roughness on bone formation around implantsand
established an optimal range of surfaceroughness. Six studieswere undertaken and atotal of
318threaded implantswereinserted in rabbit bone. The different surface roughnesswere
produced by blasting using 25, 75 and 250um sized particles of Al203 and TiO2. Turned
implantsserved ascontrolsand aconfocal |aser scanner wasused for the surface measurements.
After different healing timesthe implantswere evaluated by the peak removal torque, the
percentage of bone-to-implant contact and boneinsidethethreads. Theresultsdemonstrated
higher removal torques and percentages of bone-to-implant contact for implants blasted with
25and 75um sized particlesthan turned or 250um blasted implants. 75um blasted screws
showed stronger bonefixation than 25pum blasted implants. The corresponding average surface
roughnesswere 1um, 1,5um, 0,6um and 2, 1um. Implants prepared with aisotropic surface
structure and aaverage surface roughness of 1,5um were found to have the firmest bone
fixation.

Inadinica histologica study using microimplantshistomorphometric eval uation, lvanoff
et a (2003) demonstrated significantly higher degreesof bone-to-implant contact for oxidized
implants, whether placed in themaxillaor in the mandiblewhen compared to turned control
implants. Sgnificantly morebonewasfound ing dethethreaded areafor the oxidized implants
placed inthemandible and maxilla. Similar resultswerereported by Zeichner et al (2003a)
who compared machined, HA-coated and oxidized implantsinaminipigmodd. Theoxidized
and HA coated implants showed more bonein contact than the machined onesafter 3, 6 and
12 weeks. By analysing clinically retrieved oxidized implants Rocci et a (2003) described
high degreesof bone contactsfor implants subjected toimmediate or early loading for 5t0 9
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months. Moreover, boneformation directly at theimplant surface wasdemonstrated. Smilar
good boneresponsesto clinically retrieved oxidized implants have been reported by Degidi
and co-workers (2002)

Inspiteof thebiological and mechanica advantagesof moderately roughimplants, few
comparativestudy hasshown any sgnificant differencesin clinica outcomein routine patients.
However, non-controlled studiesindicatethat roughimplantsmay perform better inchalenging
Situations such aswhen using short implants (Renouard & Nisand 2005, Hagi et a 2004), in
bone grafting cases (Brechter et a 2005) and inimmediateloading (Glasuer et a 2001, 2003,
Rocci et a 2003).

I nfluence of macrogeometry

Endosseusimplantscan beclassified according to their designsaspins, needles, blades,
disksand root-formed. Themost common type of implant hasbeen theroot-formed ana ogues
intheform of screws, cylinders, hollow.implants, truncated cones or combinationsforms
(Esposito Ch 24, TitaniuminMedicine). Modernimplantsused today arewith few exceptions
threaded screws.

Implant design

Numerousexperimentd investigationshave demonsirated that screw-shaped implants
aresuperior tocylindrical oneswithregardtoinitial stability (Lundskog 1972, Branemark et
al 1969, Carlsson at al 1986, Gotfredsen 1992). Moreover, long-term studies have shown
signsof continuousbonelossaround cylindrical implants (Albrektson 1993a) while screws
havegiven high surviva ratesand minimal margina resorption (Adell et a 1981, Lekholmet
a 1994, Henry at d 1996). The use of threads have many advantageswhich may explainthe
differences; (i) they engagetheboneat theimplant Site during insertion and thereby thestability
isnot entirely depending on press-fit and rapid boneintegration, (i) an axial compression of
the bone between thetread flanks and the head of animplant can be achieved to ensurefirm
stability, (iii) theimplant threads ensured an even distribution of loading stresses over the
wholeinterfaceduring functiona loading.

Most threaded implants used today have self-tapping featureswhich resultsin abetter
primary stability thanif using ascrew-tap prior toinsertion (O’ Sullivan et al, 2000). The
Branemark self-tapping implant wasintroduced in 1983/84 (L ekholm 1992) primarily onthe
indication low density bone. Theclinical outcomewasreviewed at 3 and 5 yearsfollow-up
showing abetter surviva rate of the salf-tapping than for standard implants (Lekholm 1992).
It has been demonstrated that adight tapering of theimplant body resultsin abetter primary
stability dueto higher lateral compression of the bone during insertion (O’ Sullivan 2000,
2004a, 2004 b). However, acomparative clinical study involving three centers could not
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reveal any differencesin clinical outcomewhen comparing atapered and aparallel walled
implant, inspiteof higher primary stability with thetapered oneasmeasured with RFA (Friberg
et a 2003).

Implant length

Itisgenerally anticipated that shorter implantsareless successful thanlonger onesat
least when using implantswith aturned surfaceand in Situations of advanced jaw resorption
and poor bone quality (Friberg et al 1991, Lekholm 1992, Lekholm et al 1994, Roos et al
1997). However, thereisa so evidence that short implants may work very well at least if
having asurface structurefor boneingrowth. For instance, Deporter et al (2002) performed
aprospectiveclinical trial to assessthe performance of short sintered porous-surfaced dental
implantswith amandibular complete overdenturewith 10 yearsof follow-up. Fifty-twofully
edentul ous patientsreceived threefree-standing implants (7-10 mmin length, mean length,
8.7 mm) each in the mandibular symphysisregion. After 10 weeks of submerged healing,
theseimplantswereloaded. Theresultsindicated a10-year implant surviva of 92.7% anda
mean annua bonelossafter year 1 of 0.03 mm. Theauthorsconcludefromthedataavailable
that short free-standing dental implantswith asintered porous surface used for implant fixation
show apredictable outcome.

Inareview paper by Hagi € at (2004), therelationshi p between dental implant failure
ratesand their surface geometry, length, and location (maxillaversus mandible) wereandysed
based on 12 published studies. The authors concluded that (i) machined surfaceimplants
experienced greeter fallureratesthan textured surfaceimplants; (i) with theexception of sntered
porous-surfaced implants, 7 mmlong dental implantsappear to have higher failureratesthan
those> 7 mm length. Their conclusion issupported by thefindings of Renouard & Nisand
(2005) who evauated 96 6 to 8.5 mm long implantswith either aturned or oxidized surface
in 85 patients. Only one of 42 oxidized implantswaslost whilst 4 of 54 turned implantsfailed
over afollow-up of at least 2 years.

Based on aliterature search, Das Neveset al (2006) evaluated 16,344 implant
placementswith 786 failures (4.8%) They found that implants 3.75 mmwideand 7 mmlong
failed at arate of 9.7% compared to 6.3% for 3.75 x 10-mmimplants.

Inaclinical study on 905 consecutive Brénemark implants Ostman et al (2005) found
decreasing primary stability stability with increasingimplant length asmeasured with RFA.
Thismay beexplained by that long Branemark implantshaveareduced diameter inthecorond
directionto reducefriction heat. A similar observation was made by Miyamoto et a (2005).

Ivanoff et d (1996) demongtrated higher remova torquefor longer thanfor shortimplants
inarabbit modd . The authors suggested acorrelation between resi stance to removal torque
and theimplant surface areain contact with cortical bone.
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Implant diameter

Langer et d (1993) introduced 5.0 and 5.5 mmwide diameter screw-shaped implants
to beused on special indications, such aspoor bone qualities, posterior regionswith reduced
bone heights, and for replacement of non-integrated implantsor regular implantswithout firm
primary stability. Increased implant surfacetopography and the possibility of engaging more
marginal and lateral cortical bone were the advantages suggested for the wider implants.
Ivanoff et d (1997) studied theinfluence of different implant diameters on theintegration of
screw implantsintherabbit tibia. A sgnificantincrease of theremoval torquefollowedincrease
of theimplant diameter. The authors suggested that theimpl ant res stanceto shear seemedto
be determined by theimplant surfacein supportive cortical bone.

Theinfluenceof implant diameters(3.75mm, 4.0mmand 5.0mm) wasasostudiedina
3and 5-year retrospectivereport. A relationship betweenimplant failureand implant diameter
wasfound, however, with ahigher failureratefor the 5.0mm wideimplant. Norelationship
between implant failureand jaw typeor quality and quantity wasfound. Neither wasfound a
relationship between margina lossand bone quality, quantity, implant diameter or jaw type.
Theauthors suggested alearning curve, poor bone quality and changed implant design as
possiblereason for theless positive outcomefor 5.0mm wideimplants. An other plausible
explanation wasthat the 5.0mmwideimplant was more often used in challenging Situations,
for instanceto immediately replace regular implantsthat did not reach good primary stability.
Aparizio and Orosco (1998) reported on similar experienceswith 5 mm implants; In he
maxillathe cumulative successratewas 97.0% and in the mandible 83.4% withamean follow
up of 32.9 months. However, other authorshave presented good clinical outcomeswith wide
implants(Bahat & Handel smann 1996, Friberg et d 2002) and evenwhen used for immediate
loading (Calandriello et al 2003). Moreover, inareview of 16,344 implants placementswith
786 failures, 4 mmimplantswere more successful than 3.75 mm ones.

| nfluenceof addititive growth factors

Bonehealingisamulti-step processwhere therelease of an adequate amount of the
right growth factor at the appropriate timewould theoretically improvethe kinetics of bone
healing andintegration of implants(Dard et d 2000). A review by Sdataet d (2002) summearizes
theknowledge about the use of BM Psin conjunctionwith denta implantsbased on 39 scientific
reports. Theresults show that the osteoconductive capacity of BMPiswell documented but
their effectsinimplant dentistry arenot. Preclinica and clinical studieshavenot showngood
outcomesin comparison with conventional treatmentsor controls. For instance, in aseriesof
animal experiments Stenport (2002) failed to demonstrate any significant positive effects of
locally administered BMP, BMP-7 and FGF-4 on implant integration. Salataet al (2002)
suggested thet theintroduction of new technol ogy must incorporatemessuresof implant stability
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inorder to providerdiableand conclusiveinformation on dentd implant anchoragein BMP-
induced bone and ask for controlled investigationsto determinetheright dosageand vehicles
for BMPsindental dentistry.

Platel ets rel ease substancesthat promotetissuerepair and influencethereactivity of
vascular and other blood cellsin angiogenesisand inflammation. For instance, they contain
different growth factors(PDGF, TGF-§, Vascular Endothelid GF), cytokinesand chemokines.
Denta implant surgery isone of the situationswhere guided secretion of autologous platel et
productsmay promote healing. Inareview articleof Anituaat a (2004) severa experimental
studiesare mentioned in relation to implant healing and platel et-rich plasma (PRP) but no
clinical gudy with regardtoimplant stability and failure/successispresented. Two experimental
studies performed by Anituaet a (2001a, 2001b) investigated the performance of adding
platelet-rich clot (PRP) around titanium implants used to anchor prostheses. Theimplant
surface was moistened by PRP and inserted into the alveolus. At 2 to 3 months the test
implants had denser bone with better organized trabeculae. Micro-roughened surfaceshave
shownto haveanimproved interaction with platel ets (Park et al, 2001, Zechner at al 2003)
showed that additionsof PRP-clot resulted inincreased bone-to-implant contact at 3and 6
weeksand was primarily effectiveduring theearly healing phase. A dog study performed by
Stefani et al 2000 showed that acombination of recombinant PDGF and | GF-1 promoted
peri-implant boneregenerationin theearly phaseof healing.

Wikeg0's review (2005) discuss the biological potential, clinical relevance and
perspectivesof recombinant human bone morphogenetic protein-2 (rhBM P-2) technol ogies
for aveolar boneaugmentation. Severa studiesshow that rhBMP-2 may be used to augment
alveolar bonewhen used asan onlay and asaninlay. It isof great importanceto provide
spacefor rhBMP-2 induced boneformation. Supraalveolar defects (onlay) may requirethe
combination with suitable space-providing devicesto optimize boneformation (Sigursson et
a 1997, Caplaniset d 1997). In contrast, space-providing intrabony defects(inlay indications)
may betreated successfully using rhBMP-2 constructswith lesser biomechanical properties
(Wikeg 0 et d 20033, 2003b, 2003c, 2003d, 2004). The addition of standard GBR membranes
does not provide additional valueto the rhBM P-2 technol ogy. Occlusive GBR devices/
membranes may decel erate BM P-induced boneformation aswell asreadily become exposed
thereby compromising overal wound healing (Cochan et a 1999, Jovanovic et d 2004, Zdllin
and Linde 1997). There are studies (Sigursson et a 2001, Wikeg0 et al 2002) showing
cons derablebenefit of rhBMP-2 for a veolar augmentati on and osseointegration of titanium
ora implants, rhBM P-2 supportssignificant re-osseointegration of titaniumimplantsexposed
tolong-term peri-implantitis(Hanisch et a 1997). Jovanovic et a (2003) showed that rhBM P-
2inducesnormal phys ologic bone, alowing osseointegration, and long-term functiona loading
of titanium ora implants. Theauthor concludesthat clinica studiesoptimizing dose, ddlivery
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technologies, and conditionsfor stimulation of bone growth arein the near futureand will
certainly haveaprofound effect onimplant dentistry.

I nfluenceof loading conditions

Theroutineloading protocol established by Branemark et al (1985) wasempirically
based and used 3 month for the mandible and 6 monthsfor the maxilla. At that timeit was
anticipated that prematureloading may result infibrousencapsulation and failure of theimplant.
Inthe 1970sseverd studiesconducted by orthopaedi c surgeonsdemonstrated that mechanical
factorsinfluencethe bone-implant interface asloading could result in soft tissueencapsulation
instead of bone healing. Inthedenta field, thesimilar observation was made by Brunski et al
(1979). Experimentswith titanium bladeimplantsin adog model gave evidencethat fibrous
tissue encapsul ation of theimplant wasaconsequenceof early loading. Similar finding were
registered for screw implants. From this and other papers it was demonstrated that
micromovementslikethoseinduced by early loading of dental implantsshould beavoided
and astress-free situation during healing period ismandatory to achieve osseointegration.
Camerond at (1973) introduced atheory of athreshold micromovement at the bone-implant
interface. The hypothesi swas supported by thefindings of Maniatopolouset a (1986) who
suggested that micromovementsdo not automatically lead to fibrousti ssue encapsul ation, that
athreshold exist and that thisthreshold isdependent of the design and surface of theimplant.
Digplacementsof 500 and 150pm werefound to result in soft ti ssueencapsul ation (Szmucler-
Moncler et al 1998) whilst micromovementsup to 50um werewell tolerated (Pillar et al
1995). Thusfor implantswith abioinert surface thecritical threshold lies between 50 and
150um but it isdetermined by the surfacetopography and implant design.

Histology from experimental studiesand clinicaly retrieved implantshavedemongrated
that implantscanintegrate under theinfluenceof |oading during the healing phaseor immediatdy
after implant placement (Piattelli et al 1993a, 1993b, 1997, 1998). Deporter et a (1990)
found boneintegration of dental implants|oaded after 6 weeksin thedog mandible. Hashimoto
et al 1988 and Piatdlli et d (1993) loaded denta implantsinamonkey modd after 4 weeksof
healing and found osseoi ntegration. Immediateloading of akneejoint prosthesisintherabbit
(Rosttlund et a 1989) did not disturb bonerepair and smilar amount of bone apposition was
found asinthenonloaded implants. Immediateloading of conical, screw shaped implantsin
minipigjaw-bonerevea ed synthesisand deposition of bonerelated proteinsby osteoblasts
fromday one, thusimmediatel oading of specifidly designedimplantsdonot disturbthebiologica
osseointegration process(Meyer et d 2003). Rocci et d (2003) presented histology of oxidized
implant that wereclinicaly retrieved 3to 9 monthsafter being subjected toimmediateor early
loading. Direct bone gpposition wasdemonstrated and high degreees of bone-implant contacts
werereported. Similar resultshave been presented in acase report including histology of
human dental oxidized implantsby Degidi and co-workers(2002).
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AIMS
Theaimsof the present study were:

1. To histologically and biomechani cally compare boneintegration of turned and oxidized
titanium implants placed in bone defects.

2. Toevauatetheeffectsof BM Pand autogenousboneonimplant integration in bone defects
chips.

3. Tohistologically describethe early bonetissue responseto oxidized and turned titanium
implants.

4. To higtologically and biomechanically study theinfluence of variouswidthsof macroscopic
groovesadded to onethread flank on theintegration of oxidized titanium implants.

5. To histologically describe the early bone tissue response to oxidized implants with a
macroscopic groove on onethread flank.
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MATERIALS& METHODS
Animals, anaesthesia and postoper ative medication

Twelve mongrel male dogs weighing between 20 and 25 kg were used in study 1.
Beforebeing admitted for surgery the animalswere vaccinated, received anti-vermin drugs
and were put into quarantinefor clinical observation. The animalswere pre-anaesthetized
with xilazine (Ronpum®, Brazil, 20mg/Kg 1.M.) and ketamine 1g (Dopaen®, Brazil, 0,8 ¢/
Kgl.M.) and anaesthetized with thionembutal 1 g (Tiopenta®, Brazil, 20mg/Kgl.V.). The
animalswerekept inintravenousinfusion of salineduring surgery. After surgery theanimals
were given vitamin compound (Potenay®, Brazil); anti-inflammatory/analgesic drug
(Banamine®, Brazil); and antibiotic (Pentabi6tico®, Brazil). Theantibiotic wasutilizedin
singledosesimmediatly after surgery, aswell as48 and 96 hourspostoperatively. Thestudy
protocol was approved by the University of Sao Paulo’sAnima Research Ethicscommittee.

A totd of thirthy-nine (39) femaleNew Zead and whiterabbits, at |east 6 months
old, wereused in studies||-V. Theanimal swerekept freein apurpose-designed room and
werefed ad libitumwith water and standard laboratory animal diet and carrots. Prior to
surgery, theanima swere given genera anaesthesiaby anintramuscular injection of fluanison
and fentanyl (Hypynorm, Janssen Pharmaceutica, Brussels, Belgium 0.2mg/kg and
intraperitoneal injection of diazepam (Stesolid, Dumex, Copenhagen, Denmark) 1.5mg/kg
body weight. Additional Hyponorm was added when needed. L ocal anaesthesiawasgiven
using 1 ml of 2.0%lidocan/epinephrinesolution (AstraAB, Sodertdlje, Siveden). After surgery
the animalswerekept in separate cages until healing of the wounds (1-2 weeks) and then
released to the purpose-designed room until termination. Postoperatively, theanimalswere
givenantibiotics(Intenpencillin2.250.000 1E/5 ml, 0.1 Invkg body weight, L EO, Helsingborg,
Sweden) and analgesics (Temgesic 0.05mg/kg, Reckitt and Colman, NJ, USA) assingle
intramuscular injectionsfor three days. The study was approved by
theloca committeefor animal research.

Implants

Titaniumdental implantswith either turned or oxidized
(TiUnite™) surfaceswereusedinall studies. In Study |, 96 implants
(48turned, 48 oxidized), 10mmlongand 3.3 mmindiameter (Narrow
platform, NP) wereused.

Instudiesll-V, 276 dightly modified commercially
available implants (7 mm long, and 3.75 mm in diameter, Nobel
Biocare AB, Gothenburg, Sweden)) were used. (Figure 1) The \ _
implantshad no cutting chambersor other apical featuresashavetne  Fi9-1Implant design
commerdially availableones. Four groupsof testimplantshadasingle  Usedinrabbit studies
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groove positioned at the center of the
inferior threed flank, i.e. facing thehead
of the implant (Studies I1-V). The
grooveswere 70 um deep and either
80 (S0), 110 (S1), 160 (S2) or 200
(S3) um wide.(Figure 2) Implants
without grooveswereused ascontrols.
All implantswere subjected to surface
modification by anodic oxidation
(TiUnited, Nobel Biocare AB,
Gothenburg, Sweden) as described
elsewhere. Theimplantshad aspecia
internd feeture, which dlowedfor usng
aspecial connector (Stargrip, Nobel
BiocareAB, Gothenburg, Sweden) to
ensure firm grip when placing the
implantsandwhen performing remova
torque measurements (seebelow).

Eighteenimplantswith
aturned surface were used in Study
.

Surfacecharacterisation

Fig.2 Scanning electron microscopy showing the test
implants used in study 1V. The grooves were 70 pm
deep and either & 80 (S0), b/ 110 (S1) or b/ 160 (S2)
umwide.

Topographica andyses(Study 11 and V) wereperformed using opticd interferometry
(MicroXAM ™ PhaseShift, Tucson, USA) with measurement area of 60x190 pm? (50X
objective, zoom factor 0.625) and the errors of form wereremoved with adigital Gaussian
filter (Sze 50x50 um?). Oneimplant from all groupsexcept for implantswith S3 groovewas
anaysed. Imagesfromthethread top, valley, inferior thread flank and groove, if present, were
obtained at three different level sof implants: top, middle and bottom. Twenty seven or 36
areas (implantswith groove) per specimen were analysed and thefollowing 3D parameters

werecalculated: (Tablel)

S,(um) =thearithmetic average height deviation from amean plane

S, (Um?) =thedensity of summits
S, (%) =thedeveloped surfaceratio
S, = corefluid retentionindex
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Fig.3 3D presentations of the two surfaces examined: & Oxidized implant,
thread flank area. b/ Turned implant, thread flank area

Table.1

SO S1 S2 Ctr Turned implant
Sa Sdr | Sa Sdr Sa Sdr Sa Sdr Sa Sdr
@m) | ) [@m)| ) | um) | ) | @m) | @) | @m) | (%)
Top mean 1,2 533 1,1 48,3 1,2 52,5 1,0 445 0,4 8,1
sd 0,2 8,1 1| 0,1 51 0,1 6,7 0,1 5,7 0,1 2,3
Valley | mean 1,2 58,01 1,2 55,3 1,1 51,4 1,2 57,3 0,3 4,6
sd 0,1 72 | 0,1 6,9 0,1 6,5 0,2 7,9 0,1 11
Flank [ mean 1,1 4751 1,2 53,2 1,3 58,2 1,3 56,3 0,5 6,8
sd 0,1 53| 0,1 6,5 0,1 9,0 0,0 2,4 0,1 0,5

Groove | mean 1,1 51,71 1,3 64,0 1,1 52,4

sd 0,1 54 | 0,1 2,7 0,1 3,6

Surgery and experimental protocols

Dog study, Sudy |

Themandibular premolarswere extracted five months prior to the experiment started.

At thetimeof implant placement, crestal incisionswere made and mucoperiosteal flapsraised
bilaterally. Four 10 mm deep implant siteswere prepared on each sideusinga 1.8 mmround
drill and 2.0 and 2.7 mm twist drills. The crestal 5.0 mm of theimplant siteswere further
widened to 6.3 mm using aguideand atrephinedrill. (Figure4) Four implantswithamachined

aurface(10.0mmlongand 3.3 mmindiameter (NP) (Nobe BiocareAB, Gothenburg, Siveden)

wererandomly installed in one side and four implants of the same size but with an oxidized

surface (TiUnite®), were placed on the other side. Theimplant headswereplacedinlevel
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with the uppermost contour of bone defect
walls. Resonancefrequency analysis(RFA)
measurementsweremadeon al implants(see
below). Cover screws were attached to the
implants. Thefour Stesoneach Sdewerefilled
aither with BMP-2 (Regenafil O, Regeneration
Technologiesltd, Alachua, FL, USA) mixed
in a collagen carrier; collagen alone;
autogenousbone; or no treatment whatsoever
(sham). Thewoundswere closed and sutured
withinterrupted stitches.

Re-entry surgery was made after 4
weeksof heding for RFA measurementsinall
dogs. Six dogswerekilledfor histology. The
remaining six dogswerekilled for histology
12 weeks after surgery when also RFA
measurementswere performed.

Fig.4. Schematic of the experimental site. A
10 mmimplant 3.3 mmin diameter was placed
in 6.3 mm wide and 5 mm deep defect.

Rabbit studies, Study 11 - V

Themedia sdeof thefemoral distal condylesand thetibial methaphyseswere
used asexperimental sites. The siteswere exposed viaincisionsthrough skin and fascia.
Implant siteswere prepared using a1.8 mm round burr followed by 2mm and 3 mm twist
drillsduring generouscooling by saline. No countersink drill wasused. A screw tap wasused
tofacilitateinsertion of theimplants. Thefascia-periosted flap and the skinwereclosedin
separate layerswith resorbable sutures.
Sudy Il and V; One S1implant and one control implant wereinserted in theleft and right
femur respectively. One S1, control and turnedimplant wereinserted ineach tibial methaphysis.
Threeanimaseach werekilled for histology after 7, 14 and 28 days. Theleft tibid implants
wereusedfor micro-CT andyses(Study V) (seebel ow) whilst the other implantswereanaysed
in histological ground sections (seebelow).
Sudy I11; Eachof ninerabbitsreceived three S1 on oneside (oneinfemur, twointibia) and
three control implantson the contral ateral side. Another ninerabbitsreceived S3 and control
implantsinthesameway. Theanimalswerekilled after 6 weeksof healing whentheimplants
infemoral and distal tibial siteswere subjected to removal torquetests (see below). The
implantsinproxima tibid steswereretrieved for histology.
Sudy 1V; Twelverabbitsreceived atotal of eight implantseach, twoin each distal femora
condyle and two in each tibial methaphysis. Two SO, S1, S2 and control implantswere
inserted using arotational scheme. After 6 weeksof healing all implantswere subjected to
RTQ testsand werethereafter retrieved for histology.
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Biomechanical tests

Resonancefrequency analysis (RFA) (Studiesl, 1V)

Implant stability was assessed us ng resonancefrequency andysismeasurements
using an Osstell instrument (Integration diagnostics, Goteborg, Sveden) according to Meredith
et a (1996). An L-shaped resonance frequency transducer was connected to theimplant
perpendicular to the jaw bone in dogs and to the tibiaand femur and measurements are
automatically made by the device. Inbrief, the transducer beam isexcited over arange of
frequencieswhich makesit vibrating. Theamplitude of thevibrationsisanalysed and the
maximal amplitude describesthe resonancefrequency of thesystem. Thedtiffer thesystem,
thehigher the stability and the higher isthe resonancefrequency. Measurementsaregivenin
1SQ units (Implants Stability Quotient) from 1 to 100 wherethelatter describesthe highest
degreeof stability.

Removal torque (RTQ) testing (Studies|ll and 1V)

Theres stlanceto removal torquewastested with an electrica torquetransducer
conssting of atorsonrod. Therod wasconnected to eachimplant with the Stargrip™ connector
(Nobel BiocareAB, Gothenburg, Sweden). An electronic motor ramped thetorqueto a
maximum value, which was registered and stored by a micro processor . At the point of
interfacial failure between the bone and the implant, the peak force dropped and aslight
rotational movement of theimplantswas observed.

Histology

The implants and surrounding bone tissues were removed in blocks and fixed by
immersionin 4% buffered forma dehyde. The specimenswere dehydrated in graded seriesof
ethanol anembedded inlight curing plasticresin (Technovit 7200V CL, Kulzer, Friedrichsdorf,
Germany)(Donath & Breuner 1982). One section wastaken through thelongitudinal axisof
each implant by sawing and grinding (Exakt Apparatebau, Norderstedt, Germany). The
sections, about 10 mthick, were stained with toluidine blueand 1% pyronin-G

Histomor phometry

Histological examinationswere performed in aL eitz® microscope equipped witha
Microvid system (Stuiesl, 111) or in aNikon Eclipse80i microscope (Teknoptik AB, Huddinge,
Sweden) equipped with an Easy Image 2000 system (Teknoptik AB, Huddinge, Sweden) for
morphometrical measurements (Studiesll, IV and V). Morphometrical measurementswere
madein one section from eachimplant.
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Study |

Instudy |, the degree of bone-implant contact (Bl C) was measured and expressed as
amean total BIC, mean BIC within the defect areaand mean BIC inthe apical area. The
bonearea(BA) withintheimplantsthreadswas measured and expressed asamean total BA,
mean BA inthe defect areaand mean BA intheapical area. Moreover, thevertical distance
fromtheimplant head to thefirst bone contact and to thelevel of the surrounding marginal
bonewasmeasured.

Study 11
Thedegree of bone-implant contact and bonefill inimplant threadswere cal cul ated.

Study 111

Thedegree of bone-implant contact and bonefill inimplant threadswere cal cul ated.
Thepresenceof boneinthe groove and on the corresponding oppos ng flank surface (yes'no)
wasquantified within eachimplant thread.

Study 1V

Thehistometric eval uation comprised: (i) M easurementsof thethicknessof the
supporting bone. Thiswas defined asbonetissue projected towardstheimplant surfacefrom
the surroundings. (it) Quantification of number of grooveswith and without bonetissue (iii)
Quantification of the number of grooves showing direct contact with the bone. (iv)
Quantification of the number of grooves showing separation between boneand theimplant
surface.

Study V
The histometric evaluation comprised: (i) M easurementsof the degree of bone-implant

contacts(ii) Measurementsof thebone areaoccupying theimplant threads (iii) M easurements
of number of grooveswith bonetissueintest implants(iv) Measurementsof the number of
surfaces opposing the groove showing boneformation, (v) M easurements of the number of
surfaces, corresponding to the position of thegrooveintestimplants, showing bone contactin
control implants. (vi) Measurements of the number of surfaces opposing the corresponding
groove surface showing boneformation in control implants.

Micro-CT

Instudy V, implantswith and without groovesfrom theleft tibiawereanal ysed with
a desktop cone-beam microCT scanner (mMCT40, SCANCO Medical AG, Bassersdorf,
Switzerland). Themicrofocus X-Ray-sourcehad aspot sizeof 5or 7 umat 30-70kVp/ 20-
50 keV (160 pA). The spatial resolution in the images was about 12 um. The technique
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includes software specificaly designed for analyzing bone and similar structureswere used
whichenableandyssof seriesof dicesindividudly or asa3D volume. Thetechniquealowed
for virtual 3D reconstruction of each specimen which could be rotated and studied from
different angels. In addition, bonetissue and titanium coul d be color marked dueto differences
inopacity. The path of bonein relation to theimplant surface and itsgeometry could thusbe
studied.

Satistics

TheWilcoxon Sign Rank Test was used to cal cul ate differences between test and control
implants. The Spearman Rank Correl ation test wasused for correl ation Satistics. A significant
differencewasconsideredif p<0.05.

RESULTS
Healing of tur ned and oxidized titanium implantsimplants in bonedefects(Sudy I)

Histologic and hisometricfindings

A smilar hedling patternwas seenfor al defectsirrepective of treatment. Appositiona
boneformation starting from the bonewallstowardsthe centre of the defect, which seemed
more pronounced in the bottom, was observed for both types of implants. (Figure 5 and 6)
More mature bone was present at 12 weeks as compared with 4 week specimens. New
boneformationin BMP siteswasobserved in closerelation tothe BMP material. In higher
meagnification, lobular minerdized Stescould beseeninthemateria with ahigher concentration
at themargins, indicating remineralization from the outsi de and inwards. The collagen sponge
seemed to prevent bone formation from adjacent bonewallsand and was often surrounded
by loose connectivetissue. Theautogenous bone chips showed signsof remodelling and new
boneformation onthesurface.

Morphometric measurementsregarding BIC after 4 and 12-week of healing showed
no statisticaly sgnificant differenceswhen comparing sham and test Sites. However, comparison
between machined and oxidized implantsrevea ed that oxidized implants showed higher total
BA at 4 weeks. At 4 weeksthe oxidized implants showed more Bl Csthan machined ones
when all siteswere pooled for comparison. At 12 weeks, both BIC and BA at the defect area
aswell astotal BIC valuesin all sites pooled showed statistic significancein favour of the
oxidized surface. (Table2)
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Fig. 5. Light micrographs of the defect areas at sham sites after four weeks
of healing. A, Oxidized implant. Formation of new boneis seen in the defect
and at theimplant surface. Bar = 400 um. B, Machined implant. Boneformation
is seen in the defect but not at the implant surface. Bar = 400 pm.

Fig, 6. Light micrographs of the defect areas at sham sites after twelve
weeks of healing. A, Oxidized implant. The defect is filled with new bone
showing extensive remodeling. The boneisin contact with theimplant surface.
Bar =400 um. B, Machined implant. A similar bonefill asseeninA butinthis
specimen without bone contacts with the implant surface. Bar = 400 pm.
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| mplant stability measurements

The RFA measurements showed asignificant increase of implant stability from placementto4
weekswith 6.9 + 5.1 1SQ for the oxidized implantsin sham sites (p<0.05), compared with
machined implants (0.4 + 5.6 1SQ). When all siteswere pooled at the sametimeperiod, the
significancein favour of oxidized implantsincreased largely (p<0.01). The stability for all
implantsdid not change asthey were compared from 4 to 12 weeksin sham. (Table 2)

Table 2. Comparison between TiUnite vs Machined implants in
sham and pooled sites, using BIC, BA and RFA values. Sham site
= site with no adjunctive treatment; All sites pooled = based on
mean values of all implants per surface and animal.

TiUnitevs M achined, histology 4 weeks

Sham site All sites pooled
Area total P?0.06 Ns
Area defect Ns Ns
Contact total Ns p?0.04
Contact defec Ns Ns

TiUnitevs M achined, histology 12 weeks

Sham site All sites pooled
Area total Ns Ns
Area defect Ns p?0.005
Contact total Ns p?0.0008
Contact defec Ns p?0.0277

TiUnitevs M achined, RFA (I1SQ)
Sham site All sites pooled

Diff. 0-4 weeks p?0.02 p?0.0061
Diff. 0-12 weeks Ns p?0.0187
Diff. 4-12 weeks Ns Ns
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Early bonetissueresponsestoturned and oxidized titanium implants (Study I 1)

Light microscopy and morphometry

Thehistological analysesrevealed adifferent pattern of boneintegration for
turned and oxidized implants. In essence, oxidized implants seemed to beintegrated by bone
formation directly onthesurface, whilst boneformation wasnot seen at the surface of turned
implants. (Figure7) More bonewas seenin contact with oxidized implants after 7, 14 and 28
days. Onthe other hand, higher values of bone areain the implant threadswere seen for
turned implants.

A darkly stained thin layer was observed at the oxidized surface assolitary
spotsor ascontinuousrimsalong severa threads after 7 but also after 14 and 28 days. This
materia seemedinitialy to beacellular and had aglobular appearance. (Figure8a) In other
areas, osteoblastswere seen on top of thislayer producing osteoid towardsthe dark layer.
(Figure 8b)At | ater stages, layers of mineralized bone with osteocyteswere observed. For
turned implants, boneformation was seenin the adjacent marrow tissue and dways separated
from theimplant surface which with timereached theimplant surface.

I nfluence of amacr oscopic grooveon integration of oxidized titanium implants(Sudy
11 -V)

RTQ measurements

Instudy 111, SLimplants werestatistically morestableintibia sitesand in pooled Sites.
Thedifferenceswere 30.4% (SD 33.8) (tibia) and 26.6% (28.1) (femur) higher RTQ for
implantswith the (S1) compared with implantswithout agroove. (Table 3) A similar but
smaller and not statistically significant effect, 8.3% (SD 25.8) (tibia) and 7.7% (SD 16.1)
(femur), wasmeasured for S3implants.

Instudy 1V, thefemora implants showed statistically Significant higher values
for S1 but not for SO and S2 implants compared to controls. (Table4) The mean percentage
difference between test and control implantswere 22.0 % (SD 28.2) for the S1implants, 8.5
% (SD 19.3) for SOimplantsand -3.7%(SD 22.2) for the S2 group. For tibial implantsthere
were no statistically significant differences between test and control implants. The mean
percentage difference between test and control implantswere 19.6 % (SD 50.2) for S2
implants, 0.3% (SD 36.5) for S1implantsand-1.9 % (SD 28) for SOimplants.

RFA measurements

RFA measurementsin study 1V revea ed anincreased implant stability for all implant
groups. Theincreasewasstatistically significant for all femoral sitesexcept for S1implants.
Tibial implants showed asignificant increasefor control and SOimplants. Therewereno
satistically significant differenceswhen comparing the primary or secondary stability for test
and control implants.
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Fig, 7. Light micrographs of oxidized (left) and turned (right) implants after
7 (aand b), 14 (c and d) and 28 (e and f) days of healing.
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Fig.8 Light micrographs of oxidized implants after 7 days. Toluidine blue.
a/ Example of darkly stained and acellular layer (arrows) frequently seen
along the oxidized implant surface after 7 days. LCT = loose connective
tissue. b/ Showing a darkly stained interface layer (IL) on the oxidized
surface with globular appearance. Osteoblast (arrows) and osteoid (0) are
seen on top of the layer, indicating bone formation from the surface.

Table 3. Results from removal torque measurements. Mean valuesin

Ncm and differencesin % ( (Sx +C_)/C* 100)

S1 Cst Diff (%) P-value
Tibia |37.3+10.2 {304+ 105 |30.4+33.8 |0.04
Femur [63.1+17.0 26.6+28.1 |0.12
Pooled [46.7+12.9 |37.2+10.2 [255+21.2 [0.04

S3 Css Diff (%) P-value
Tibia |34.7+10.1 (32.3+6.7 83+258 |ns
Femur [63.3+12.8 [59.2+122 |7.7+16.1 |ns
Pooled [49.0+10.2 [45.8+7.9 73+146 |ns

Table 4. Results from RTQ measurements of femoral implants.

Group Peak value Differenceto control Statistics
Ncm (SD) % (SD)
Control 72.4(18.5) - -
0 76.6 (13.5) 8.5 (19.3) NS
S1 87.1(23.4) 22.0(28.1) 0.03
S2 69.1 (19.4) -3.7 (22.2) NS
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Histology and morphometry

Thehigtology of theimplantsfrom sudy
[11 showed that bone formed predominantly
withinthegrooveswith no gpparent difference
between S1 and S3implants.(Figure9) For
S1 implants, 78.7 £ 15.8% of the grooves
werefilled with bone, whereasonly 46.2 +
27% of the corresponding flank surface
showed the presence of bone (p<.05). The
corresponding values for S3 and control
implants were 72.7 + 25.1% and 48.5 +
13.6%, respectively (p < .05). Similar
amounts of bonein thethreadsand similar
degrees of bone-implant contact were seen
for the S1, S3, and control implants.

Instudy IV, themorphometric
evaluation showed an increased degree of
bonefill of thegrooveswith decreasngwidth.
Thefracturemade by the RTQ measurements
wasmoreoften located withintheboneat the
grooveentrancefor the SO and S1implants,
whereas the fracture location at the S2
implantswasmore often | ocated at the bone-implant interface.(Figure 10) Statistical andysis
showed asgnificant correlation between decreased groove s zeand bonefill aswell asbetween
decreased groove size and the number of fractures at the groove entrancefor both tibial and
femord implants.

Histology of S1implantsafter 7, 14 and 28 days showed an identical boneformation
pattern asdescribed for oxidized implantsin study 11, whichwerea so used ascontrol implants
inthisstudy (V). Aspreviousy described, boneformation wasevident directly on the surface
inand outsidethegrooves.(Figure 11) Morphometry of thetibial implantsreveal ed that new
bone formation occurred more often in groovesthan at opposing surfaces, whichwasmore
obviousafter 7 than after 14 and 28 days.(Figure 12 and 13) Also control implantsshowed a
higher incidence of boneformation at theinferior thread flank (corresponding to thelocation
of thegrooveat S1implants) ascompared with the opposing superior flank. A similar pattern
wasobserved for femora implants.

Fig.9 Light micrograph of a S1 implant
demonstrating bone formation in the
groove.
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Fig.10 Light micrographs of specimens after RTQ testing showing
al SO groove with bone fracture (arrow) , b/ S1 groove with bone
fracture (arrow) and ¢/ S2 groove with separation between bone
and the implant surface (arrow).
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Fig. 11

A series of light micrographs of grooved implants demonstrating formation of bone
directly ontheimplant surface. & A darkly stained layer about 10-15 um thick with no
or few cells can be observed. Osteoblasts and osteoid can be distinguished on top of
thislayer (7 days). b/ Osteoblasts are becoming entrapped in mineralized matrix (7 to
14 days). ¢/ Osteocytes can be seen in the interfacial bone layer. Active osteoblasts
are seen to producing osteoid on the layer (7-14 days). d/ A thicker and more mature
bone is observed after 28 days.
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Micro-CT

3D col or-coded reconstructions showed that new bone formation followed
thepath of thethreadin gpical direction for both test and control implantsand especidly inthe
bottom of thethread and a ong theinferior flank. In addition, bonewas observed asrimsin
thegrooveof S1implants. (Figure14)

Fig.14 3D reconstruction of tibial implants & test implant after 7 days and b/ control
implant after 7 days



DISCUSSION
M ethods

Anima models

Therabbit modd used in the present study iswell known and hasbeenwidely usedin
implant research (Johansson 1991, Sennerby 1991, Gottlander 1994, Wennerberg 1996,
Meredith 1997, Rasmusson 1998, Ivanoff 1999, Friberg 1999, Hostner 2001, Sul 2002,
Franke-Stenport 2002, Slotte 2003) Themodel hassomesimilaritieswith thedental clinical
situation, with acancellousfemoral bonesimilar to the maxillary boneand acortical tibia
bonewith similaritiesto the mandible. According to Robertset al (1994) therabbitis2-3
timesfaster in boneformation, remodeling and maturation . Lamellar transformation of the
peri-implant woven bone requires about 4-6 weeks after implant placement (Robertset a
1984, 1993, Sennerby et a 1993a). Severd scientistshavereported that remodeling in rabbit
requires 6-18 weeks (Robertset a 1984, 1993, Sennerby et al 19933, Piattelli et al 1995:).
Johansson et al (1987) found continuousincrease of removal torque up to oneyear after
implant placement but the curveflatted out after 3 monthsindi cating that remodeling was near
completion. Meredith et d (1997a) studied implant stability intherabbit tibiaover a5 months
period and found an increase in resonance frequency up to 40 days (about 6 weeks) of
healing and thereafter only small changestook place.

One disadvantage with the rabbit model isthat the implants were not |loaded and
thereforethe histological outcomemay differ fromtheclinical situation. Another drawback is
t that therabbit tibiaand femur are bones of endochondral origin and may differ fromthe
intramembranous bonetissuein the healing process. However, it isthough believed that the
bone healing pattern of endocondral and intramembranousbonearesimilar.

Thedog mandibleisanother well documented and used model for implant research
both when placed in healed sites or in extraction sockets and defects (Akimoto et al 1999
Abrahamsson et d 2002, Cardaropoli et al 2003, Botticelli 2006). Thejaw boneissimilar to
human boneandisof courseof intramembraneousorigin. A draw back isthat the areas used
for implant placement most probably is subjected to chewing and biting forceswhich may
have negative influence on the healing. In the present study I, some of the cover screws
became exposed. Moreover, an extensive remodel ling/model ling of the buccal bone plate
was observed whichin part may be dueto chewing forces.

Histology and morphology

Histomorphometry was carried out on undecal cified ground sections prepared as
originally described by Donath and Bruner (1982) and Donath (1988). All sampleswere
divided, sectioned and ground to aabout 10um thick samples controlled by amicrometer
before staining. Johansson and M orberg (1995) demonstrated theimportance of the section
thicknessin order to avoid overestimation of bony contacts, athickness above 30um gave
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significant overestimation. Johansson (1991 thesis) found the smallest error of a*“ shadow
effect” caused by aspherica implant with 10pm thick section cut through the center axisof the
implant. Our routine staining method mentioned earlier permitted an intact analysisof the
bone-implant interfaceand an overview of thegrossanatomy and estimation of thematuration
of thebonetissue.

The morphometrical readingswere performed by one personin order toimprovethe
accuracy. Previouswork hasnot revealed any significant intraexaminer differenceswhen
repeateing measurements of the same specimens three times (Slotte et a 2003). The
histomorphometry measurementsand the descriptive andys swere performed on one section
of each specimen. Serid sectionswould of coursehave given amoreaccurateresult. However,
the purpose of thetechniquewas often to compare pairsof test and control implantsand not
to determine the absol ute val ues of bone-implant contact and bone areain each specimen.
Therefore, asingle sectionisbelieved to giverdiable and comparableinformation.

Removal torque measurements

Theremova torquetechniqueinthe present studies measuresthe strength of the bone-
implant-interfacein shear. Thismethod depends on different properties such astheimplant
design, implant surface and the properties of the surrounding bonetissue. Several studies
have studied the rel ation between morphometric parametersand removal toque (Johanson &
Albrektsson 1987, Ivanoff et al 1996, 1997)) and the method have been found to be a
vauableinstrument in biocompeatibility studies(Johansson et a 1991). Thecorrelation between
theclinica performanceof implantsand remova torqueisnot yet known. Theremoval torque
would correspond to rotational movementsintheclinical situation which do takeplacein
sngle-tooth restorationsbut it isbelieved that the most critical |oading directionsfor thelong
termfunction areaxia and specialy bendingloads. Itisimportant to unscrew theimplant with
no deviation or tilting from thelongitudinal axisof thetransducer. Thiscould be achieved by
using aspecid jigfor thetorqueinstrument.

Resonancefrequency andyss

TheRFA isanon-invasivetest that measurestheinterfacial stiffnessbetweenimplant
and bonetissue. Any entrapped soft or bonetissuemay resultinafa sereading. However, this
could beeasily controlled by checking the morphol ogy of the resonancefrequency peak on
the display of the instrument. No peak or double peakswere usually signs of entrapped
tissue. In these cases the transducer was removed, the implant head cleaned and a new
measurement wasmade. Ingeneral, RFA showed anincreasefor al implantswith time, which
indicatesan increased stiffnessdueto boneformation and maturation. In therabbit experiment,
therewere no obvious differences between test and control implants. Thiscan beexplained
by thefact therewasno major differencesin the histol ogical response as observed in Study
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[11. Inthedog experiment therewas adifference between turned and oxidized implants after
4 weeks. Thiscan beexplained by that boneeasily formed contact with the oxidized implants
and thereby better supported theimplant.

Surface characterization

Dentd implant surface measurements should comprise measurements of height, density
and orientation of the surfaceirregularitiesbecauseit isimportant to eval uate theimplants
mechanical interlocking properties (Wennerberg 1991). Wennerberg (1991) suggested that
different partsof theimplant screws show different roughnessval uesand that measurements
should be performed at different locations. Inthe present thesis, implantswere analysed at
flank, top and valley at thetip aswell asin groovesat threelevel sof theimplants. Between
screwswith the same surface modification avery low standard error wasfound and ahigh
probability to detect differencesin surface roughnessand different positionswhen measuring
10 screwswith the same surface modification and 9 measurements of each screw (Wennerberg
1991). In order to obtain significant measurementsin surface roughnessaminimum of 8
implants haveto measured, giving astandard error of 0.0486 and an expected confidence
interval of 0.10. We measured only one screw of each type and therefore no statistical
differencescould beinvestigated.

Micro-CT

Micro-CT wasused in study V asacomplement to histology. Thisnon-destructive
technique allowsfor a3D reconstruction of the specimenswhich can berotated and also
sectioned in any direction at the computer screen (Van Oossterwyck et a 2000, Sennerby et
a 2001). Moreover, different material swith different densities can be color coded to further
facilitatetheanalysis. In the present study the technique was useful to describethe bone
formation pattern over theimplant body. It may be possibleto used the technique also for
morphometrical analysissinceagood correl ation has been found between micro-CT and
histological parameterswith exception for bone-implant contact measurements (Stoppieet d
2005)

Healing of turned and oxidized titanium implantsin bonedefects (Study 1)

Inthe present thes's, healing of titanium implantswasstudied in adefect mode indogs.
Theam of thestudy wasto eva uatetheinfluence of implant surfacetopography onintegration
aswel| to analysethe possible effect of adding either agrowth factor (BMP-2), itscarrier or
autogenous bone chipsinto the defect. Theapical 5 mm of theimplant was stabilizedinthe
alveolar bonewhilst the upper 5 mm did not have any primary bone contacts but avoid of
about 1.5 mm existed between theimplant and the bone surfaces. Histologically, the defect
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region wasincreasingly filled with new bonefrom 4 weeksto 12 weeks postoperatively.
Bonedeposition begantypically at thelowest vertical level inthe defect areaand extended
upwardsin contact with both types of implants surface, asalso reported by Botticelli et a
(2003). Inthe present study, ground sectionswere taken in buccal-lingual direction and
extensveresorption of especialy thebucca bonewall wasevident. Thiscan beexplained as
anreactionto thedefect surgery, which often resulted in athin bucca bonewall whichmay be
more vulnerable dueto thelack of vascularisation and possibly outer forcesacting onthe
buccal bonewall during chewing. A similar resorption has previously been described when
placingimplantsin extraction socketsin the dog mandible (Cardaropoli et a 2003, Araujo et
a 2005, Botticelli et al 2006). However, based onthestudies by Botticelli et al (2005, 2006)
it seemsthat implant placement in surgically created defectsresult inlessresorption than
implant placement in extraction sockets. Thereason may bethat the defectswerecreatedin
heal ed bonewhen dimens ona changesa ready have been taking placeasaresult of modelling
and remodelling after extraction. Inthe present study, 5 monthsof healing after extractionwas
alowed before starting the experiment. It isa so possiblethat the morphometrical outcome of
the present study had been different if also mesio-distal sectionshad been used. It can be
speculated that theintegrity of the defect was better preserved and thereby the possibility for
boneformation and implant integration.

No differencesinimplant integration coul d be seen when comparing the use of BMP-
2, carrier or autogenous bonein the defects surrounding theimpl ants as compared to empty
control defects. However, it waslikely that the BM Pinduced boneformationlocally. Thiswas
seen asremineraisation of the bone chipsin the mixture. However, itispossiblethat ahigher
dosageor repeated administrationisrequired to havean effect onthedefect at large. Itisal so
possiblethat the collagen sponge not isan optimal carrier asthiswas seen to prevent bone
formation and to be soft tissue encapsul ated when used done. Boneresorption and formation
of the autogenous bone chipswas seen aswel | asthe particlesbecameintegrated with newly
formed bonewithtime.

Theonly differencethat could berevealed in our dog study waswhen comparing
oxidized and turned implants with morphometry and stability measurements. Although the
differenceswerenot markedinal regions, theoverdl pictureindicateastronger tissueresponse
totheoxidized implants. Thisisinlinewith thefindingsof Baitticelli et a (2005) whofound a
better bonefill andintegration of surfacemodified implants(SLA) incomparisonwithminimally
rough control implants after placement in defectsin adog model . Inthe present study, RFA
measurements showed asignificantly higher increasein stability from placement to 4 weeks
and atendency after 12 weeks. At 4 weeksall 12 dogswere evaluated, whilst only 6 dogs
wereanalysed after 12 weeks of healing which may explain thelack of significance. Our
resultsregarding the strong bone responseto oxidized implants corroboratewith theresults
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from other studies comparing turned and oxidized implants (Albrektsson et al, Henry et a,
Ivanoff et al 2003, Zeichner et al 2003a, Sul 2002).

Early bonetissueresponsestoturned and oxidized titanium implants (Study I 1)

Previousexperimentd and clinical histological studiesaswell asstudy | of the present
thes shave demonstrated amore rapid formation of bonewith higher degreesof direct contact
at oxidized titaniumimplantsin comparison with turned control implants. Inaddition, oxidized
titanium implantshave demonstrated ahigher resistanceto removal torqueforces. Osborn &
Newedy (1980) used thetermsdistanceand contact osteogenes sto describedifferent patterns
of implant integration in bone. Study |1 of the present thesiswasundertaken in order to study
the early bonetissueresponseto turned and oxidized implants. Using the samerabbit model,
Sennerby et al (1991) described the kinetics of theintegration of turned titanium implants
using light and el ectron microscopy. It was evident that the integration processoccurred by
formation of bone from existing bone surfacesand as solitary island in the adjacent bone
marrow whichwithtime contacted theimplant surface. The present study confirmed theresults
by Sennerby et a with regard to the bonetissueformation at turned implants, which showed
anidentical picture. However, the oxidized implantsexhibited acomplete different integration
pattern.. It wasevident that boneformation a so occurred directly on theimplant surface. In
the early phasethiswas seen asadarkly stained granular layer with seemed at first to be
acellular. In other areasand at | ater stages, osteoblasts were seen to produce bonetowards
thislayer and later on osteobl asts became entrapped as osteocytesin thismatrix. Our findings
areinpart amilar tothosereported by Davieset a (1991) who studied theinteraction between
ogteoblagtsand titaniumin vitro. They described theformation of an afibrillar layer ontitanium
which evolved by thefusion of singlecalcified globulaelessthan 1 umin diameter formed by
the osteobl asts. Collagen fibers produced by the cells attached to thislayer and the matrix
became mineralized with time. These eventswere later discussed by Daviesand Hosseini
(2000). A similar bone response as observed at oxidized implants has been reported for other
surfacetopographies (Osborn & Newesly 1980, Piattelli et al 1996, Berglundh et al 2003,
Ivanoff etal 2002)

Since only ground sectionswith limited resol ution were used in the present
study, ultrastructural techniques are needed to further investigate theinterface at oxidized
implantsinvivo. Itispossiblethat the electropolishing technique asused by Ericsson et a
(1991) can be usedfor thispurpose. With that techniquethe bulk part of thetitaniumimplant
can bedectrochemicaly dissolved just |eaving the surface oxidelayer and thereby alowing
for ultrathin sectionsfor TEM to be produced.

Themechanismsbehind thedifferent integration patternsare not fully known but surface
topography most certainly playsanimportant role although other factors such assurface
chemistry should not be underestimated. The anodic oxidation processresultsin asurface
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topography with poreswithasizeof 2umandless(Hal & Lausmaa2000). It canbespeculated
that the pores may serve as areservoir for bone promoting factors from the blood clot.
Daviesand Hosseini (2000) suggested that theinitial blood clot and its retention to the
implant surfaceisan essential prerequisitefor the migration of osteogenic cells. Theearly
blood contact and establishment of afibrin matrix through which osteogenenic cdllscanmigrate
to the surfaceisof importance. An acid-etched titanium surface with rough topography has
been shown to better retain ablood clot compared to asmoother turned titanium surface
(Park & Davies2000). Moreover, arecent in vitro sudy demonsirated anincreased trombocyte
activation withincreased surface roughness of calclum-sul phate coated surfaces (Kikuchi et
a 2005).

I nfluence of a macr oscopic grooveon integr ation of oxidized titanium implants

Thegtability of adenta implant anditsresistancetorotationa, axial and lateral forcesis
in part dueto amechanical interlock between bone and implant surface. From an experiment
using turned titanium implants, Sennerby et d (1992) suggested that theresi stancetoremova
torque was depending on theamount of cortical bone contacting theimplant surface. Thiswas
later further confirmed in rabbit experimentsby Ivanoff et al (1996, 1997) using different
lengthsand diametersof turned titaniumimplants. Theinterlock theory canasoinpart explain
theincreased resistanceto removal torque as seen with implantswith an enhanced surface
topography. However, Wennerberg (1996) suggested that thereisan optimal surfaceroughness
and that too rough surfacesmay result in adecreased bonetissueresponse and lessresi stance
toremoval torque. Another way of increasing theinterlock would be to add macroscopic
featuresproviding with anundercut for boneingrowth. Commercaly availabletitaniumimplants
usualy havebone cutting chambersat their apica aspect which probably contributestoimplant
stability after boneingrowth. However, in soft bone qualitiesit would be moredesirableto
havesuch festuresin conjunctionwith themargina cortical bone. Previousresearch hasshown
that surface structures may influence cellular responsein vitro. For instance, Boyan and
colleagues showed that forces acting on cellsasthey migrated on topographically modified
surfacesstimulated matrix production. Invitro studies on surfaceswith grooved structuresin
therangeof tensof micrometersshowed that it waspossibleto promotedirected cell migration.
Apart from serving asan undercut for boneinterlocking, it wasa so speculated if the presence
of agroove could stimulate and guide boneformation. In studies|l| toV, theinfluenceof a
macroscopic groove added totheinferior thread flank wasbiomechanically and histologically
evaluated.

Theresultsfrom study 111, 1V and V demonstrated that bonewaspreferentialy
formed inthe groove as compared with the opposing and corresponding surface. It wasa so
found that this preference increased with decreased width of the groove. However, any
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correl ation between resistanceto remova torqueand the presences of bonein groovescould
not be observed. Instead, implantswith 110 pwidegrooves showed astatistically significant
increase compared with control implants, but thiswas not seen for implantswith 80, 160 or
200 pwidegrooves. Histological analysisof implantsafter RTQ testing showed anincreased
incidence of fracture of the bone at the entrance of the groove as opposed to aseparation at
the boneimplant interface. The occurrence of the maximum can therefore be explained as
follows: For wider grooves, i.e. the 160 mmwide (S2) instudy IV and the 200 mmwide (S3)
instudy I11, the measured RTQ values are determined by afracture located at the bone-
implant interface. For narrower grooves, the number of fractureswithin boneat the groove
entranceincreasesand theinterfacefracturesdecreases. If theforcerequired fracturing bone
islarger than theforcerequired to fracturetheinterface, than the RTQ val ues should increase.
However, asthe grooves become narrower, theforcesrequired to fracture the bone at the
groove entrance decreases, and decreased RTQ val ues should be expected and approach
thevaluesfor thecontrol implantswithout grooves. Therefore, the curve of RTQ valuesasa
function of groovewidth must have amaximum, which seemsto peek closeto the 110 mm
widegroove (S1) inthisexperiment.

Study V was conducted in order to evaluate the early bone tissue response to S1
implants, whichin Study 111 and IV showed asignificant increaseto removal torque. The
implantswereinsertedintherabhbit femora condyle, which representsasiterich of canncellous
bone, andinthetibia methaphys swhich normally consistsof athin cortical but no cancellous
bone. It can thus be anticipated that the femoral implants had more primary contactswith
bonea ong the surface ascompared toimplantsintibial sites. Interestingly, the histological
evaluation after 7, 14 and 28 days showed a preference of bone formation in grooves as
compared to the opposing flank in the samethread for tibial but not for femoral implants.
Moreover, thedifferencewas moremarked after 7 daysthan later. The dataindicatethat the
presence of thegroovefacilitated boneintegration over and dongtheimplantsplacedinaste
with small bonevolumes, whilst theeffect of thegroove on boneintegration wasnot sgnificant
inasitewith largebonevolume. Thisisfavorablefromaclinica point of view sinceany
enhancement of integration in poor bone Situationsmay improvetheclinical outcome.

CLINICALIMPLICATIONS.

Thefindingsfrom the present study show that surface modification by anodic
oxidation resultsin astronger bonetissue response and amore rapid formation of direct
bone-implant contacts as compared to turned control implants. Thisdifferencewasmore
marked during the early healing. In addition, the presence of agroove at onethread flank
was shownto significantly increase theresi stanceto removal forces. It wasfurther
demonstrated that bone wasformed more oftenin thegrovesthan on opposing surfacesin
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steswith smal bonevolumes. Fromaclinical point of view the use of oxidized implants
with agroovewould be especidly beneficially inSituations of low bonedensity and low
primary stability when the survival of theimplant may be depending onarapidintegration
and stabilization in bone. The use of such surfacesmay a so be beneficial whenusing
immediateloading protocol ssincethe bone-implant interfacewill be biomechanicaly
challenged fromtheday of placement. Thefindingsof thisthesisalsoindicateamore
favourableintegration and higher stability when placingimplantsin bonedefectswithno
primary bone contacts. From aclinical point of view thiswould suggest animproved
hedingin extraction socketsand in maxillary sinuslift Stuationswhen placing bonegrafts
and implantssimul ataneoudly. However, in cases of denseboneand ahigh degree stability
theeffect may not beclinically significant and especidly not if using atwo-stage procedure
with submerged healing of theimplant prior toloading. Controlled clinicd tridlsare
obvioudy needed to confirm these suggestionsof clinica useof thetested implant designs.
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CONCLUSIONS

1. Oxidized titanium implants showed astronger bonetissue responseand better stability than
turned implantswhen placed in marginal bone defects.

2. Theaddition of BMP or autogenousbonedid not influencethe healing of marginal defects
around oxidized and turned titanium implants.

3. Oxidized titaniumimplantswereintegrated by direct boneformation on thesurfacewhilst
turned implantswereintegrated by appositional bonegrowth fromthevicinity and towards
thesurface.

4. Oxidized titaniumimplantswith a110 pmwideand 70 um deegp groove showed asignificantly
higher resistanceto removal torque than implantswith 90 pm, 160 pm, 200 pum width or no
groove. Boneformation occured preferentialy in grooves as opposed to thread flankswithout
agroove. Theincidence of boneformation increased with decreased groove width.

5. Early boneformation at oxidized implantsoccured preferentialy in groovesand along the
inferior thread flank when placed in bone siteswith few primary bone contacts.
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