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Abstract

Background: Cobalt-chrome (CoCr) alloys have been used in sientin decades but very
little is known about their behavior and biologigalpact as framework materials in implant
dentistry. Furthermore, few studies have evaluateticompared the clinical and radiological
results of abutment and abutment-free implant tmeat conceptsAims: To investigatein
vitro CoCr and commercially pure (CP) titanium framevgoregarding precision of fit,
estimated material degradation and possible adveedielar responses. In addition, to
retrospectively evaluate the clinical and radiotadifive-year outcome of abutment-free
porcelain-veneered CoCr prostheses compared tdicageneered CP titanium prostheses,
with or without abutmentdViaterials and methods:Paper I.Two groups of cast, sectioned
and laser-welded frameworks were fabricated, eithex CoCr alloy or in CP titanium. A
third group comprised computer numeric controllENC) milled CP titanium frameworks.
Measurements of fit were performed with a coordinateasuring machindaper Il. lon
leakage from titanium implants, CoCr and CP titamiframework sections into artificial
saliva was observed with mass spectrometry. Sudtocetures were registered with optical
interferometry.Paper Ill. Viability of epithelial cells and fibroblasts cuted on CoCr and
titanium specimens were evaluated with the AlaméreB' method. Specimen surface
structures were registered with optical interferosnend cell morphology observed with
SEM. Paper IV.A test group (n=40) comprised of patients treatétth prostheses made at
implant levelin dental-porcelain veneered CoCr alloy (n=15aanylic-veneered CP titanium
(n=25). A control group (n=40) was provided withostheses made abutment levelin
acrylic-veneered CNC-milled CP titanium. Clinicahdaradiological five-year data were
evaluated.Results: Paper |. The transversal width decreased in CoCr framewolks,
increased in both groups of titanium frameworkssd eertical distortions were present in the
CNC-milled frameworks compared to the two otherugs Paper IlI. Significantly more
cobalt ion leaked than titanium and chrome ionsthBmamework sections and implants
roughened after saliva exposuRaper Ill. Both cell groups were more viable on titanium
than on CoCr surfaces. The CoCr surfaces had a logight deviation but were denser than
the CP titanium surfaces. No major deviations freonmal cell morphology were present.
Paper IV.No significant differences in implant cumulativengual rates were demonstrated
between the test and control groups after five g/ear function (98.6% and 97.6%,
respectively). No major differences in bone lewsbre demonstrated. Mucositis and veneer
fracture were the most common complications ingablups. Conclusions: None of the
frameworks presented a perfect, completely “pasBtieThere were indications of active
corrosive processes for both implants and frameworiterials. Epithelial cells and
fibroblasts preferred titanium to CoCr surfaces.e Tdlinical outcomes ofmplant level
prostheses made of porcelain-veneered CoCr oriasmstheered titanium seem comparable
to acrylic-veneered titanium prostheses madeatment level
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INTRODUCTION
BACKGROUND

Modern oral implantology started in the late A96vhen Per-Ingvar Branemark and his
group presented positive results from animal studigh screw-shaped titanium implafits.

At the time, implants were generally regarded witme suspicion, both by clinicians and the
academic community. The clinical outcomes of ednlgde and subperiostal implants are
debatable, but even today they have their suppdftér

Different implant concepts were described dyitime 1970s, starting with titanium plasma
spray implants proposed by André Shroeder and atewsi® Schulte and colleagues later
described alumina implants, followed some yeamr Iy titanium implants with a different
shape from the Shroeder moffe’’ Several arguments in the 1970s claimed that direct
contact between bone and an implant required tipéaim to be cerami¢® In fact, a 10 um
oxide layer immediately covers the surface of titemwhen it comes into contact with Git,
making the titanium implant surface become ceratfit’]

In 1977, the Branemark group demonstrated faveraata on their “osseointegrated
implants” from ten-year treatment studies in hund&hén 1981, Albrektsson et al proposed a
set of criteria for successful treatment outcdieand a year later, osseointegrated implants
found international acceptance at the Toronto gentee™! At that time, positive long-term
results had then been presented, principally frotally edentulous patients! Since then,
numerous studies have reported various brands gifiits and treatment concepts, both for
the partially and totally edentulous j&%?¥ Even so, the criteria and requirements suggested
in the 1980%* *! have been challenged. Today, indications are ithptants of hydroxyl
apatite, titanium alloys, tantalum and niobium cimegrate with the bof&?® and
moderately rough implant surfaces have been shawdetiver better clinical outcomes
compared to the earlier, common and smoother (Bnari® or rougher (Shroeder)
surfaced?3!

Surgical protocols have also changed, and skemethods to compensate for sparse bone
volumes have been present&d®) Among these are sinus lifts with bone grafts ortisgtic
bone substitutes as well as distraction techniguesnerve transpositiof82" It has further
been demonstrated that drilling followed by tappiagjrecommended earlier, is not necessary
in poor quality bone and in addition, self-tappingplants are availablé®*® Over the years,
patient selection criteria have changed and tatah®ilism can now be treated with implant-
supported prostheses even at advanced%}es.

At present, more than 200 companies market aothgte dental implants, but many of
these implants and related treatment protocolpacely documented. Four leading implant
companies (Nobel Biocare, Straum&niBiomet-3i and Astra Tech) have recently released
new products and concepts such as Nobel Active™geN8peedy™, SLActive, Nanotite™,
Certairf Prevaif’ and Osseo Speed™. These products reached thetmaittkesparse long-
term documentation. On the other hand, unlike its¢ decades of modern implant dentistry,
implant components of today have a short life-tane when long-term follow-up studies are
eventually published, the components may no lobgeavailable on the marké¥

In this context, it must be remembered that esgcor at least survival, in implant treatment
stresses the entire chain from component fabricatioprosthesis delivery. Each step from
initial planning and reliable surgical procedutesa trustworthy prosthodontic protocol using
biocompatible and durable materials will influertbe long-term prognosis.



MATERIALS FOR IMPLANT-SUPPORTED PROSTHESES

The most frequently used materials for implamgorted frameworks are metal alloys. Pure
metals such as gold and platinum foil do existentistry but alloys, i.e. mixtures of two or
more metals, or one or more metals with a non-matal by far more commdH: ¢ 41 To
reduce costs, a number of alternatives to gold theen presented, including high-noble as
well as base-metal alloys and titanium, both coneialy pure (CP) and titanium alloy&:>"
The experiences of other areas of prosthetic dentaxe usually the sources for these
suggestions. Base-metal alloys such as nickel-chrdar dental supported prosthetic
frameworks have been used for decades in the USitet#d>? In Scandinavia on the other
hand, there is resistance against base-metal dlofyged prosthodontics, mainly because of
the well documented risks for hypersensitivity, exsally to nickef>**” In fact, until 1999
fixed teeth-supported base-metal alloy prosthesere wot allowed for permanent use in
Sweden. Partly because of that, this part of theldvbas focused on titanium. Recently
however, there appears to be renewed interesthalteohrome alloys, mainly due to their
favorable mechanical properties and positive esthmitcome when the frameworks are
covered with dental porcelafi?’

Cobalt-chrome alloys

Cobalt-chrome alloys have many applications ieditine, e.g. in coronary stenter
intervertebral disc replacement and in knee andaniproplasty®®®Y In dentistry, cobalt-
chrome alloys have been used since 1929, mainlyfriameworks in removable partial
dentures but in the last decades also in resindmmrtial prostheséé:®? Although the
hard metals cobalt and chrome dominate, many etfleenents are added to the alloy in order
to obtain desirable properties. A common cobaleote alloy, Wirobonl C (BEGO Bremer
Goldschlagerei Wilh. Herbst GmbH & Co, Bremen, Gany), has the following chemical
composition, according to the manufacturer: Co 681324.8, W 5.3, Mo 5.1, Si <1, Fe <1,
Ce <1, C <0.02 (weight as a percentdde).

Table 1 Material properties for Wirobond C, commercially pure titanium grade 1-4 (CP Ti 1-4) and gold-alloy
type IV. Adapted from reference [11, 65-67].

Wirobond C CPTil CPTi2 CPTi3 CPTi4 Gold-alloy

type IV

Density [g/cm?3] 8.5 ca. 4.5 ca. 4.5 ca. 4.5 ca. 4.5 >15*%
Modulus of
elasticity [GPa] ca. 210 ca. 117 ca. 117 ca. 117 ca. 117 ca. 100
Tensile strength
[MPa 720 240 340 450 540 750
\,_/"VCke’S Hardness 310 140 170 190 310 200

* Depending on chemical composition.

The corrosion resistance is regarded as extetler to the adherent layer of chrome-based
oxides on the surface that creates a passivatiiegt&f * Minor elements are generally
added to improve the castability, handling and raeatal properties (Table ¥f: ®% For



example, carbon effects ductility, hardness aneingth, but too much carbon decreases the
ductility and increases the brittleness and riskra€ture®® In addition, tungsten helps to
increase the corrosion resistaH@eCobalt-chrome alloys have the highest melting esnof

all casting alloys apart from titanium alloys, andnipulation at the laboratory such as
casting, adjustment and polishing is difficult aimde-consumind*’: %!

Cobalt-chrome alloys for implant-supported fravoeks have been used for many ye#Ps,
yet studies on the clinical performance of thesemfworks are raté® ¢ " |n 1991,
Hulterstrom and Nilsson demonstrated different méshof connectin ?old cylinders to
cobalt-chrome frameworks in order to compensatecémting distortion$® Helldén et al.
reported on cobalt-chrome alloys in connection e €resco™ methdd! Both studies
discussed the methods rather than the mat&i&H.

Titanium

Commercially pure titanium grade 1-4 (Table 2) ani@Al4V (grade 5) are used in
biomedical applications®® due to their excellent biocompatibility, high cmsion resistance,
good mechanical properties and low thermal conditgfi“"® So, they are an alternative to
conventional dental alloys for endodontic files; piamts; surgical plates and screws;
orthodontic wires and brackets; crowns; and praittfimeworks* 2 "58%The mechanical
properties of CP titanium (Table 1) are very infloed by minor interstitial dissolved
elements such as iron, nitrogen, oxygen and cadthdfi.”If titanium sponge is mixed with
titanium scraps during the melting process, thegeryand iron content increases, hardening
the titanium™ ® 7 An increase in nitrogen and oxygen content impsotiee tensile
strength, but decreases the ductility and britgeHé ™

Table 2 Chemical composition (wit%) of pure titanium grade 1-4. Adapted
from references [11, 66, 67].

Alloy grade N (max) | C (max) | H (max) | O (max) | Fe (max) Ti

Grade 1 0.03 0.10 0.015 0.18 0.20 99.48
Grade 2 0.03 0.10 0.015 0.25 0.30 99.31
Grade 3 0.05 0.10 0.015 0.35 0.30 99.19
Grade 4 0.05 0.10 0.015 0.40 0.50 98.94

Apart from reducing costs, it has been arguegastive to minimize the number and
mixture of metals intra-orallf™ % Thus, CP titanium has become popular for implant
retained prosthesis frameworks. Conventional desdklering or brazing methods cannot be
used for titanium because of its high melting pqit68C) and extremely high reactivity
with surrounding elements at high temperatlies’ ™ 8 Titanium casting is also
problematic, with demonstrated risks of gas abgmmpt porosities and surface
contamination€4®® During cooling, a hardened reaction face, oftdfedar-case, develops
and impedes veneering procedufés® The low density, 4.51 g/cinmakes it flow less
easily than noble alloys and its extreme reactigityigh temperatures makes it necessary to
protect the melting chamber either by filling ittvian inert gas, usually argon, or by keeping
it in a vacuumi** &89

At 885C, CP titanium transforms from a hexagomaphase to a body-centered cubic
crystal structuref( phase}** The structural change fromto p phase affects the ability to
fuse dental porcelain to the metal surface. Sotaflggorcelain is fired with titanium at
temperatures below 800¢€!



Gold alloys

In 1985, the Branemark group presented theiinitieih of “state of the art for the totally
edentulous jaw”: an acrylic-veneered gold framewwith resin teetf® In many ways, the
long-established model of dental supported fixedsgireses was imitatéld: ®) Among
others, Adell et al. have presented favorable @iniesults from this concefj®! In dentistry,
gold alloys type IIl or IV are commonly used fosieveneered prostheséd.According to
the ISO/DIS1562 standard, they can be described as:

- Type lll - High strength, for onlays, thin cogs, pontics, crowns and saddles;
- Type IV — Extra-high streng%th, for saddles,shatasps, thimbles, single units and partial
denture frameworks (Table 15’

The original metal-ceramic alloys presented s&®eears ago contained about 90% gold
with added platinum and palladium. Unfortunateheyt were to soft for fixed dentures and
there were reports of porcelain veneer detachiogfthe metal alloy framewofk! By
adding less than one percent of surface oxide-faggrelements such as iron, tin or iridium to
the alloy, a much stronger porcelain-metal bondimgngth was achievétt: %

All-ceramics

As in teeth-supported prosthodontics, interemt &ll-ceramic solutions has recently
increased in implant prosthodontics. In particulexjdic ceramics such as alumina and
zirconia have been in focus, mainly because ofr threichanical strengff? °! However,
there is limited long-term documentation, espegidtir larger prostheses. Larsson et al.
demonstrated a high frequency of porcelain supatffactures (32%) after one year in all-
ceramic two- to five-unit zirconia implant-suppattereconstructions, but observed a
significant difference between the two studied Hed#f! Vult von Steyern et al. compared
loading on abutment-teeth and dental implants ppstt all-ceramic fixed partial dentures in
vitro.®® They suggested decreased strain and stress lavitls prosthesis when loaded on
implants in comparison to natural te€fh.In a review of five-year survival for implant-
supported single-crowns, Jung et al. found a 95styjval rate for implant-supported metal-
ceramic crowns, significantly better than the 91 Quvival rate of all-ceramic crowff§! A
review of five-year survival, however, suggestedattiimplant abutments performed
comparably, whether or not they were made of caraminetal””

Fiber-reinforced frameworks

Carbon/graphite fiber-reinforced poly-methyl tretrylateframeworks have been presented
as a low-budget alternative to gold framewdfks® Although Bergendal et al. demonstrated
a high frequency of framework fractufs reports on enhanced-vitro performance have
recently been publishétf®1%%!

Occlusal materials

In the first animal studies, both gold and cotlshfome alloys were used for implant-
retained frameworks %Y and the first patient treatments with these maltetiogether with
veneers in acrylic and in porcelain were descriledi977!** One of the initial reasons for
suggesting acrylic-veneers on gold frameworks wagraeived need for a shock-absorbing
construction, thus not overloading the peri-implaahe by occlusal forcé¥® However, it
was later demonstrated that the choice of occlusaérial — acrylic, porcelain or gold, do not
have an impact on the forces generated on the imght& '’ Today, both acrylic- and

10



porcelain-veneers are used together with sevelaysalCeramic veneered high noble and
base metal alloys such as nickel-chrome and caobhattme alloys have successfully been
used in dental supported fixed prosthodontics fecaded®® Studies on titanium-ceramic
restorative systems are few but in a recent revidagg and Nilner reported early problems
with porcelain chipping, even if this has beconsslef a problem as technical experience has
increased”

There are few reports on how well these metedroie materials perform in implant
dentistry®™ 8 1% |n a3 multicenter study, Jemt et al. evaluated rlaselded porcelain-
veneered titanium prostheses and conventional [@meeeneered high-noble frameworks in
the partial edentulous ja#%’® The outcomes were similar for the two groups, pkder a
tendency towards a higher frequency of porcelaippihg in the titanium grouB?s] Table 3
briefly describes some general advantages and wdisgaes with three common metal-
ceramic concept€? Even though the metal cost is low for cobalt-cheoand CP titanium
frameworks, the dental laboratory costs are higpeeially for CP titanium.

Table 3 Comparative properties of alloys for metal-ceramic

prostheses. CoCr = cobalt-chrome alloy, CP Ti = commercially pure

titanium. Adapted from reference [92].

Property High noble CoCr CPTi

alloy

Sag resistance Poor to Excellent Good
excellent

Technique - Moderately Extremely

sensitivity Minimal high high

Bond to porcelain Excellent Fair Fair

Metal cost High Low Low

FABRICATION OF IMPLANT-SUPPORTED FRAMEWORKS

Metals and metal alloys predominate among th¢eriads used for implant-supported
frameworks. Several techniques have been preseimeldding casting procedures; laser-
welding of pre-fabricated framework sections; aagti sectioning and laser-welding
techniques, and different milling procedufs.®® 911 Recently, a sintering-milling
procedure for cobalt-chrome frameworks, (I Briti@e Biomain, Helsingborg, Sweden), has
been presented. No study has demonstrated resartighis concept.

Casting

The lost wax technique for fabrication of metastings was probably first described by the
ancient Egyptians. In 1907, the concept was intredun dentistry by Taggart for full-veneer
crown$'* and soon became popular in this field. When thdemoimplant concept was later
introduced, the technique was modified to suitrbes prerequisite®® °! The castability is
influenced by a number of factors such as the thensthe metal or alloy, the direction of the
casting forces, differences between casting mashin®ld and casting temperatures and
casting investments! 8124IByt even if everything goes according to plan,dbeling phase
of the metal casting procedure inevitably resutiscontraction of a horse-shoe formed
framework and thus distortion, and consequentlgrdizancies between the final prosthesis
and the implant¥® 8% 125 126rhe greater the curve of the framework and theeratipy used,
the greater the distortidh 11 1271
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The Procerd® concept

Since the introduction of the Procera conceptb@ Biocare, Goteborg, Sweden) in the
1980s, four generations of titanium frameworks hbeen described'® Briefly, the first
construction consisted of pre-fabricated cylindemounted on a master cast. After
customization, the cylinders were joined to a hamial bar with holes for the cylinders, using
a laser-welding technigud®® ***'However, problems were reported with hygienic pchoes
due to a somewhat bulky desigf?: 1%

The second generation consisted of pre-fabdcatéinders and components in different
configurations mounted on a master cast grountiecsame levet® 2% Next, a horizontal
bar was laser-welded to these components and afjgstment, resin was wrapped to the
framework and resin teeth put into place, as whe first generatiof'® Still, these
prostheses also became bulky, and distortion prubleave also been demonstrdtéy ™

In the third generation of the Procera concejatividually shaped components, instead of
the earlier pre-fabricated, were made for eachrabnt replica on the master cast and were
laser-welded together after adf'ustméﬁ&.m' 137Resin or porcelain teeth were then baked or
fused to the framewor®® **® The design became less bulky, but due to the siees
grinding procedures the technique was time-consgfffihin a ten-year follow-up study,
Ortorp and Jemt demonstrated a higher incidenc@anéelain chipping with this third
generation of Procera titanium bridges in compartsosimilar gold partial prosthes€d.

By means of a milling-technique (see below), foerth generation of the Procera
frameworks have been developed and seem to b H0. 116,139

The Cresco™ method

The Cresco method (Astra Tech AB, Mdindal, Ssvgds based to a certain extent on the
same principles as an earlier procedure for fatinigdaser-welded titanium frameworR&®-

11 The method presents a way of fabricating a casaliniemework (originally made of
titanium) for fixed implant-supported prostheses,eliminate the unavoidable distortions
created during framework casting (Figure 2).

In this technique, the cast framework is firstibontally sectioned. Thereafter, new pre-
machined or cast cylinders are mounted on a meagtrand coronal surfaces of the cylinders
are cut in the same horizontal plane as the lowefase of the framework. Finally, the
framework is attached by a laser-welding techniguthe cylinder$*> “Several reports on
the experimental and clinical outcomes of the Greswthod demonstrate good clinical
performance, both with cobalt-chrome alloys andti@Rium framework$!: 112-114. 140-142]

Milling techniques

It is possible to use CAD/CAM systems for midibboth in the dental laboratory (metals,
alloys, polymers and ceramics) and chairside (pelgmand ceramic&f ¥ Indirect
techniques involving scanning a plaster model aostrsommon but direct techniques with
optical intra-oral impressions for onlays, crowmsneers and long-term provisional bridges
exist!*®! When it comes to an entire implant framework wittegrated cylinders, centers
with industrial computer numeric control (CNC) rmity machines are used. The dental
technician fabricates a resin pattern and letserlacan it. A coordinate-measuring machine
(CMM) collects information on the positions of theplant replicas in the master cast and a
computer collects the data. Finally, a frameworkniled in one piece. This technique can be
used for metals and alloys, as well as for cerafffics
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alloy is sintered by the mean of a laser to a swolaks. Thereafter, the framework-to-be is
adjusted through a milling and grinding procesthtsuitable dimensions.

PRECISION OF FIT
Impact of misfit

The importance of precision of fit has been disgd for a long time and from many
standpoints, and biological and technological cqneaces have been discussed. A perfect
fit, according to Patterson’s definition with matisurfaces in 100% cont#é!, does not
seem realistic. Gaps up to 150 pm between framewark abutment/implant have been
regarded as acceptabi&: " “&1But even though guidelines for an acceptable degfe
misfit are unavailable, it seems reasonable tadrgchieve minimal misfit. Misfit introduces
strain and tension to the prosthesis and the pgiaint marginal bone and may increase the
risk for complication$!***>" Taylor at al. suggested connections between misfid
mechanical complicatiof§? although Wee et al. argued that although theaiipossible,
scientific evidence was lacking for a connectiontween misfit and mechanical
complicationd!®¥ Furthermore, it is not known what constitutes ataele misfit*>* 5%
There are many steps on fabrication before an intygdapported prosthesis can be connected
to the implants, and every one of these affectditia fit,*° 8 125 156-160]

Implant components

Machinin(j; tolerance among the different implaystem components leads to unavoidable
gapsit®® 8 For example, the discrepancy between impressigings and implants or
abutments can be as large as 1001ithAs long as the implants are placed in parallel,
horizontal displacements can be compensated to segee by the machining tolerance of
the implant component8” Today, when an increasing number of patients stqneplant
rehabilitation, it is not always possible to fulfihe precondition of placing all implants in
parallel, as previously recommend&¥.

Impression materials and dental stone

Distortion in the impression materials and exgiam of dental stone during setting takes
placel™ 156158 160 anin vitro study, a plaster impression material tended tcaedthe
implant arch whereas a polyether material seemeddoce the arci® Other reports have
come to similar conclusions”" **3! Dental stone can expand up to 0.5% and among other
factors, the setting expansion is influenced by whager/powder rati@ In an attempt to
avoid the problems with impression distortions adeéntal stone expansion the
photogrammetric technique has been introdiééd*": 162 164 185yjith the use of parallel
mirrors 3-D registrations of the implant positiare anade possible. In comparison to the two
mentioned impression methods, photogrammetric fgaenhas been reported to give an
equal precisiof®? Yet, a digital technique as photogrammetry requastigital framework
fabrication method such as CNC-miIIiH%Z.]

Casting procedures

Conventional casting procedures for alloy frarogs unavoidably result in misfits between
the frameworks and the implants owing to distorffan'®® 2! One way to handle this
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problem is to cut a cast framework and solder/biazegether. But solderinger semay
increase the misfft®® *” Laser-welding of prefabricated titanium compone@AD/CAM
procedures, and spark erosion or machine millingcgsses are among the alternative
methods proposétf® 1’ However, because of solidification and thermalirdtage, laser-
welding can result in distortions as weff!

Misfit measurements

Different misfit measuring and evaluation cortseipave been developed, including direct
vision, finger pressure, tactile sensation, onewdest, screw resistance test and radiographic
methodd! > ¥ Other methods include optical observation withroscopes, and evaluation
of the thickness of light body impression materglgnged between the mating components
before prosthesis placemétit.*?s 1"417ClEyrther, measurement of screw-joint loosening has
been demonstratéd” 72" and several computer-supported techniques haven bee
developed, both with stylus, laser and photogramiméechnique$t?”: 147+ 165 180, 181jp
multicenter-study of these latter methods regarthedh as clinical valuable, although only
photogrammetry can be used intraordff§/. It has further been suggested that strain gauges
should be utilized to objectively test mistt? Yet, according to Smedberg et al. the strain-
gauge technique is an indirect way to measure hsisfce it registers stress and preload in a
screw-joint ared®?

Misfit comparisons

Ortorp et al. evaluated CNC-milled titanium feaworks, and concluded that these
frameworks, milled from one piece of titanium, haveetter fit than traditional, individually
cast gold alloy framewor&* However, these titanium frameworks were fabricdteth
one and the same replica, and variations in fitveeh frameworks made from different
master models were not analyzed. In contrast, ditf@t al’®® studied CNC-milled titanium
frameworks, fabricated on individual models, in @amison to cast frameworks in a silver-
palladium alloy®® The fit of the CNC-milled frameworks was betteanhfor the cast
frameworks, but not as good as the fit of the CNilleoh frameworks described by Ortorp
and colleagué®”

Eliasson et al. reported on CNC-milled titaniframeworks made by two different
methods, the Procera Implant Bridge and I-biffeSigns of misfit were demonstrated in all
evaluated frameworks but were regarded as cliyicaiteptabl&®® Schmitt et al. compared
the screw-joint stability of bars for mandibularemxdenture$®” They concluded that bars
passivated according to the Cresco method did raiws superiority compared to
conventionally cast bat¥” Yet, the comparison can be questioned since pmectted
components in the implant connection zone were usethe conventional bars but cast
components were used in the Cresco-bars.

Biological impact of misfit

There is no consensus on the biological effemftsmisfit between framework and
implant/abutment. Adverse tissue reactions sucbame loss and loss of integration have
been suggested together with symptoms such asi‘fainother study reported bone
remodeling when rabbit tibia implants were put undé&ain, but no signs of implant
failure*®® In an animal study, Hermann et al. reported aneme in bone resorption when
the microgap caused by misfit between implant aathéwork was below the bone crest in
comparison to more coronal levEf§: 1% But these results are disputed, and in a clinical
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study in 1996 Jemt and Book found no correlatiotwben misfit and peri-implant marginal
bone los$'® More recently, Heijdenrijk et al. reported thamirogap at the crestal level in
two-piece implants did not appear to have an aéveffect on the amount of peri-implant
bone los$™

It has been suggested that vertical discrepamogy lead to higher stress levels than those
obtained by horizontal distortiofi¥" 1? Yet, the few animal studies available that focas o
the biological impact of vertical misfit indicatleat misfit preload seems to have more impact
on bone response than the magnitude of the vemiaai®>™**! Animal models with static
loading of implants did not show any adverse effebtit rather an adaptation to the I684.
1% studies on dynamic loading, on the other handeakwliffering conclusion&®” ¢!
Szmukler-Moncler et al. have underlined the impmtaof avoiding micromotion during the
healing phase, especially for immediate or eardgling treatment protocofs”

Technical impact of misfit

Since preload can reduce when misfit exists sc@w-joint, there is a risk that setting
screws will loosef*®! Up to 90% of the applied torque may be neededvercome the
friction®®” and it has reported that the mating surfacessicrew-joint are affected by plastic,
that is, permanent, deformati6f!! al-Turki et al. investigated changes in screwiitptand
misfit between prostheses and abutméntstro.*°? With a vertical misfit gap of 100 or 175
pm at the terminal abutment they reported the loiogetorque of prosthetic retention screws
in most locations being less then ten percentefithtening torqué&®?

When frameworks are connected directly to thplamts with no intermediary abutments,
the screw-driver torque is higher than when franté®are connected to abutments. The
Cresco method protocol recommends 35 Ncm as cochparthe 10-15 Ncm recommended
for abutment connected Astra Tech and BranemarteByeatments. Cheshire and Hobkirk
demonstrated a reduction of misfit by using andased torqué® As a consequence, higher
stress levels in the screw-joint and the peri-imptassues might take place.

CORROSION
Intra-oral corrosion

Applied to dentistry, two major mechanisms ofrrosion are interesting. Via saliva,
different alloys in the mouth get income into temgyg or permanent contact. In this way,
two alloys may produce a galvanic cell, generatingelectric current due to their potential

difference®® 2°3 A reduction of oxygen takes place at the cathadbe electrolyte (saliva):

O, + 46 + 2H,0 — 40H
O, + 4H" + 46 — 2H,0

At the same time, the anode metal dissolves irec#liva:

Me — Me™ + né
The result is a decrease in oxygen and an incri@asestal ions in solution. Several factors
influence the galvanic reactions such as the @eqtotential, the cathode/anode surface area

ratio, the distance between them, temperature khith phe saliva>*® Surface roughness and
excessive bending through which cracks are fornaedatso effect corrosion as localized pit
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or crevice corrosiof” 2° The increase in metal ions in solution and a diffa of chloride
ions give rise to an increase in acidity througb teactions:

Me™ + nH,0 — Me(OH), + nH'
Me™ + CI',+ nH0 — Me(OH), + nHCI

With time the acidity will increase and the passiager of the alloy can dissolve and thus
accelerate the local corrosiBf! Yet when the ion concentration in saliva increaiés will
per sedecrease the tendency for the same element tol$s! But since the saliva is
constantly exchanged, e.g. through eating and idignkcorrosion can continue. A
heterogeneous surface composition with differenmtedectrode potentials between different
surface zones further increases the f8KThis can be the case with an alloy, especially if
consists of two or more phases or includes immsitt! As a consequence, the relative
amount of released metal ions does not reflect tteddtive volume or weight portion in a

metal alloy?®4 2%

Corrosion measurements

Measuring ion leakages is one way to estimatgosive processes; electrochemical
procedures another. al-Hity et al. reported a gtramrelation between polarization resistance
and low elemental release, by using and compaitiegrechemical and immersion te&t§!
When galvanic corrosion was examined in one stuilgnium was found to be more
corrosive than cobalt-chrome alloys in frameworsrected to titanium implant€” On the
other hand, nickel-chrome alloy frameworks haventreported to produce higher ion leakage
than titanium frameworké®® Wataha et al. recommends studying ion leakage abqust
galvanic corrosion when biological effects are mteiest’® Yet, since corrosion involves
leakage of anions and cations as well as electtoamsport ion leakages measurements alone
can be regarded as astimationof corrosion. The same can of course be said ajmduanic
corrosion measurements alone.

Implant frameworks and corrosion

CP titanium and cobalt-chrome alloys are geheratgarded as being resistant to
corrosiontt 68 206 2095 fact in contact with oxygen they both corrotemediately.
However, the results are stable metallic oxidethersurfaceS™ Yet, it is well known that in
a highly corrosive environment such as the mouh,leakage from dental devices occurs
through corrosive processgs >’

It has been demonstrated that laser weldirgpbélt-chrome alloys may be a problem from
a corrosion standpoint since microcracks and ptiesseasily develop in the weld joirts>
2 |n an in-vitro study, Reclaru and Meyer reportedanrrosion between dental implants
and different framework alloy&”® They concluded that from an electrochemical paoint
view, titanium connected to a superstructure musteha weak anodic polarization, the
galvanic cell current must also be weak, and tlegice potential must be much higher than
the common potenti&®!

Clinical importance
The patient’s dietary and oral cleaning habis effect corrosioff”) In a review article,

Tschernitschek et al. reported that cast titaniemmiore susceptible to corrosion than
machined titanium and that fluoride can dissolve #tabilizing oxide layef” It was
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suggested that the combination of fluoride conedinin and pH is important but toothpastes
with low fluoride concentration may be regardedhasnless at neutral pf: 22

In conclusion, although leakage of titanium, albland chrome ions from dental devices is
small in relation to the daily dietary intake ofetle elemenfs® 2*4 corrosion cannot be
excluded when toxicity and hypersensitivity arecdised™ 3! Consequently the nature of
the released elements, and the quantity and dorafithe exposure are fundamental for the

biological responsé4”

SURFACE STRUCTURE
Surface examination

Since surfaces are in 3-D structure, 2-D surfacaragtierizations are insufficiefit: &
Several types of methods and equipment can be jpai® for surface examination and they
all have their advantages and disadvantages, esghanical contact profilometers, non-
contact laser profilometers, interference microgcognfocal laser scanning-microscopy,
atomic force microscopy and scanning tunnel miapg€®> 2 All the mentioned
gquantitative techniques have limitations in range aesolution and they are also scale-
dependent, i.e. information on measurement scaté anoff filters are needed when
discussing measurement restfté.

In contrast, scanning electron microscopy (SEbharacterizes surface-topography
qualitatively and has a high lateral resolutiomedl as a large depth of foctf$® When two
SEM micrographs are studied, e.g. stereo-SEM, @atmé assessments can also be
performed?*® Roughness, waviness and form characterize thegtapby of a surface and
Wennerberg and Albrektsson proposed that paramitersthe three groups height, spatial
and hybrid parameters should be included in 3-Dsmeanent$"

Plague retention

Bacterial adhesion, and to some degree cellsdmifeto an intra-oral surface is initially
influenced by a number of factors, e.g. surfaceghoess, surface-free energy, distance
between bacteria and surface and ionic strengtheourrounding liquid medium (gingival
fluid and salivaf?*” 28l

The surface structure seems to be of greateoriiapce in this respect than the chemical
composition and it has been argued that no spedlifiy or group of alloys stimulate plaque
adhesion that is resistant to improved oral hygl&hé&till, it has been demonstratidvitro
that alloys releasing copper and silver can be namtibacterially active than base-metal
alloys?*®! Recently, Biirgers et al. demonstrateditro the antibacterial and anti-adherence
capacity of particulate silver additives in compesesin materialé?” In vivo conditions are
however different and since a pellicle is instarfitismed on an intra-oral surface, differences
between materials are probably redu&d.

The microbiota colonization preferably startsheltered localizations, far away from oral
hygiene measures and natural removal foféés??® The positive relationship between
increasing surface roughness and the rate of simgiagl bacterial colonization has been
demonstrated in severa vivo studies??*%?" In addition, a more pathogenic flora could be
observed on rougher surfac@d! It has further been reported that rough surfaBas=(0.8
pm) can accumulate 25 times more subgingival plahae smoother surfacB8®’ Quirynen
et al. and Bollen and co-workers have, using titaniabutments with different surface
roughness in patients, demonstrated the existeheetloreshold roughness {R 0.2 pm)
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below which no further gain in resistance to baatemdhesion can be expecté&d! Yet,
despite different surface roughness on titaniumfases, differences in soft-tissue
inflammation grade were not revealed in two othtedies?** >* In addition, titanium has
been suggested to form a bacteriostatic gel inambnwith gingival fluid and to have an
inhibitory effect onStreptococcus mutafs? 2°%

Impact on corrosion

Surface roughness can be interesting from asiwe point of view as well since a greater
cathode and/or anode surface area promotes a gedeeent releasé”™ Wennerberg at al.
studied titanium release from implants with differesurface roughne&S? At a level
relevant for commercial dental implants they founadcorrelation between increasing surface
roughness and ion release, neitheritro norin vivo.?*

Corrosion can change both the chemical comjposénd the surface structure in an implant
component. These factors have been discussed janobion with reactions in peri-implant
soft tissue&® 2! |n alloys, polished surfaces have been suggestbd tmore biocompatible
in the transmucosal area than “as-cast” surf&tes”

Surface roughness and cell preferences

Different cells prefer different surface roughs@ndn vitro studies indicate that epithelial
cells prefer smooth surfaces and fibroblasts roughgace$® %8 240243 et this is an issue
where no consensus exists. Consequently, Niedesdualr demonstrateih vitro a higher
degree of cell attachment for gingival epitheligll€ on a rough osteoceramic surface,
whereas gingival fibroblasts preferred smoothefases?*!! Further, no general definition of
“smooth” and “rough” exists; everything is relative

In a comparison study, Jang et al. examinedgpaténture frameworks fabricated in CP
titanium or a cobalt-chromium alloy and found thhe titanium surfaces were slightly
smoother, although no statistical differences ifizme roughness were detectéd. However,
this insignificance can have been affected by thmtdd number of dentures, ten in each
group®® Yet, today when nano-structures of surfaces aeudseld® ** 2*°! the distinction
between chemical surface composition and surfasghmeess seems to become less obvious.

Impact on preload

As mentioned above, up to 90% of the appliediuercan be needed to overcome the
friction in a screw join2®? As a consequence, the degree of surface roughniesportant in
screw-joint evaluations as well, e.g. between fraoré and abutment or implaiit® Ortorp
et al. reported on surface roughness and preloadraw-joints in arin vitro study®®" They
demonstrated that unloaded milled titanium screéesdiad rougher surfaces than loaded, and
loaded gold screws had rougher surfaces than uedd2d

BIOCOMPATIBILITY
Definition and principles
Biocompatibility has been defined as the abitifya material to function in a specific

application in the presence of an appropriate hespons&*” Both corrosion and surface
roughness can affect the biocompatibility of a dedevice. During corrosive processes, the
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nature and quantity of the released elements anduhation of the exposure are fundamental
for the biological respons&&® Other major factors are the composition of theyalivhether
it has one or multiple phases and the conditionthénsurrounding environmeft®2°? Cell
culture cytotoxicity tests, animal models and datihuman studies are among the techniques
used to evaluate the biocompatibility of a dentaterial'*"

But it must be remembered that elements relefieed dental devices (implants excluded)
are notper seinside the bod{” In addition, the biological effects depend on thete into
the body, how the released elements are distribarteldeliminated, and each such process is
unique to the specific eleméht. Biological responses to material degradation Haeen
associated with local and systemic toxicity, hypasstivity, allergy as well as mutagenicity

and carcinogenicit§y” 2525

Hypersensitivity

Every metal used in dental devices can be amsuciwith hypersensitivity™ ©” Studies
indicate that 8-15% of the general population issgéve to nickel, chrome or cobalt with the
highest frequency for nickel’’ Case reports on hypersensitivity reactions tanitita have
been presented, but Sicilia et al. recently repode estimated prevalence of 0.6% for
titanium hypersensitivity among patients who reedititanium dental implant&® It was not
obvious, though whether the implants were madeRnti@nium or in an alloy (Ti6AI4V?).
Yet, it is not known why some metal ions can caalgrgic reactions with various clinical
symptoms while other ions do not.

Cytotoxicity

The cytotoxicity of cobalt to fibroblast culeg and the ability of cobalt-chrome particles to
induce the release of inflammatory mediators froacrophages have been descriieti®®”
Further, Berstein et al. have demonstrated intdbill growth when gingival epithelial cells
and lymphoma cells were exposed to cobalt alfysEvans reported on fibroblast cell
damagein vitro after contact with powders of titanium, Ti6Al4V dcara cobalt-chrome-
molybdenum alloy and suggested that the damageetdiltroblasts was independent of the
chemical composition of the powdér¥! However, when a microporous membrane was
used, only the finest Co-Cr-Mo-alloy particles aedisell damag&>”

In a dog model, it was demonstrated that a abreoft-tissue interface forms around
titanium, zirconia, alumina and hydroxyl apatiteutbents, but that no such soft-tissue
adhesion takes place around gold or dental porcalaitment§>® Welander et al. also used
a dog model and confirmed the previously reporesllts: titanium or zirconia abutments
promoted proper soft tissue integration while galldy abutments failed to reach the same
condition®® However, there have been no similar animal stuntiesobalt-chrome alloys.

Several clinical studies of the soft tissue arbabutments with either titanium or ceramic
surfaces have found no significant differences betwthese two materidf§®2%* Yet, there
are no clinical reports on the histology of theifi@plant soft tissue when different metals or
alloys have been used for the transmucosal comp&nen

Carcinogenicity
Until recently, there was no evidence that deatlys could contribute to cancer in

humans. However, a review study in 2000 suggestadalloys containing cadmium, cobalt
or beryllium should be avoided because of the naggnicity risk€>” It must be underlined
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EVALUATION OF TREATMENT RESULTS

Several studies have presented favorable lamg-tesults for implant treatment in the
edentulous jaw®® 279273 More than 95% percent of the loaded implants can b
osseointegrated after 15 ye&f& Because marginal bone loss and implant loss otister
in patients it seems important to report on patensthesis performance as wWeif?"® Thus,
the implants in an edentulous jaw can not be loaksah as independent of each other.

Biological complications

Biological complications concern the host’'s akilib create and maintain osseointegration
and healthy tissues in the peri-implant area. Bgdtemic and local factors can influence this
ability. Yet, Wood et al. found no absolute comitication to implant treatment at all, neither
among habits nor among systemic or local fadféfsThe most important factors, they
concluded, are the quantity and quality of avadand?’"!

Jemt and Hager studied early failures in edengilmaxillae and demonstrated that bone
quantity had an impact on implant faildlf&! Herrmann et al. found an increasing risk for
implant failures in patients with earlier implargilfires®?”® But no consensus exists, and
diabetes, periodontitis, and smoking are all diepgutisk factors for successful treatment
results?’9?®" General health, osteoporosis and age are othéorsadiscussed but no
evidence for their potentially negative influencen dreatment outcomes have been
presented’’92¢!

Adell et al. stated that implant treatment ir tbdentulous maxilla required a greater
technical skill than treatment in the manditf&lt has been suggested that the performance in
the maxilla would be less reliable than in the nibled®®® 27 Other reports have
demonstrated more bone loss at lower jaw impl4fits®®® There is further no general
agreement on how to regard reactions in the sudiogntissues. In 2008, Jemt and
Albrektsson, and Albrektsson et al. argued tha¢réan degree of bone remodeling is quiet
normal, whereas Fransson et al. in a previous studjested that 28% of 662 included
patients followed for at least five years with fixeomplete or partial prosthesis or single-
tooth replacements had progressive peri-implaneHoss, indicating patholod$®2%?

Technical complications

Among the technical complications describedfeaetures of frameworks, veneers, implant
components and problems with loose connecting sdfé 14t 149 172, 293:297\pisfit and
prosthetic design, overloading and material fatigae been suggested as possible causes for
mechanical complicatiorf§’? Even though veneer fractures seem to be mostdrgqamong
the mechanical complications reported, a decreasetbe years can be noticédl.Improved
technical skill and patient selection are plausédplanations.

Acceptance problems

Patient related acceptance problems have alo tescribed. Hjalmarsson and Smedberg
suggested that esthetic complaints were more comanmwng edentulous patients with high
expectations of the treatméHt! Other studies have demonstrated that adaptatipends to
a large degree on how well the patient’s needs wisties have been met by the given
treatment?®° 29

Kondell et al**” found phonetic problems to be the most frequentptization in implant-
treated edentulous patient but others have sughési¢ phonetic problems vanish within a
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was clinically stablé'® Consequently as many as 80% of the clinicatistable implants
would remain undetected on radiograpfi¥.

In an attempt to reduce the radiation burdewgai proposed that radiological examinations
of Br&nemark Systefnimplants wait until five years after prosthesigivery.*?* It was also
suggested that one randomly chosen implant couldepeesentative for the edentulous
patient's peri-implant bone stattié’ Lang et al. recommended that indications for
radiographs ought to include bleeding on probing pocket depths exceeding 5 T But
general recommendations cannot exclude the judgroénthe clinician and it seems
reasonable to use the same criteria as for patigitks teeth. Subsequently, radiological
examinations ought to be performed when it is iagid by the individual patient’'s symptoms
and dental health status. Therefore, the radiogeagialysis must also take into account the
clinical signs.
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BACKGROUND TO THE PRESENT THESIS

e Cobalt-chrome alloys have been used in dentistr@@oyears, but very little is known
about their behavior and biological impact as frammdk materials in implant-
supported prostheses.

» Cast frameworks for implant-supported prosthesesssociated with misfit problems
due to unavoidable casting distortions. The Crewethod promotes a technique to
achieve a “perfect fit” (according to the manufaety regardless of metal alloy used.
No documented evidence supports this.

» Cobalt-chrome alloys and commercially pure (CRjniilm are generally regarded as
non-corrosive. Yet, knowledge of their degradatidmen used in implant-supported
prostheses is sparse.

« The biocompatibility of cobalt-chrome alloys hasebequestioned whereas CP
titanium is generally regarded as being highly biapatible. However, little is known
about the effects on peri-implant tissue cells froobalt-chrome alloy frameworks
compared to CP titanium frameworks.

« Metal-ceramic solutions have been used in denfapatied prostheses for decades.
They have also become popular in implant dentistne to favorable esthetic
outcomes. Early use of high-noble alloys has béwtlenged by the introduction of
base-metal alloys such as cobalt-chrome for framlesvim implant applications. Yet,
no study has presented the clinical outcome ofeglairt-veneered implant-supported
cobalt-chrome frameworks.

* A handful of concepts describe abutment-free procesifor implant dentistry. Yet,
only a few comparative studies have evaluated timécal results of abutment and
abutment-free techniques. Further, very little iown about the advantages and
disadvantages of abutment and abutmentdosepleteprostheses in this context.
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STRUCTURE OF THE THESIS

This thesis is in two parts. Both discuss the itigation of cobalt-chrome alloy frameworks
compared to CP titanium frameworks for implant-supgd prostheses.

Part 1. In vitro studies of cast, sectioned and laser-welded framevks in cobalt-chrome
alloy and CP titanium (I-111).

Study levaluated and compared the precision of fit ofeéhgeoups of frameworks: cast,
sectioned and laser-welded frameworks fabricatexldobalt-chrome alloy or in CP titanium,
and a group of individually scanned CNC-milled @Brium frameworks.

Study Ilinvestigated material degradation in titanium iampé and frameworks made of
cobalt-chrome or CP titanium according to the Guasethod, before and after exposure to
artificial saliva.

Study Il assessed possible adverse cellular responsesneviorks by comparing the
viability and morphology of epithelial cells andfoblasts cultivated on cobalt-chrome and
titanium specimens.

Part 2. Clinical and radiological evaluation of imgdant level prostheses in comparison to
abutment level prostheses (IV).

Study IVwas a five-year clinical and radiological retrodpez investigation. The clinical
function of implant-supported prostheses madémplant leveland onabutment levein the
edentulous maxilla was evaluated and compafédee different types of prostheses were
made: one in porcelain-veneered cobalt-chrome aland two in acrylic-veneered CP
titanium.
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AIMS
General aim

* To evaluate whether cobalt-chrome alloys are gdigesaitable for implant-supported
prostheses.

Specific aims

» To investigate the precision of fit of implant-sapied cast, sectioned and laser-
welded frameworks fabricated in a cobalt-chromeyatir in CP titanium. Further, to
compare these frameworks to individually scannedC@hllled CP titanium
frameworks.

» To investigate and estimate material degradatiorframeworks made of cobalt-
chrome or CP titanium according to the Cresco nektlamd in titanium implants
before and after exposure to artificial saliva.

e To assess possible adverse cellular responses halt-chrome frameworks for
implant-retained, intra-oral prostheses by compatire viability and morphology of
epithelial cells and fibroblasts cultivated on dblshrome and titanium specimens.

e To evaluate and compare the clinical function betwenplant-supported prostheses
in the edentulous maxilla made iomplant leveland prostheses fabricated alsutment
level.Further, to compare porcelain-veneered cobalt-ckralloy prostheses with two
groups of prostheses made in acrylic-veneeredt@muim.
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MATERIALS AND METHODS

This section briefly describes the materials andhods used in the four papers. More
detailed descriptions are presented in the resfeptpers.

PART 1. IN VITRO STUDIES OF CAST, SECTIONED AND LASER-WELDED
FRAMEWORKS IN COBALT-CHROME ALLOY AND CP TITANIUM ( I-Ill)

Study |
Fabrication of Cresco frameworks

One master model with five Branemark System amfd was fabricated. A dental
technician fabricated 20 cast frameworks directiytlie implant heads, ten in a cobalt-chrome
alloy (Cresco-CoCr; Wirobond C) and ten in gradeCPR titanium (Cresco-Ti; Sjodings,
Stockholm, Sweden) according to the routine prdto€the Cresco methdd*® ™Al these
frameworks were handled according to the Crescohodet(Figure 2, page 14) using
prefabricated cobalt-chrome and titanium cylind@&F 30803 and REF 303, Astra Tech),
respectively.

Fabrication of PIB frameworks

In a clinical control group (PIB), five CNC-relti frameworks (Procera Implant Bridge,
Nobel Biocare) in CP titanium were fabricated. Fémmilar mandibular master models were
fabricated, each provided with five Branemark Systeplants distributed in a similar way
as in the Cresco master model described above eTheslels were sent to three different
laboratories for plastic replicas (PiKu Plast HP®Eyredent, Senden, Germany) to be
fabricated directly on the implant heads. Eachtagplica was laser scanned and a CNC
titanium framework was produced according to thecBra techniqué® 244

Measuring of master model and frameworks

The master model was used as the referencemoparing the different frameworks (Figure
5) and all measurements were performed with a Goatel Measuring Machine (CMM; Zeiss
Prismo Vast, Carl Zeiss Industrielle Messtechnik bBin Oberkochen, Germany). The
positions and planes of the fit surfaces of théndgrs were found by stylus contact scanning
of the components. The data for each cylinder veemedensed to the center point of the
cylinder in 3-D (x, y, z). To assess whether cartioa or expansion of the frameworks was
present, the framework transversal width (x-axis),the distances between positions 1 and 5,
and the framework curvature (y-axis), i.e. the #algidistortions in position 3 of the
frameworks were measured (Figure 6).

Analysis of fit

The measurements were analyzed for fit betwkerdifferent frameworks and the master
model according to two different methods: the “tesuare methodand the “orthogonal 3-
2-1 method'18 18 326328 |n the former method, each framework was placecthia
theoretically best possible position, i.e. with #irtest center point distance in relation to all
the center points of the replicas of the master ehadl the same time. The latter method
analyzed the position of the framework cylindersrétation to the master model replicas
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Optical interferometry

Optical interferometry was used in a similar vesyin Study Il. The surfaces of four test
specimens, two in cobalt-chrome and two in titaniware examined at 15 locations each: at
the cast part, at the weld-joint and at the préfalbed part (Figure 10). Surface topography
was analyzed in the same way as in Study |l andwiface parameters were calculated.

Scanning electron microscopy (SEM)

For morphology studies, one specimen of eaclenahtwas prepared with cells (5000
cells/specimen) as in the viability assay. All dpemns were investigated using a Zeiss DSM
982 Gemini (Zeiss, Oberkochen, Germany) SEM andagiaphs were recorded at several
defined areas of the specimens and at differennifiegtions.

PART 2. CLINICAL AND RADIOLOGICAL EVALUATION OF IMP  LANT LEVEL
PROSTHESES IN COMPARISON TO ABUTMENT LEVEL PROSTHES ES (V)

Study 1V

Two groups of patients were consecutively trbatgth fixed prostheses supported by
implants in the edentulous maxilla. The first grofipst group) was treated with screw-
retained fixed prostheses at timplant level. The second group of patients (control group)
was provided wittabutment levdiixed prostheses.

Test groups

A total of 123 patients were treated. Out of thé&fepatients (58.2%) were provided with
fixed prostheses on theplant leve] designed with either cobalt-chrome alloy or G&niium
frameworks supporting porcelain or resin veneeespectively. Forty of these patients
(61.5%) were followed-up for five years and fornibd test groups.

The test groups comprised of 18 males and 22l&snAges ranged from 36 to 88 years at
implant placement surgery. Eleven (27.5%) of theiepés reported no general health
problems or use of medication, and eight patie2s%) reported smoking habits.

Table 4 Distributions of implants with regard to systems and groups of patients.
Number of prostheses is given within brackets.

Cresco-CoCr Cresco-Ti PIB Total
Astra Tech 82(13) 131%(22) 0 213(35)
Straumann 6(1) 12(2) 0 18(3)
3i 6(1) 6(1) 0 12(2)
Branemark System 0 3*(1) 249**(40) | 252(41)
Total 94(15) 152(25) 249(40) | 495(80)

* One patient had 3 Astra Tech and 3 Branemark System implants placed in one jaw in the test

group
** 148 implants with turned and 101 implants with TiUnite surfaces.

In total, 246 implants were placed in the 40 edenti maxillae, using four different implant
systems, none of which was provided with a turnedase (Table 4). All but three of the
patients provided with Straumann implants ([n=18lents] Straumann AB, Goteborg,
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Sweden), were treated using a two-stage surgicalepiure according to the manufacturer’'s
protocols, which are similar to thakescribed by Adell et &°? The three patients with
Straumann implants were treated using one-stageisuaccording to the Straumann surgical
protocol!**!

Overall, 15 prostheses made atithplant levelin Wirobond C and 25 prostheses in grade
Il CP titanium, with veneers in dental porcelaindaacrylic resin, respectively, were
fabricated according to the Cresco methdt ¥ These two groups formed two subgroups,
each denoted “Cresco-CoCr” and “Cresco-Ti". Thes€CoeCoCr group received 5-8 implants
each (mean 6.3, standard deviation [SD] 1.0) amdQhesco-Ti group 5-7 implants each
(mean 6.1, SD 0.5) (Table 4).

Control group

Altogether, 101 patients were consecutively tegawith fixed abutment levelimplant
prostheses in the edentulous upper jaw. Sevenhi-eif) these patients (77.2%) were
followed-up for five years, of which 40 patients reeeandomly selected to form a control
group equal in size to the test group. The remgii® patients of the total group were lost to
the study at follow-up.

The control group comprised of 19 males and etthales. Twenty of the patients (50 %)
reported no general health problems or use of raédit, and information on smoking habits
was available for 36 patients (90%), 22 of whom ¥)JLwere smokers. Significantly more
patients were smokers in the control group. Inljdkee patients had 249 Branemark System
straight implants (Nobel Biocare) installed, of wlnil48 were implants with turned surfaces,
and 101 were with TiUnifésurface (Table 4).

Implants were placed according to a standardstage surgical procedufé” Sixteen of
the patients had only implants with turned surfack® had implants with only TiUnite
surfaces, and the remaining 11 patients had a frtioth implant surfaces. The patients were
provided with four to eights implants each (mea2 &D 0.8).After three to four months of
healing, multi-unit abutments or angulated abutsemere connected. All patients were
provided with CNC-milled CP titanium maxillary ptbgeses (PIB) with acrylic veneers
(Procera Implant Bridge) as described eafifér.

Registrations and follow-up

After prostheses delivery, 16 of the patientshia test group (40%) and all patients in the
control group had radiographs taken as a basedigistration of bone levels at the implants.
Thereafter, the patients were invited to clinicahitols on an individual basis but in general
1, 3 and 5 years after prosthesis delivery. Atfthael five-year check up, intra-oral apical
radiographs were taken on all patients of both ggoand the marginal bone levels were
assessed to the closest 0.3 mm in relation to iffereht radiographic reference points
(Figure 11y

The reference point was located at the samd kvehe intended location of the most
coronal part of the marginal bone at the time oplant surgery, according to the surgical
protocol for the respective implant system (Figltg. For the Astra Tech implants this was
the most coronal part of the implant periphery, toidhe Branemark System implants it was
the standard radiological reference pdift placed 0.8mm apical of the fixture-abutment
junction (FAJ). For the 3i™ implants (Biomet 3i ABJalmd, Sweden) it was also the
standard radiographic reference point, similath® Branemark System implants, and for the
Straumann implants, the reference point was thenadrdimit of the roughened surface, i.e.
the apical limit of the smooth implant neck (FigaB).

35






ERRORS OF METHODS, ACCURACY AND PRECISION OF MEASUREMENTS

Selected techniques for estimating or contrgliimecision in the primary methods used in
the four studies (I-IV) are presented below. Manéimation can be obtained from the
respective papers (I-1V).

Study |

According to the manufacturer, the precision of @éM is less than 1 pm when measuring
in small volumes. All five components in the masteodel and in one framework were
measured five times. The standard deviation wasinit3 pm for these measurements for all
five positions.

Study 11 and 111

In the ion leakage measurements, inductivelypter plasma mass spectrometry was used.
The accuracy of the measurements was estimatetéh +

When the optical interferometry was performés, tnaximal vertical range was 5 mm, the
horizontal resolution was 0.3 um and the vertieabtution was 0.1 nm. Before analyses, a 50
x 50 um Gaussian digital filter was used to digtish errors in form and waviness from
roughness.

In the viability tests three types of controlllwevere used, according to recommendations.
In each experiment, 12 control wells were used.dbikhe control wells were used as negative
controls (untreated cells) and six as positive et(azide treated). In the positive control
wells, the culture medium was supplemented withm®® sodium azide in the final 24 hour-
period. Additionally, reference wells without cellere used for calculating the reduction of
Alamar Blue.

Study 1V

One month after the first radiograph measureseate implant from each patient in the
test group was randomly selected and a second nmeeasot was performed on these implants
in the same way as the first to assess intra-exarmariability®'® Mean bone level variation
in the 40 measured implants was 0.2 mm (SD 0.3).
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STATISTICAL ANALYSIS

The statistical methods used in the thesis aserited by Altman and Godi® **" The
level of statistical significance in all studiesI{) was set at 5% (p<0.05). The following
statistical methods were used:

Study |

Conventional descriptive statistics were usegresent the distortion of the frameworks.
Analysis of variance and Tukey’s post hoc test wesed to identify and study differences
between the groups. Because normal distributiondcoat be verified and the observations
were rather few, all significant differences wetsoavalidated with Fisher's nonparametric
permutation test. Contraction in each frameworkugrovas examined with Fisher's
nonparametric permutation test for paired obsesmati Comparisons between the least
squares method and the orthogonal 3-2-1 method pexfermed by Wilcoxon’s rank sum
test.

Study 11

Conventional descriptive statistics were usedtesent the mass spectrometry and the
interferometry. One-way ANOVA and Dunnett's T3 pbstc test were used to identify and
study differences between the groups. The Studeésigst was used to highlight changes
within the groups.

Study 111

Cell viability. Conventional descriptive statistics were used w®s@nt the percentage of
reduction in the Alamar Blue tests. For detectiriffecences between the four groups,
ANOVA was applied. Due to differences in varianb®th the Dunnett T3-test and the
Bonferroni method were used for detecting groups differed. The Student’s t-test was used
when the differences between the two test groups e@mpared.

Optical interferometryConventional descriptive statistics were used &s@nt the surface
roughness values for the two groups. The Studestiést was used for detecting differences
between the groups regarding the parametgr&$ Sk and Qi and Mann Whitney's U-test
was used for studying differences between the gréapthe parameters 8nd G-

Study 1V
Conventional descriptive statistics were uselle Tchi-square test was applied when
analyses of differences in smoking habits, singlmgication frequencies and bone levels

categories were performed. Student’s t-test wad f@ethe analyses of the mean bone levels
and Fisher’s exact test for the survival rates.
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RESULTS

This section summarizes the major results fromftlue papers. More detailed descriptions
are presented in the respective papers.

PART 1. IN VITRO STUDIES OF CAST, SECTIONED AND LASER-WELDED
FRAMEWORKS IN COBALT-CHROME ALLOY AND CP TITANIUM ( I-IIl)

Study |
Transversal width and sagittal curvature

Statistically significanexpansionof framework width compared to the master mode$ wa
found in the Cresco-Ti group (Table 5). The saimeléacy was found in the PIB, although
this was insignificant. On the other hand, the €oeSoCr presented @ontraction (x-axis),
although it was insignificant. Statistically signdnt differences between the groups could be
observed for the transversal width (x-axis), but foo the sagittal curvature (y-axis) of the
frameworks (Figure 6, page 30).

Table 5 Horizontal Distortions. Width Differences: Difference in Mean Distance (Standard Deviation) in pm
between Positions #1 and #5 of the Frameworks Compared to the Distance between the Same Positions of
the Master Model. Curvature Differences: Mean Sagittal Difference, y-value, (Standard Deviation) in pm
between Position #3 of the Frameworks Compared to the Same Position of the Master Model. Directions of
Distortions are Related to Figure 5, page 30.
Width Number of Number of Curvature Number of Number of
Differences | Frameworks | Frameworks | Differences | Frameworks | Frameworks
Related to with with Related to with with
Master Expansion Contraction Master Curvature Curvature
of Width of Width Expansion Contraction
Cresco- 12 (19) 2 8 4 (59) 5 5
CoCr (n=10)
Cresco-
Ti (n=10) 38 (34) 9 1 -10 (62) 5 5
PIB (n=5) 71 (44) 5 0 -1(27) 1 4

Distortions in real and absolute figures

Horizontal distortions (x- and y-axes) were ¢eedhan vertical distortions (z-axis) for all
groups (Table 6). The maximal values in absolgeris (Table 7, Figures 12-14) for the PIB
group revealed a significantly greater range in xkexis compared to Cresco-CoCr, but a
significantly smaller range in the z-axis in redatito the two Cresco groups.

Analysis of distortions in absolute figures rahel significant transversal (x-axis)
differences between Cresco-CoCr and PIB, and diffegs in vertical dimensions (z-axis)
between Cresco-CoCr and PIB, as well as betweescG{E and PIB (Table 7, Figures 12-
14).

39



Table 6 Individual center points against master model
distortions in um for the frameworks. Min values, max
values and ranges.
Cresco-CoCr (n=10)

Min Max Range
x-axis -34 26 60
y-axis -281 44 325
z-axis -17 18 35
3-D 2 281 279
Cresco-Ti (n=10)

Min Max Range
x-axis -66 58 134
y-axis -125 58 183
z-axis -19 24 43
3-D 5 130 125
PIB (n=5)

Min Max Range
X-axis -91 55 146
y-axis -52 60 112
z-axis -9 6 15
3-D 8 105 113

Table 7 Mean Distortions (Standard Deviation) in um between
Frameworks and Master Model for Comparison of the Three Groups in
Absolute Figures.

X y z 3-D
Cresco-CoCr ( n=10) 12 (8) 26 (41) 6 (5) 32 (40)
Cresco-Ti (n=10) 18 (15) 19 (20) 9 (6) 33 (21)
PIB (n=5) 27 (22) | 21(17) 3(2) 37 (22)

Figure 12 Comparison between Cresco-CoCr and PIB distortions. Means in um, 95% Confidence
Intervals and p-values (n.s. = non-significant, * =p<0.05).

CrescoCoCr - PIB Least Square Method
Variable p-value
Width — <.001 *
Curvature 0.894 n.s.
X Max (abs) e 0.014 *
Y Max (abs) 0.705 n.s.
Z Max (abs) = 0.027 *
3D Max (abs) 0.979 n.s.
X Mean (real) 0.603 n.s.
Y Mean (real) — 0.315 n.s.
Z Mean (real) m 0.868 n.s.
3D Mean (real) = 0.759 n.s.
X Mean (abs) — 0.004 *
Y Mean (abs) e 0.808 n.s.
Z Mean (abs) =t 0.014 *
3D Mean (abs) e 0.759 n.s.
\ \ \ \ \ \

I I
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Figure 13 Comparison between Cresco-Ti and PIB distortions. Means in pm, 95% Confidence
Intervals and p-values (n.s. = non-significant, * =p<0.05).

CrescoTi - PIB Least Square Method
Variable p-value

Width S 0.070 n.s.
Curvature L E— 0.749 n.s.
X Max (abs) — 0.206 n.s.
Y Max (abs) 1.000 n.s.
Z Max (abs) = <.001 *

3D Max (abs) ‘ ! 0.905 n.s.
X Mean (real) 0.192 n.s.
Y Mean (real) - 0.838 n.s.
Z Mean (real) F= 0.308 n.s.
3D Mean (real) L—— 0.773 n.s.
X Mean (abs) - 0.135 n.s.
Y Mean (abs) — 0.971 n.s.
Z Mean (abs) b <.001 *

3D Mean (abs) = 0.773 n.s.

\ \ \ \ \ \ \ \

-120 -90 -60 -30 0 30 60 90 120

Figure 14 Comparison between Cresco-CoCr and Cresco-Ti. Means in pm, 95% Confidence Intervals
and p-values (n.s. = non-significant, * =p<0.05).

CrescoCoCr - CrescoTi Least Square Method
Variable p-value

Width —_ <.001 *

Curvature I e — 0.939 n.s.
X Max (abs) — 0.257 n.s.
Y Max (abs) 0.573 n.s.
Z Max (abs) - 0.081 n.s.
3D Max (abs) 0.729 n.s.
X Mean (real) 0.574 n.s.
Y Mean (real) = 0.508 n.s.
Z Mean (real) ™ 0.453 n.s.
3D Mean (real) —t 1.000 n.s.
X Mean (abs) = 0.136 n.s.
Y Mean (abs) e 0.554 n.s.
Z Mean (abs) - 0.110 n.s.
3D Mean (abs) —t 1.000 n.s.

\ \ \ \ \ \ \ \
-120 -90 60 -30 O 30 60 90 120
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Although not presented in Study |, comparisons vase made between the two groups of
Cresco-frameworks and the gold alloy frameworks )(Amd CP titanium CNC-milled
frameworks (Milled Ti) earlier evaluated by Ortoepal (Figure 1558 With one exception
the CNC-milled CP titanium frameworks presentedignificantly lower distortion in all
dimensions (x-, y, z-axes, 3-D) compared to theiothree groups. No significant differences
were found between the Milled-Ti and the Cresco-C&@meworks sagittally. The Au
frameworks demonstrated significantly greater digin in the x-axis and in 3-D than the
Cresco-Ti and the Cresco-CoCr frameworks.

Figure 15 Mean distortions in um between frameworks and master model for comparison of individual
sites in absolute figures. Comparison between Cresco-frameworks (Cresco CoCr and Cresco Ti) and
the results for CNC-milled CP titanium (Milled Ti) and cast gold (Au) frameworks earlier presented by
Ortorp et al.[184] The different figures indicate SD.
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Study 11
lon leakage

At all time points, more cobalt ion leakage wihetected than titanium and chrome ion
leakages, regardless whether the framework sectiadsbeen connected to the implants or
not (Table 8). The differences were significaneafine and seven days but not after 14 and
30 days, since large variations in leakage levaedamhthat no significant differences were
possible to demonstrate at these time points. ilitamnd chrome ion leakages seemed stable
over time but cobalt ion leakage tended to increase

Optical interferometry

Before saliva exposure, the cobalt-chrome framework sestigenerally had smoother
contact surfaces than the titanium framework sestifter saliva exposure, these differences
remained. Further, the framework sections, regasdief material, had become rougher
compared to the implants. ithin the groups, the implant surfaces had became wignify
rougher, regardless if they had been connectedobaliechrome or titanium framework
sections. When thgroups were compared regardingpughnesschanges however, the
framework sections, regardless of material, hachged more than the implants.

Table 8 lon leakage (pg/g) from connected and unconnected test specimens. Ti = titanium ions; Cr =
chrome ions; Co = cobalt ions; Ti-uc = itanium framework sections which have not been connected to
implants; Ti-c = titanium framework sections which have been connected to implants; CoCr-uc =
cobalt-chrome framework sections which have not been connected to implants; CoCr-c = cobalt-
chrome framework sections which have been connected to implants. Mean, standard deviation (SD),
minimum and maximum values. For each group, n=3.
Mean SD Min Max

Ti from Ti-uc 0.11 0.19 0.00 0.34

Ti from Ti-c 0.00 0.00 0.00 0.00

Cr from CoCr-uc 0.05 0.04 0.03 0.10
Day 1 Cr from CoCr-c 0.01 0.01 0.00 0.02

Co from CoCr-uc 5.75 1.58 3.94 6.82

Co from CoCr-c 1.34 0.05 1.29 1.40

Total (n=18) 1.21 2.21 0.00 6.82

Ti from Ti-uc 0.12 0.20 0.00 0.35

Ti from Ti-c 0.00 0.00 0.00 0.00

Cr from CoCr-uc 0.09 0.02 0.07 0.10
Day 7 Cr from CoCr-c 0.02 0.02 0.00 0.04

Co from CoCr-uc 8.98 4.95 4.35 14.20

Co from CoCr-c 1.93 0.32 1.68 2.30

Total (n=18) 1.86 3.76 0.00 14.20

Ti from Ti-uc 0.20 0.35 0.00 0.60

Ti from Ti-c 0.00 0.00 0.00 0.00

Cr from CoCr-uc 0.09 0.02 0.07 0.11
Day 14 Cr from CoCr-c 0.02 0.02 0.00 0.04

Co from CoCr-uc 8.87 4.85 4.72 14.20

Co from CoCr-c 2.73 0.75 2.11 3.55

Total (n=18) 1.99 3.73 0.00 14.20

Ti from Ti-uc 0.21 0.37 0.00 0.64

Ti from Ti-c 0.00 0.00 0.00 0.00

Cr from CoCr-uc 0.12 0.04 0.09 0.17
Day 30 Cr from CoCr-c 0.04 0.04 0.00 0.07

Co from CoCr-uc 10.89 7.49 4.97 19.32

Co from CoCr-c 4.59 2.81 2.67 7.81

Total (n=18) 2.64 4.98 0.00 19.32
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Study 111
Viability — epithelial cells

The three Alamar Blue experiments on human epéhealells resulted in the following
viability levels:

e 36.0% (SD 5.5), 37.7% (3.2) and 39.6% (4.9) forG@m&r group;

e 45.7% (7.8), 45.4% (9.9) and 48.1% (3.3) for thgrbup (Figure 16).

Overall, the Ti group was significantly more vialitean the CoCr group (p = .001; 95%
confidence interval (C.l.) 3.76-12.12). In expenme3, the Ti group was statistically
significantly more viable (p = 0.04106; 95% C.I0B:13.96)than the CoCr group.

Viability — fibroblasts

The three Alamar Blue experiments on mouse fibsiblaesulted in the following viability
levels:

e 25.7% (7.0), 16.2% (4.2) and 9.6% (5.6) for the €g@up;

e 48.2% (3.9), 41.2% (7.3) and 28.4% (5.8) for thgrbiup (Figure 17).

Altogether, the Ti group was statistically signéfitly more viable than the CoCr group (p =
0.000; C.I. 15.44-28.52). In all three experimetitg, Ti group was statistically significantly
more viable than the Co-Cr group (p = 0.0009; €30.14 - -14.86; p = 0.0026; C.I. -33.91 - -
16.04; p = 0.0055; C.I. -26.14 - -11.52, respetyive